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Summary

Summary
Malignant cells display multiple alterations in their lipid metabolism pathways. These
modifications are known to support cancer cell progression, survival, and maintenance.
Most of the previous works have studied lipid metabolism in cancer cells using a
conventional two-dimensional (2D) cell culture system. However, there is a growing
consensus among cancer biologists that 2D cell culture system is not accurate
representative of in vivo tumour environment. Research reports in past few decades have
suggested that multicellular tumour spheroids generated by various 3D cell culture
systems are more stringent and better representative models of in vivo tumour growth.
However, the evidence on significance of applying 3D spheroids models in studying
cellular metabolism is lacking. The main aim of the presented thesis was to study the
influence of metabolic stress on lipid metabolism and lipid profile of cancer cells in both
cell culture systems (3D & 2D). In the initial phases of the presented work cell
proliferations rates were compared between 2D and 3D cell cultures. It was observed that
cancer cell proliferation rates were differentially influenced by cell culture model systems
for instance; HCT-116 (colorectal cancer cell line) cells display decreased proliferates
rates under 3D system and HepG2 (hepatocellular carcinoma cell line) cells display
increased proliferation rates under 3D system. Next, the effects of serum-deprivation on
cell proliferation rates were studied. It was observed that serum-deprivation significantly
affected the proliferation of HCT-116 and HepG2 cells both in cell culture systems.
However, HCT-116 cells display increased sensitivity to serum-deficiency. This data
indicated that the proliferation capacity of the given cell lines was associated with the
ability to deal with metabolic stress under 2D or 3D systems. HCT-116 coped better with
metabolic stress in 2D system while HepG2 in 3D system.

IX

Summary
In the experiments focused on the lipid metabolism of cancer cells first the lipid-load was
compared between cells cultivated under both cell culture systems (2D & 3D). It was
observed that HCT-116-cells cultivated as 3D spheroids accumulated slightly elevated
levels of triglycerides (TGs) in comparison to the monolayer (2D) culture. Next the
effects of serum and oxygen scarcity on cellular lipid-load were examined. In 2D cultures
low-serum environment induces significant increase in cellular triglyceride levels in both
HepG2 and HCT-116 cells. On the other hand, hypoxia induced almost no effect in TGaccumulation in both cell lines. Spheroidal cultures of HCT-116 cells showed
significantly increased TG levels both in low serum and hypoxic conditions as compared
to normal culture conditions. Hence, in 3D cell culture system the TG-accumulation was
induced also in hypoxic conditions –the effect that was not observed in 2D cell cultures.
This effect is of particular importance because previous research reports have indicated
that severe-hypoxia in combination with nutrient-deprivation may induce TGaccumulation while mild-hypoxia may not have this effect. It can be suggested that 3D
cell culture system aggravates the hypoxic stress and induces TG-accumulation in HCT116 cells. For more nuanced analyses the effect of serum and O2 deprivation on lipidomic
profiles of cancer cells were also examined. It was observed that the composition of
triglycerides (TGs), diacylglycerols (DGs), cholesterol esters (CE), phosphatidylcholines
(PC) and phosphatidylethanolamines (PEs) remained unchanged in SW480 (primary
colon cancer cell line) cells under low serum or hypoxic culture conditions. The SW620
(metastatic cancer cell line) cells displayed marked increase in proportion of
phosphatidylethanolamines (PEs) harboring one SFA (1 SFA) to in low serum culture
condition. The composition of other lipid sub-classes was not affected by low serum and
hypoxia in SW620 cells. The metabolic gene expression profiles were also examined to
study the molecular underpinning of the aforementioned alterations in lipid profiles of

X

Summary
cancer cells. As a first line of investigation, the lipid metabolism associated genes that are
shown to be differentially regulated in malignant cells cultivated under metabolic stress
were identified. To achieve that extensive literature survey was performed and, for the
first time, the fragmented information that was scattered through a wide range of research
works was gathered. Next, the expression of selected markers from major lipid
metabolism pathway was determined that included (a) Fatty acid synthase (FASN,
enzyme of the fatty acid synthesis pathway), (b) 3-hydroxy-3-methylglutaryl-CoA
reductase (HMGCR, enzyme of the mevlonate pathway), (c) Lipoprotein lipase (LPL, a
lipolytic enzyme that catalyzes the extracellular lipolysis of TG-rich lipoproteins) and (d)
Monoacyl glycerol lipase (MGLL, enzyme that hydrolyzes intracellularly stored
triglyceride). The only significant change was increase in the expression of LPL under
serum deprived conditions. The expression pattern of the selected metabolic markers was
also compared in 2D versus 3D cultures. It was observed that expression of FASN and
HMGCR was increased, whereas expression of LPL and MGLL were decreased under 3D
cell culture system. The findings of presented work provide better understanding for the
intricate interplay between tumour microenvironment and lipid profiles in cancer cells.

XI

Chapter 01: Introduction
A related manuscript has been published In British Journal of Cancer, 1(2019)

Chapter 01: Introduction

T

raditionally, cells are cultivated in static cell culture flasks/dishes which
generates adherent two-dimensional (2D) flat monolayers of the cells (Figure
1.1). This in vitro cell culture system is a vital tool that is frequently applied in a

broad-range of basic and clinical research studies (Dolznig et al., 2011). 2D culture has also
been widely utilized for studying different aspects of cancer cell biology. Additionally, this
technique has been applied for studying targeting ability, internalization efficiency, and
cytotoxicity of various anti-tumor agents (Zanoni et al., 2016). However, there is a growing
consensus among cancer biologists that 2D cell culture system is not truly representative
model for tumor tissues growing in vivo as it lacks the three-dimensional environment and
cell-to-cell interactions that are quintessential features of in vivo tumor growth (Asghar et al.,
2015).

Figure 1.1: Schematic representation of (A) traditional two-dimensional (2D) monolayer cell culture and three
typical three-dimensional (3D) cell culture systems (B) cell spheroids/aggregates grown on matrix (C) cells
embedded within matrix (D) scaffold-free cell spheroids in suspension (Edmondson et al., 2014).

Studies in past few decades have suggested that multicellular tumor spheroids (MCTS)
generated by various 3D cell culture systems are more stringent and better representative
models of in vivo tumor growth (Zanoni et al., 2016). Spheroidal models provide
1
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comparatively precise representation of the physiology of tumors and display multiple
structural, functional and physiological similarities with tumors growing in vivo (Kimlin et
al., 2013). In this model cancer cells are surrounded by other cells. Hence, here the cell-tocell interactions are quite similar to that observed in the in vivo tumors (Baker and Chen,
2012). In this representative environment, spheroids are able to express oxygen- and nutrientgradients that are also found in tumor tissues (Vinci et al., 2012). Different cells within the
tumor tissues have differential access to nutrients and oxygen depending upon their distance
from the functional blood vessels. Tumor tissues are shown to possess a hypoxic core and
this hypoxic core is also present in MCTS. As the tumor tissue grows, the cells will often
face shortage of adequate blood supply, leaving the center of the tumor with very low O2 and
nutrient concentrations. Multiple differences are noted in expression and regulation of
various genes when cancer cells within the hypoxic cores of a tumor tissue are compared
with cancer cells at the normoxic surface of the same tumor tissue.
Metabolic stress culture conditions induced by O2- and nutrient-deprivation have been
previously known to affect metabolic profiles of cancer cells grown in 2D cultures. Lipid
metabolism –that is deregulated in various cancers and is well-known to be involved in
several malignant processes– is also shown to be affected by oxygen- and nutrientdeprivation. For studying tumor metabolism or metabolic stress 3D cell culture system is
particularly important because like in vivo tumors MCTs also develop hypoxic cores and
tumor cells are exposed to by nutrient - oxygen - and gradients. Hence, MCTs are ideal
models for studying effects of varying oxygen levels on tumor metabolism. However, only
few research studies focused on lipid metabolism in cancer cells have used this model. The
key objective of the presented work is to explore the influence of metabolic stress on lipid
2
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metabolism and lipid profile of cancer in both 3D and 2D cell cultures. This study will
systematically demonstrate the intricate interplay between tumor microenvironment and lipid
profiles in various cancer cell lines. Moreover, the stress-induced regulation of lipid
metabolism will be compared in 2D and 3D cell cultures.

1.1. 2D versus 3D cell culture system
The most basic cancer models for studying cancer biology are cell lines -derived from human
and animal tumor tissues- grown under conventional 2D cell culture system. 2D cell culture
lacks the various physiological components of the in vivo tumor environment. Scientist
developed 3D cell cultures (Figure 1.2) to cover the missing links between in vitro studies
and in vivo conditions. 3D cell culture system has lots of advantages as compared to
conventional 2D cell cultures.

3
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Figure 1.2: Timeline of techniques and experiments leading to the 3D cell culture field (Simian and Bissell,
2017).

4
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In 2D cell culture cancer cells grow as flat monolayer and display uniform proliferation rates
while tumor spheroids show zones of differential proliferation (Figure 1.3). Lin and Chang
reported that in tumor spheroids cells present at the periphery have higher proliferation rates
and tumor core is marked with the quiescent and necrotic zones (Lin and Chang, 2008).
Some cancer cell lines also showed low proliferation rates when cultured in 3D cell cultures
(Chitcholtan et al., 2013; Longati et al., 2013). The plausible mechanisms for different
proliferation rates of same cells in 2D and 3D cell cultures include ECM-linked changes in
intracellular signaling (Kim et al., 2011) and presence of nutrient/oxygen/waste gradients in
tumor spheroids (Lin and Chang, 2008).

Figure 1.3: Schematic representation of cell organization and gradients in tumor spheroids (Lin and Chang,
2008).

5
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In 2D cell cultures cancer cells adhere with the plastic surface that lead to the changes in cell
shape and modification of cell function (Baker and Chen, 2012). Ovarian cancer cell line
showed lack of histological differentiation when cultivated in 2D cell culture system and
restores this morphological trait upon culturing in 3D cell culture (Lee et al., 2013).
In 3D cell culture cancer cells showed more resistance to anticancer drugs in comparison to
their counterparts cultured in 2D cell culture system. Higher drug resistance in spheroidal
culture is could be due to poor penetration of drug (Perche and Torchilin, 2012) and presence
of proliferation zones in spheroidal cultures (Chitcholtan et al., 2013). Longati et a.l have
reported that pancreatic cancer cell line cultivated in 3D cell culture and freshly isolated cells
from pancreatic mouse model displayed increased expression of various drug resistance
genes as compared to cells grown in 2D cell culture (Longati et al., 2013). These studies
revealed that MCTs cultures more closely imitate the tumor microenvironment conditions for
drug testing studies.
Tumors are composed of heterogeneous population of cells due to differences in proliferation
rates, genes expression and differentiation (Marjanovic et al., 2013). 2D cell cultures consist
of homogenous population of cells. Spheroidal culture could be used for studying mechanism
of phenotypic heterogeneity in tumors.
Cancer cells display differential gene expression in 3D cell culture system. Different signal
transduction in 3D cell culture models activates the distinctive group of transcription factors
in cancer cells (Bellis et al., 2013). Global gene profile analysis of HepG2 cells revealed that
monolayer cultures display higher expression of structural genes such as ECM, cytoskeletal

6
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and adhesion molecules (Chang and Hughes-Fulford, 2008). Whereas metabolic and
synthetic genes up regulated in spheroidal cultures (Chang and Hughes-Fulford, 2008).

1.2. Impact of metabolic stress on lipid metabolism in cancer cells: data
from 2D cell culture based studies
Multiple in vitro studies that used 2D cell culture system have reported the impact of
metabolic stress –induced by oxygen and/or nutrient deprived conditions– on lipid
metabolism in cancerous cells. The effects of oxygen deficiency have been more extensively
explored (Table 1.1).

7
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Table 1.1: Effect of hypoxia on lipid metabolism in cancer cells cultivated in 2D cell culture system.
Findings

Cell culture conditions

Cell lines studied

associated gene expression and

Pathway/Function of

Effects on lipid/lipidomic

Effects of silencing /inhibition of

studied gene

profiles

corresponding genes

cells proliferation
O2 Concentration

Breast Cancer

Under Hypoxia

Under Hypoxia

GasPak induced hypoxia.

cell lines



↑FASN expression

FA synthesis

Serum/Supplementations

MX1
MCF7

↑ SREBP, p-SREBP, HIF1,

TFs

10% FBS



Incubation time

MDA-MB157



expression of FASN and
SREBP.

p-Akt and expression in



MCF7.

48 hours

╣ HIF1 (By YC-1) blocks the

╣ Akt (By LY294002) blocks
the expression of FASN,

(Furuta et al., 2008)

Effect on lipid metabolism/

References

Methodology

SREBP, p-Akt and HIF1.
O2 Concentration

Liver cancer cell

Under Hypoxia

Under Hypoxia

Under Hypoxia

Hypoxia: 1% O2

lines



↑FASN expression





Normoxia: 20 % O2

Hep3B



↑LPIN1 expression

TG synthesis

Serum/Supplementations

SK-Hep-1



↓MCAD & LCAD

FA beta-oxidation

10% FBS

HepG2

Incubation time

Prostate cancer

48 hours.

cell lines

╨HIF-1α and HIF-2α results in
↓ TGs levels in Hep3B cells.

expression

(Huang et al., 2014)

↑TGs levels

PC3M

O2 Concentration

Liver Cancer

Under Hypoxia

Normoxia :21% O2

cell lines



Hypoxia: 2% O2

HepG2

seeding density cultures.

Serum/Supplementations



↓FASN expression

10% FBS



↓SREBP expression

Incubation time



FASN expression is

12 hours.

(Jung et al., 2012b)

↑cells apoptosis in high

correlated with cell death

8

O2 Concentration

Brain Cancer

Under Hypoxia

Normoxia:20% O2

cell lines



Hypoxia:<0.5% O2

U87

Serum Concentration

U251



O2 Concentration

Colorectal

Under Hypoxia

Hypoxia: 1% O2

cancer cell lines

↓ACACA, ACACB, FASN

(Lewis et al., 2015a)
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FA synthesis

expression
↓HMGCR expression

Mevalonate pathway

10% FCS
Incubation time
24 hours.
Under Hypoxia (hif1α+/+

Normoxia: 21 % O2
HCT-116



↓ ACC1 expression

Serum Concentration

HCT-116 hif1α-/-



↔FASN expression

10% FBS

SW1222



↑ SCD-1 expression

DLD1



↑SREBP-1 expression

FA synthesis

FA desaturation

Incubation time
24 hours.

Under Hypoxia (hif1α-/- cells)


↓ ACAT1 expression

Cholesterol



↑ FAs levels



↑ TAG levels,



↓ Desaturation index



↑ Glycerol



↓glycerophosphate



↑↑TAG levels



↑ MAG, Cho, Pcho and

(Valli et al., 2015a)

cells)

PC levels

Metabolism


↑ SREBP-1 irrespective of

TF

O2 concentration.
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┤ACSS2 causes cells to utilize

Breast cancer

Under Hypoxia

Normoxia :21% O2 Hypoxia:

cell lines

Acetate served as the main carbon

glucose and glutamine for

1% O2

MDA-MB-468

source for Acetyl-Co A synthesis.

Acetyl-Co A synthesis instead

BT-474

of acetate.

Serum/Supplementations
10% DFBS
90 µMU-13C-acetate

(Bulusu et al., 2017)



O2 Concentration

Incubation time
48 to 72 hours.
O2 Concentration

Liver cancer cell

Under Hypoxia + Acetate

Under Hypoxia + Acetate

Under Hypoxia + Acetate

Normoxia :21% O2 Hypoxia:

lines

supplementation

supplementation

supplementation

1% O2

HepG2



↑ ACACA RNA expression



↑Acetate uptake



PLC-8024



↑FASN RNA expression



╨FASN results in

Serum/Supplementations

Breast cancer



↑ACSS2 RNA expression.

10% FBS

cell lines

2.5mM acetate

SkBr3

cell lines

cancer cell survival.

12 hours.

DU 145

O2 Concentration

Breast cancer

Under Hypoxia

Normoxia :21% O2 Hypoxia:

cell lines



0.1% O2

MCF7

↑FABP3 RNA expression
↑FABP7 RNA expression

Serum/Supplementations
10% FCS

Brain cancer cell



FA synthesis.

(Gao et al., 2016)

synthesis which promotes the

Incubation time



Co-A synthesis
Acetate fuels de novo FA

Prostate cancer

MDA-MB-231

↓Acetate derived de novo

sensitive to FASN inhibitor C75

↑ADFP RNA expression

Under Hypoxia

Under Hypoxia

Lipoprotein



↑LDs



Metabolism



Treatment of DMOG

Lipoprotein

activates HIF-1α and

Metabolism

restores the LD levels.

LD synthesis



┤FABP3, FABP7, and ADFP
results in ↓LD



┤HIF-1α ↓LD

↑TGs
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Acetate derived acetyl

HepG2/SkBr3 cells were more
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lines

↓ TGs species with 3

Incubation time

U87

double bonds in MCF7

48 hours.

T98G

cells.


↑ TGs species with 3
double bonds in U87 cells
three



↓Pyruvate dependent de
novo FA synthesis



↑ in Palmitate, Stearate
and Linoleate levels.

Cancer cell lines

Hypoxia: 1% O2
Normoxia: 20 % O2

Under Hypoxia

Under Hypoxia



Cancer cells utilized glutamine as
MDA-MB-468

chief carbon source for synthesis

(Breast Cancer)

of Acetyl-Co A.

Serum/Supplementations

HeLa (Cervical

10% DFBS

Cancer)

Under Hypoxia



↓SCD-1 activity.

(Kamphorst et al., 2013a)

O2 Concentration

↑ Exogenous FA levels.

A549 (Lung
Incubation time

Cancer)

72 hours.
Renal cancer cell

Under Hypoxia

Under Hypoxia

Hypoxia: 0.5% O2

lines



↔ ATGL RNA expression.

Lipolysis



↓ Intracellular lipolysis.

Normoxia: 20 % O2

ACHN



↔ CGI58 RNA expression

TF



↑TG levels.

Caki-1



↔ G0S2 RNA expression.

TF

(Zhang et al., 2017)

O2 Concentration

Serum/Supplementations
10% FBS+ 200 µM

Colorectal

Oleate/0.2% BSA complex.

cancer cell lines
DLD-1

Incubation time

HCT116

24 hours.
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Cancer cell lines

Hypoxia: 1% O2

Under Hypoxia
Cancer cells utilized glutamine

Normoxia: 21 % O2

MDA-MB-468

and acetate for the synthesis of

Cells and media were placed

(Breast Cancer)

Acetyl-Co A.

in low oxygen overnight.

HeLa (Cervical

(Kamphorst et al., 2014)

O2 Concentration

Cancer)
Serum/Supplementations

A549 (Lung

10% DFBS

Cancer)

Incubation time
48 hours.
Cancer cell lines

Hypoxia: 1-3% O2
Normoxia: 20 % O2

Under Hypoxia
Cancer cells used glutamine as a

A549 (Lung

precursor for lipid synthesis

Cancer)

pathways by reductive

Serum/Supplementations

H460(Lung

carboxylation.

10% DFBS

Cancer)

(Metallo et al., 2012)

O2 Concentration

MDA231(Breast
Incubation time

Cancer)

48 hours.

SK-MEL-5 (Skin
Cancer)
A431(Skin
Cancer)
HCT-116
(Colorectal
Cancer)
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Cancer cell lines

Hypoxia: 1% O2
Normoxia: 20 % O2

Huh7(Liver

Under Hypoxia

Under Hypoxia

Under Hypoxia



↑LIP1N1 RNA expression







↑ TGs levels that are

HIF1-α & HIF2-α

correlated with LIP1N1

Cancer)

expression is correlated with

RNA expression.

Serum/Supplementations

HeLaM (Cervical

LIP1N1 RNA expression.

10% FCS

Cancer)

Incubation time

Bronchial

48 hours.

smooth muscle

┤LIP1N1 decreases the TGs
accumulation.
(Mylonis et al., 2012)

O2 Concentration

cells

Hbsm
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O2 Concentration

Prostate Cancer

Under Hypoxia

Under Hypoxia

Hypoxia: 1% O2

cell lines



↓Cell proliferation





↑ FASN expression

EV-PL as compared to



↑ACC expression

parental cells.

DU145

10% FBS



↑ACLY expression



↑SCD-1 expression

*For EVs isolation cells were

After Reoxygenation

cultured in exome-depleted



membrane PL


↑ TGs levels in EVs



↔TGs levels in cells



↓ Stearic acid and Oleic

FBS

acid in EV-TGs as


↑Cell proliferation

compared to parental

Incubation time
1-72 hours.

↑ Saturation index of

(Schlaepfer et al., 2015)

Serum/Supplementations

↑%age of saturated FA in

LNCaP

Normoxia: 21 % O2

cells.


↑ Stearic, Palmitic and
linoleic acid in EV.



↑Myristic, Palmitic,
stearic, linoleic and
arachidonic acid in cells.

After Reoxygenation


↓Lipid accumulation

14

Chapter 01: Introduction
O2 Concentration

Cervical Cancer

Under Hypoxia

Hypoxia was induced by

cell lines



adding 200µM cobalt chloride

Principal component
analysis reveal clear-cut
separation between

Serum/Supplementations

lipidomic profiles of

10% FBS

hypoxic and normoxic

*For EVs isolation cells were



cultured in exome-depleted
FBS

(Yu et al., 2014)

cells.
↔PL with ≥3 double
bonds in acyl chains


↔PL with <3 double
bonds

Incubation time



↓Mono/di-unsaturated PC

3 hours



↑Polyunsaturated PC



↑PL with polyunsaturated

*Cells were serum starved
before incubation under
hypoxic

acyl chains


↓PL with mono/diunsaturated acyl chains

Key: Abbreviations: ACACA, acetyl-CoA carboxylase 1; ACACB, acetyl-CoA carboxylase 2; ACSS2, acyl Co-A synthetase-2; ADFP, adipose differentiation protein; ATGL, adipose triglyceride
lipase; Cho, choline; CS-FBS, charcoal striped fetal bovine serum; DFBS , dialyzed fetal bovine serum; DMOG, dimethyloxalylglycine; FA, fatty acids; FABP3, fatty acid binding protein 3; FABP7,
fatty acid binding protein 7; FFA, free fatty acids; FASN, fatty acid synthase; FBS, fetal bovine serum; FCS, fetal calf serum; HIF-1α, hypoxia-inducible factor 1-alpha; HIF-2α, hypoxia-inducible
factor 2α; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; LD, lipid droplet; LCAD, long-Chain Specific acyl-CoA dehydrogenase; MAG, monoacylglycerol ; MCAD, Medium-chain acyl-CoA
dehydrogenase; MUFA, monounsaturated fatty acids; PE, phosphatidylethanolamines; PC, Phosphatidylcholines; Pcho, propargyl-choline; PI, phosphatidylinositol; PS, phosphatidylserine; PUFA,
polyunsaturated fatty acids; SCD, stearoyl-CoA Desaturase; SFA, saturated fatty acids; SMEM, spinner minimum essential medium; SREBP, sterol regulatory element-binding proteins; TG,
triglycerides
Symbols: ↓, down regulated; ↑, up regulated; ↑↑, strongly up regulated; ↔, no effect; ×, low effect; ┤, gene knock down by siRNA; ╨, gene knock out; ╣, pharmacological gene inhibition
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Oxygen deficiency (hypoxia) is considered as a hallmark of many human cancers. Hypoxic
stress in tumor microenvironment is an effect of high cell proliferation rates (that consume
O2) and abnormal blood vessel development. Hypoxic stress supports aggressive malignancy
and is known to be associated with poor prognosis in multiple cancer types (Hanahan and
Weinberg, 2011; Masson and Ratcliffe, 2014; Rankin and Giaccia, 2016). Oxygen-deficiency
has been shown to induce set of transcription factors-hypoxia inducible factors (HIFs) that
mediate many protective mechanisms. These mechanisms facilitate in maintaining O2
homeostasis through reducing oxidative metabolism and O2 consumption (Papandreou et al.,
2006; Gordan and Simon, 2007; Rankin and Giaccia, 2008; Semenza, 2010). HIF-1α is
shown to be a chief regulator of various cancer associated metabolic pathways including
TCA cycle, glycolysis, glycogenesis, nucleotides/amino acids/leptin metabolism, lipid
metabolism etc. (Harris, 2002; Semenza, 2003; Denko, 2008; Semenza, 2010).
Most of the works on hypoxia-induced effects on lipid metabolism in tumor cells studied the
expression of FASN (Table 1.1). To date, the effect of hypoxic stress on FASN expression
appears to be inconsistent. For example, under hypoxia the expression of FASN is shown to
be extensively up-regulated in breast cancer cells (Furuta et al., 2008), down-regulated in
liver cancer cells (HepG2) (Jung et al., 2012) and unaffected in colorectal cancer cells (HCT116) (Valli et al., 2015). Expression of various other genes, involved in de novo lipid
synthesis, is also differentially regulated in many cancer cell lines. Sterol regulatory-element
binding protein (SREBP)-1 is one of the major transcriptional regulator of most enzymes
involved in de novo lipid synthesis including FASN. Furuta. et al (Furuta et al., 2008)
reported that hypoxia-induced up-regulation of FASN expression in breast cancer cell lines is
16
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mediated through the activation of Akt and HIF1 followed by up-regulation of SREBP-1. On
the contrary, the previous studies that reported hypoxia-induced reduce in FASN expression
showed that under such conditions SREBP-1 expression is also decreased or unaffected (Jung
et al., 2012; Lewis et al., 2015). These observations indicate that the hypoxic regulation of de
novo lipid synthesis is cell-type specific as major difference among these contradictory
reports was in the selection of cell line models.
More meticulous scrutiny of the literature showed that these studies also used different cell
culture conditions. For example some studies applied chemical-induction of hypoxia (e.g.
CoCl2 method)(Yu et al., 2014), whereas others induced hypoxia by regulating O2 levels in
the incubators (Schug et al., 2015). Moreover, differences in severity (or O2 Concentration)
and/or duration of hypoxia were also noted (Supplementary Table 1). These differences
might also have caused inconsistencies in the literature. In addition, few studies used
additional media supplementations that may have also caused altered lipid profiles in
corresponding cancer cells. For instance; under hypoxic conditions acetate supplementation
was shown to linked with up-regulated expression of FASN and acyl-CoA synthetase shortchain family member 2 (ACSS2) –a cytosolic enzyme that use acetate as a substrate for
synthesis of acetyl-CoA (Gao et al., 2016). Under hypoxic conditions acetate was shown to
serve as the primary source of acetyl-CoA synthesis (Gao et al., 2016; Bulusu et al., 2017)
that fuels de novo lipogenesis and promotes cell survival (Gao et al., 2016). However, this
observation is not limited to the studies that used acetate supplementations. Multiple other
works, that cultivated the cells under regular complete growth-media, have also shown that
hypoxic cancer cells do utilize glutamine or acetate as chief carbon source for synthesis of
acetyl-Co A (Metallo et al., 2012; Kamphorst et al., 2013; Kamphorst et al., 2014).
17

Chapter 01: Introduction
It has also been argued that oxygen deprivation prevents use of glucose for fatty acid
synthesis, therefore under hypoxia cancer cells are more dependent on exogenous uptake of
lipids than on de novo synthesis (Rohrig and Schulze, 2016). Studies indicate that under
hypoxia cancer cells switch from lipid synthesis to uptake (Kamphorst et al., 2013; Bensaad
et al., 2014), particularly of lipid species containing monounsaturated acyl chains
(Kamphorst et al., 2013). A different study reported that hypoxic stress augments the lipid
uptake in breast cancer and glioblastoma cells by activating the expression of fatty acid
binding protein 3 (FABP3) and FABP7 (Bensaad et al., 2014) –that are used in the uptake
and subcellular trafficking of fatty acids. It has also been recognized that cancer cells
increase their HIF-1-mediated accumulation of triglyceride/lipid-droplet (LD) in response to
oxygen deficiency (Bensaad et al., 2014). It was shown that hypoxia facilitates storage of
lipids in LDs through induction of perilipin 2 (PLIN2) (Bensaad et al., 2014). Upon
re-oxygenation, cancer cells utilized these stored lipids for energy generation and in
antioxidant defense mechanism (Bensaad et al., 2014). This facilitates the survival of cells in
oxidative stress associated with a sudden increase in O2 availability. In addition to hypoxiainduced increase in fatty acid uptake, cancer cells are shown to down-regulate intracellular
lipolysis (Zhang et al., 2017) that may also contribute to LD accumulation. In multiple
colorectal cancer and renal cell carcinoma cell lines baseline intracellular lipolysis is
mediated by adipose triglyceride lipase (ATGL) (Zhang et al., 2017) that is significantly
reduced under hypoxia (Zhang et al., 2017). However, the expression of ATGL remains
unaffected; instead, ATGL was shown to be inhibited by hypoxia-inducible gene 2 (HIG2), a
HIF-1 target (Zhang et al., 2017).
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Table 1.2: Effect of low serum culture conditions on lipid metabolism in cancer cells cultivated in 2D cell culture system.

Cell culture conditions

Findings

Cell lines studied

Effect on lipid

Pathway/Function

metabolism/associated

of studied gene

gene expression and

Effects on lipid/lipidomic
profiles

Effects of silencing /inhibition of
various lipid metabolism associated
enzymes

cells proliferation
Breast cancer cell

Under LS conditions

Serum Concentration

lines



1% vs. 10% FCS

BT20

sensitivity to FASN inhibitors

BT549

(C75 & AZ22) in terms of

24 hours

Cancer cells displayed increased

proliferation rates.

(Schug et al., 2015)

Incubation time

MDA-MB-231

References

Methodology

MDA-MB-468
MCF7
T47D
SKBr3

Breast epithelial cell
line
MCF10 A
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Serum Concentration

Breast cancer cell

Under LS conditions

1% vs. 10% FCS

lines



MDA-MB-468

Incubation time

MDA-MB-231

72 hours

BT549

↑ De novo fatty

Under LS conditions

Under LS conditions





┤SCD results in ↓cell number



┤SCD results in ↑MUFA &

Membrane
phosphoglycerides

acid synthesis

mainly

composed

mono-unsaturated

BT20
SKBr3



T47D
MCF7

are
of

PUFAs levels and ↓SFAs levels.

acyl

chains.

However, oleic acid

↑MUFA levels in DU145

supplementation restores the
relative proportions of FA

cells.


Breast epithelial cell

┤SCD

reduces

the

mono-

line

unsaturated acyl chains in PE, PI

MCF10 A

and PS. Supplementation of oleic
acid restores the concentrations

Prostate cancer cell

of mono-unsaturated species in

lines

cancer cells.

(Peck et al., 2016)

classes.

LNCAP
PC3
DU145

Prostate epithelial cell
lines
RWPE1

Cancer Cell lines

Under LS conditions

2% vs. 10% FBS

A549 (Lung Cancer)



FaDu (Pharynx Cancer)

Incubation time
48 hours

↑ SCD-1

RNA

Under LS conditions
FA Desaturation

Expression

H1299(Lung Cancer)



↔SCD-5
Expression

RNA



┤SCD-1 induced apoptosis



┤SCD-5 inhibition did not

FA Desaturation

(Roongta et al., 2011)

Serum Concentration

induce apoptosis.


╣SCD-1 (with A939572)
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reduced the proliferation of cell.
Supplementation of media with
oleic acid reversed the effect of
A939572.

Key: Abbreviations: FA, fatty acids; FASN, fatty acid synthase; FBS, fetal bovine serum; FCS, fetal calf serum; SCD, stearoyl-CoA Desaturase; SFA, saturated fatty acids
Symbols: ↓, down regulated; ↑, up regulated; ↑↑, strongly up regulated; ↔, no effect; ×, low effect; ┤, gene knock down by siRNA; ╨, gene knock out; ╣, pharmacological gene inhibition
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Inadequate blood supply in tumors also decreases the availability of serum-derived factors.
Low-serum environment also affects lipid metabolism in malignant cells (Table 1.2). In this
environment cancer cells were shown to be more dependent on de novo lipid synthesis
(Schug et al., 2015; Peck et al., 2016). Expression of Stearoyl-CoA desaturase (SCD1) –
enzyme that catalyzes the addition of a double bond into certain saturated fatty acyl-CoAs
producing monounsaturated fatty acids (MUFA)– is also shown to be up-regulated under
conditions of scarcity of serum-derived factors (Peck et al., 2016). The reduction of SCD
enzyme resulted in a substantial decrease in cancer cells number in low-serum condition,
while having slight or no effect on non-cancer cells (Peck et al., 2016).
This enhanced dependence of cancer cells on de novo lipogenesis, under low-serum
environment, is most likely caused by diminished lipid availability in such conditions. Tumor
cells are speculated to be exposed to lipid gradients (Gatenby and Gillies, 2004). A very
limited number of works have reported the impact specifically of lipid-deprived conditions
on lipid metabolism in cancer cells (Table 1.3). For that cells were cultivated under media
containing sera that were specifically depleted of lipid or lipoproteins. Cancer cells
proliferation rates differentially dependent on de novo lipid synthesis pathways in a lipid
deprived environment (Daniëls et al., 2014). Both lipogenic and non-lipogenic cancer cells
were shown to raise lipogenic activity in these conditions, albeit to a different extent. Cells
that achieved the highest lipogenic activity under these conditions were best able to survive
with lipid deficiency in term of proliferation rates. Supplementation of the medium with
VLDL, FFAs and cholesterol altered this activation, indicating that the scarcity of lipids is
sufficient to activate de novo lipid synthesis in cancer cells. Consequently, in low-lipid
22
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conditions cancer cells became more dependent on de novo lipid synthesis pathways and
display more sensitivity to inhibitors of lipogenic pathways, like Simvastatin and Soraphen A
(Daniëls et al., 2014). Cancer cells also display increased expression of ACSS2 in low-lipid
environment (Daniëls et al., 2014; Schug et al., 2015).
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Table 1.3: Effect of low lipid culture conditions on lipid metabolism in cancer cells cultivated in 2D cell culture system.

Cell culture conditions

Findings

Cell lines studied

Effect on lipid

Pathway/Function of

metabolism/associated gene

studied gene

Breast cancer cell lines

Under low-lipid conditions

10% FCS

BT474



↑ACSS2 RNA expression.

1% LPDS

various lipid metabolism
associated enzymes

Acetate derived
(Schug et al., 2015)

Acetyl Co-A
Prostate cancer cell lines

Incubation time

Effects of silencing /inhibition of

lipid/lipidomic profiles

expression and cells proliferation
Serum Concentration

Effects on

synthesis

DU145

72 hours

Serum Concentration

Cancer cell lines

Under low-lipid conditions

2% CS-FBS

FADU(Pharynx Cancer)



10% CS-FBS

H1299(Lung Cancer)

Incubation time

↑ SCD-1 RNA expression.

References

Methodology

Under low-lipid conditions
FA Desaturation



Cells were more sensitive to
inhibition of SCD-1 by
A939572.
(Roongta et al., 2011)

48 hours
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Serum Concentration

Cancer Cell lines

10% FBS

PC3M (Prostate Cancer)

10% lipid-reduced serum

HOP62 (Lung Cancer)

Incubation time

HepG2 (Liver Cancer)

72 hours

T24 (Renal Cancer)

Under LR conditions

Under lipid-reduced conditions




↑ ACLY RNA expression.

 ↑ FASN RNA expression.

Cholesterogenesis &

↑ Sensitivity to Soraphen A
and Simvastatin.

FA synthesis
FA synthesis

 ↑ HMGCR RNA expression.


(Daniëls et al., 2014)

 ↑ ACSS2 RNA expression.
Mevalonate Pathway

Only the cell lines that
significantly elevated
lipogenic activity maintained
their proliferation rates.



↑De novo FA synthesis
except HepG2 cells.

Key: Abbreviations: ACSS2, acyl Co-A synthetase-2; CS-FBS, charcoal striped fetal bovine serum; DFBS , dialyzed fetal bovine serum; FA, fatty acids; FFA, free fatty acids; FASN, fatty acid
synthase; FBS, fetal bovine serum; FCS, fetal calf serum; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase
Symbols: ↓, down regulated; ↑, up regulated; ↑↑, strongly up regulated; ↔, no effect; ×, low effect; ┤, gene knock down by siRNA; ╨, gene knock out; ╣, pharmacological gene inhibition
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All the aforementioned data focuses on the influence of either oxygen- or serum-deprivation
on lipid metabolism in cancer cells. Few studies have demonstrated the effect of hypoxia in
combination with nutrient-deprivation (Table 1.4). It has been speculated that these cell
culture conditions more closely imitate the in vivo conditions. Schug et al. studied in detail
the combinatorial influence of oxygen and nutrient-deprivation on lipid metabolism in
cancer cells (Schug et al., 2015). For recreation of in vivo conditions they used customformulated serum-like tissue culture medium (SMEM) that has concentrations of metabolites
more physiologically relevant to human plasma than what is typically found in standard
growth mediums. They reported that under hypoxia and lipid-depleted conditions cancer cells
display up-regulated de novo synthesis of fatty acids. It was also shown that acetate served as
the primary carbon source for de novo fatty acid synthesis in an ACSS2-dependent manner.
These results indicate the critical role of acetate consumption in the production of lipid
biomass within the harsh tumor microenvironment. As mentioned above hypoxic cancer
cells display increase in lipid-uptake however it might not be a very efficient mode of lipid
acquisition if the cancer cells also exposed to scarcity of exogenous lipids supply. Under
such conditions, cancer cells may switch back to de novo synthesis but now completely
depend on glutamine or acetate as alternative substrates (Rohrig and Schulze, 2016). A
previous study have shown multiple cancer cell lines that display decreased expression of
genes involves in de novo lipogenesis under hypoxia, whereas when hypoxia and low serum
conditions used in combination the expression of these genes was increased (Lewis et al.,
2015).
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Table 1.4: Effect of hypoxia+nutrient deprivation on lipid metabolism in cancer cells cultivated in 2D cell culture system.

Cell lines studied

Effect on lipid metabolism/

Pathway/Function of

Effects on

Effects of silencing /inhibition

associated gene expression and

studied gene

lipid/lipidomic

of various lipid metabolism

profiles

associated enzymes

cells proliferation
O2 Concentration

Breast Cancer cell lines

Normoxia: 21% O2

↑PC and PE

Under hypoxia+SMEM


Hypoxia: 0.1% O2
MDA-MB-468

Cancer cells primarily depend

with shorter FA

upon the de novo fatty acid

Serum/Supplementatio

(Schug et al., 2015)

Cell culture conditions

Findings

acyl chains.

synthesis.

ns

Prostate Cancer cell lines

SMEM media.

DU145



References

Methodology

↓Glucose utilization by TCA
cycle.

Incubation time
72 hours

Breast Cancer cell lines

Under hypoxia+LS


Hypoxia: 0.1% O2

Cancer cells more sensitive

Cancer cells used acetate as

Normoxia: 21% O2

BT474

chief carbon source.

Serum Concentration

BT474c1

10% FCS

Prostate Cancer cell lines

↑ ACSS2 expression both at

1% FCS

DU145



Under Hypoxia+LS

mRNA and protein level.

to

┤ACSS2.

Acetate derived acetyl
Co-A synthesis

Incubation time
72 hours
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O2 Concentration

Brain Cancer cell lines

Normoxia:20% O2

Under Hypoxia+LS /low-lipid
conditions

Hypoxia:<0.5% O2

U87

Serum Concentration

U251



↑ ACACA, ACACB & FASN

10% FCS

RNA Expression.

1% LPDS

Incubation time


↑ HMGCR RNA expression.

Under Normoxia+low-lipid
/Hypoxia+low-lipid conditions



↑ SREBF1a, SREBF1c and
SREBF2 RNA expression.
(Lewis et al., 2015)

24 hours

Under Hypoxia


↑ SCD, FABP3 and FABP7
RNA expression.



SCD and FABP3 expression
was correlated with ┤
SREBP1.



FABP7 expression was
correlated with ┤ SREBP1 &
SREBP2.

Under Hypoxia+low lipid
conditions


↑↑ SCD, FABP3 and FABP7
expression.



┤ SREBP1 increased the
apoptosis of cancer cells.
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O2 Concentration

Breast Cancer cell lines

Under hypoxia+nutrient deprived

Normoxia:21% O2,

MDA-MB-468

conditions

Hypoxia:1% O2

BT-474



(Bulusu et al., 2017)

Cancer cells utilized most of
the acetate for synthesis of

Serum Concentration

Acetyl-Co A.

10% DFBS
1% DFBS

Incubation time
48 to 72 hours
Medium contain 90 µMU13

C-acetate

Brain Cancer cell lines

Normoxia:21% O2,
Hypoxia:0.1% O2

Serum Concentration

Under Hypoxia


↑ LD levels

U87

1% LPDS

/Hypoxia+low-lipid
conditions


× LD levels

╣HMGCR (by Fatostatin)
results in ↓LD

Under

10% FCS

48 hours

conditions


Normoxia+low-lipid

Incubation time

Under Normoxia+low-lipid

accumulation.
Under Hypoxia+low-lipid
conditions


╣HMGCR (by Fatostatin)

(Bensaad et al., 2014)

O2 Concentration

causes ↔LD accumulation.

Key: Abbreviations: ACACA, acetyl-CoA carboxylase 1; ACACB, acetyl-CoA carboxylase 2; ACSS2, acyl Co-A synthetase-2; ADFP, adipose differentiation protein; ATGL, adipose triglyceride
lipase; Cho, choline; DFBS , dialyzed fetal bovine serum; DMOG, dimethyloxalylglycine; FA, fatty acids; FABP3, fatty acid binding protein 3; FABP7, fatty acid binding protein 7; FFA, free fatty
acids; FASN, fatty acid synthase; FBS, fetal bovine serum; FCS, fetal calf serum; HIF-1α, hypoxia-inducible factor 1-alpha; HIF-2α, hypoxia-inducible factor 2α; HMGCR, 3-hydroxy-3methylglutaryl-CoA reductase; LD, lipid droplet; LCAD, long-Chain Specific acyl-CoA dehydrogenase; MAG, monoacylglycerol ; MCAD, Medium-chain acyl-CoA dehydrogenase; MUFA,
monounsaturated fatty acids; PE, phosphatidylethanolamines; PC, Phosphatidylcholines; Pcho, propargyl-choline; PI, phosphatidylinositol; PS, phosphatidylserine; PUFA, polyunsaturated fatty
acids; SCD, stearoyl-CoA Desaturase; SFA, saturated fatty acids; SMEM, spinner minimum essential medium; SREBP, sterol regulatory element-binding proteins; TG, triglycerides
Symbols: ↓, down regulated; ↑, up regulated; ↑↑, strongly up regulated; ↔, no effect; ×, low effect; ┤, gene knock down by siRNA; ╨, gene knock out; ╣, pharmacological gene inhibition
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1.3. Impact of metabolic stress on lipidomic profiles in cancer cells: data
from 2D cell culture based studies
As discussed above certain types of cancer cells cultivated under metabolic stress display
elevated de novo synthesis of FAs (Furuta et al., 2008; Huang et al., 2014; Gao et al., 2016;
Peck et al., 2016), while some types of cancer cells display increased lipid-uptake
(Kamphorst et al., 2013; Bensaad et al., 2014). One of the studies showed that cancer cells
specifically scavenge lipid species containing monounsaturated acyl chains (Kamphorst et
al., 2013). This lipolytic vs. lipogenic acquisition of fatty acids may extensively influence the
lipidomic profiles of cancer cells. Mammalian cells have limited ability to synthesize
polyunsaturated fatty acids, as they lack the Δ12 desaturase. Therefore, increased de novo
lipogenesis augments the cancer cell membranes with saturated and/or mono-unsaturated
FAs (Rysman et al., 2010). As these FAs are less prone to lipid peroxidation than
polyunsaturated acyl chains, de novo synthesis of fatty acid was anticipated to make cancer
cells more resistant to cell death induced by oxidative stress (Rysman et al., 2010).
Additionally, as saturated lipids pack more densely their elevated levels alter lateral and
transverse membrane dynamics that affects the uptake of drugs which intensify the cancer
cells resistant against chemotherapy (Rysman et al., 2010). Hence, the balance between
lipogenic and lipolytic acquisition of fatty acids may have important therapeutic implications.
There are multiple works that have reported the effect of metabolically stressed conditions on
lipid-load in cancer cells. Cultured cells are shown to generate and increase the number of
LDs in two different conditions from a physiological perspective: when maintained in
medium containing excess FFA and/or lipoproteins or under nutrient- or oxygen-deprivation.
Some of the previous works on stress-induced accumulation of LDs utilized complete
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nutrient-deprivation (Cabodevilla et al., 2013). This stringent stress condition leads to cell
death which induces the formation of LDs (Murphy and Vance, 1999; Hapala et al., 2011)
and this LD accumulation was considered to be a hallmark of apoptosis (Boren and Brindle,
2012).
Only few previous reports have studied the effect of metabolically stressed conditions on
lipidomic profiles of cancer cells (Bensaad et al., 2014; Yu et al., 2014; Schlaepfer et al.,
2015; Valli et al., 2015). Moreover, these studies had a limited scope and were only focused
on stress-induced changes in phospholipid (Yu et al., 2014) or triglyceride profiles (Bensaad
et al., 2014) of cancer cells. For example; it was observed that breast cancer cells cultivated
under oxygen- and nutrient-deprivation display modified phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) profiles mainly distinguished by the presence of shorter and
more saturated acyl chains (Schug et al., 2015) –indicative of enhanced de novo lipogenesis.
Another study indicated that hypoxic cancer cells (Hela cells) display decrease in mono- and
di-unsaturated phospholipid (PL) species and increase in polyunsaturated PL species (Yu et
al., 2014).
The TG profiles of cancer cells are also shown to be affected under oxygen deprived
conditions. Schlaepfer et al. (Schlaepfer et al., 2015) studied the effects of hypoxia on total
TG-content and TG-subspecies-profiles in prostate cancer cells (LNCaP) and extracellular
vesicles (EVs) released by these cells. They reported that TG levels in hypoxic cells was only
marginally increased, whereas TG-content in EVs from these cells was significantly elevated.
Interestingly, TG subspecies profile was significantly altered in cells as well as in EVs. In
cancer cells, myristic, palmitic and stearic fatty acids (all saturated fatty acids) were
significantly increased under oxygen deficiency. More importantly, linoleic acid and its
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derivative arachidonic acid –that are strongly associated with inflammation and tumor
growth– were both significantly elevated in TGs of hypoxic LNCaP cells. Considerable
increases in palmitic, stearic and linoleic acids were also shown in EVs released from these
cells. In another research study it has been observed that in oxygen deficient conditions
cellular levels of TGs with three double bonds significantly decreased in breast cancer cells
(MCF7) (Bensaad et al., 2014), but increased in glioblastoma cells (U87) (Bensaad et al.,
2014).
Previous research reports that focused on the impact of metabolic stress on lipidomic profiles
of cancer cells also used diverse cell line models and experimental methodologies. In
additions to that these studies applied differential data normalization strategies. These
differences might also cause inconsistencies in the data from various reports. It has been
suggested that averaging the lipidomics data for broader lipid subgroups/categories increases
the robustness of analyses and provides a useful measure against noise in the observed data.
Interestingly, previous data indicate that hypoxia-dependent alterations in PL profiles of
cancer cells are mainly evident when the effects of individual PL species are compared.
However, when the average values of phospholipid types with acyl chains containing ≥3
double bonds were compared with that containing <3 double bonds no significant difference
was observed between cells under normoxic and hypoxic conditions. Another study, which
reported hypoxia-induced shift in the PC profiles of MDA-MB breast cancer cells, also
analyzed individual PC sub-species and presented the data. This literature review indicates
that more systematically designed studies are required to understand the interplay between
tumor microenvironment and lipidomic profiles of cancer cells.
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1.4. Lipid/lipidomic profiles in tumor tissues and tumor spheroids
The data discussed above is mainly gathered from the studies that used 2D cell culture
system. There is a growing consensus among the cancer biologists that cells cultivated in 2D
cell culture do not reflect tumor growth due to lack of 3D microenvironment that profoundly
affects cell signaling, proliferation, differentiation, migration in vivo (Sutherland, 1988;
Desoize and Jardillier, 2000; Yamada and Cukierman, 2007; Daster et al., 2017).
Multicellular tumor spheroid (MCTs) or 3D cell culture model is considered as a more rigid
and representative model of in vivo tumor growth. For studying tumor metabolism or
metabolic stress this system is particularly important because like in vivo tumors MCTs also
develop hypoxic cores. Hence, MCTs are ideal models for studying effects of varying
oxygen levels on tumor metabolism. However, only few studies have used this model for
studying lipid metabolism in cancer cells (Table 1.5). Bensaad et al. compared lipid
metabolism in cells at the periphery and cells in the hypoxic core of the tumor spheroid
(Bensaad et al., 2014). They also explored the impact of oxygen deprivation on lipid
metabolism in 2D cell culture system. It observed that in both 2D and 3D systems hypoxic
cells (U87,brain cancer cells) display significantly elevated expression of FABP3 and FABP7
with concomitant increase in LDs (Bensaad et al., 2014) –indicative of increased lipiduptake. However, the effect was more pronounced in 3D system. Chemical inhibition of
FABP3 and FABP7 in tumors growing in vivo tumors resulted in decreased tumor size and
LD accumulation (Bensaad et al., 2014).
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Table 1.5: Effect of metabolic stress conditions on lipid metabolism in cancer cells cultivated in 3D cell culture.
Findings

conditions/Methodolo
gy

Effects on MCTS growth or

Pathway/Function of

Effects of silencing

studied gene

expression of lipid metabolism
associated genes

Effects on

/inhibition of various

lipid/lipidomic profiles

lipid metabolism

References

Spheroids

Specific cell culture

associated enzymes

Breast cancer cell lines

3D cell culture

Under LS conditions

MDA-MB-468

1% vs. 10% Serum



Prostate cancer cell

(Schug et al., 2015)

Origin of Tumor

╣FASN (by AZ22)
was more effective

lines

against MCTS

PC3

growth.

DU145

Comparison between

Prostate cancer cell

2D(10% FCS) vs

lines

3D(10% FCS)

↑poly-unsaturated
T47D cells



↑ Monounsaturated PI and
LPA.

3D cell culture

Under low-lipid conditions

10% complete serum



HepG2

vs. 10% LR serum

Brain cancer cell lines

3D cell culture
10% serum

U87 cells





↓Growth of tumor
spheroids.




↑ FABP3, FABP7 &
ADFP protein expression
in hypoxic core of tumor

Lipoprotein Metabolism

┤SCD results in
↓spheroid size.

DG in MCTs of

DU145

Liver cancer cell lines





(Peck et al., 2016)

MDA-MB-468



┤SCD results in ↓
MUFAs & PUFAs in
MCTs of DU145
cells.

al., 2014)

10% serum

2014)

T47D

(Daniëls et

3D cell culture

(Bensaad et al.,

Breast cancer cell lines

↑ LD levels in
hypoxic core of
tumor spheroids.

spheroids.

34

3D cell culture
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┤SREBP1 results in
↓spheroid diameter.

al., 2015)

Brain cancer cell lines

(Lewis et
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Key: Abbreviations: FA, fatty acids; FFA, free fatty acids; FASN, fatty acid synthase; FBS, fetal bovine serum; FCS, fetal calf serum HMGCR, 3-hydroxy-3-methylglutaryl-CoA
reductase; LD, lipid droplet; LCAD, long-Chain Specific acyl-CoA dehydrogenase; MAG, monoacylglycerol ; MCAD, Medium-chain acyl-CoA dehydrogenase; MUFA,
monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; SCD, stearoyl-CoA Desaturase; SFA, saturated fatty acids; SREBP, sterol regulatory element-binding proteins; TG,
triglycerides
Symbols: ↓, down regulated; ↑, up regulated; ↑↑, strongly up regulated; ↔, no effect; ×, low effect; ┤, gene knock down by siRNA; ╨, gene knock out; ╣, pharmacological gene
inhibition
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Moreover, the effects of blocking fatty acid desaturation –via SCD-1 inhibition– were also
heightened in 3D system (Peck et al., 2016). The lipidomic profiles of cells grown in 3D cell
culture were exhibited to be different than that in cultured in 2D cell culture. In comparison
to cells cultivated as monolayers the MCTs of T47D cells showed significant increase in
poly-unsaturated DG and mono-unsaturated PI and LPA (Peck et al., 2016).
The effect of lipid-deprivation on cell proliferation is also more pronounced in tumor
spheroids than in cells grown in monolayers (Daniëls et al., 2014). MCTs generated from
breast or prostate cancer cells were more sensitive to FASN inhibition under low-serum
environment than under normal growth conditions (Peck et al., 2016). Table 1.6 displays the
data collected from studies using xenograft models.
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Table 1.6: Effect of metabolic stress on lipid metabolism of tumors in vivo.
Cancer Type/Xenograft Model

Applied Metabolic Stress
condition

Findings
Effect on gene expression/ tumor
growth

Effect on lipid metabolism

References

of BT474 xenografts.

BT474 c 1


regions of tumors.

MDA-MB-468

Genetically engineered mouse

↑ ACSS2 expression in hypoxic



┤ACSS2 inhibits the tumor growth.



↑ ACSS2 expression in hypoxic

(Bulusu et

DU145

CDP choline in of BT474 xenografts.

model of breast cancer
regions of tumors.

MMTV-PyMT
Orthotopic Breast Cancer



Xenograft

╨SCD causes reduced growth of

↑Unsaturated DG and PC species in
BT474 tumors.
(Peck et al., 2016)

DU145 tumors.



al., 2017)

╣FASN (AZ62) inhibits the tumor growth ↑FAs precursor acetyl-Co A & PC precursor
BT474

(Schug et al., 2015)

Breast cancer xenograft

BT474
Orthotopic Prostate Cancer
Xenograft

from gastric cancer patient



╣SCD-1(A939572) inhibits the
tumor growth.

al., 2011)

GA16 primary xenograft derived

(Roongta et

DU145
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Prostate Cancer Xenograft

╣ACAT (Avasimibe &Sandoz 58-



↓CE in avasimibe treated tumors.
(Yue et al., 2014)

035) inhibits the growth of PC-3
tumors.

╣DGAT (A922500) ↔growth of
PC-3 tumors.

↓LDLR in avasimibe treated tumors.



intermittent air control
(IA)


Brain cancer xenografts



U87

Liver cancer xenografts
Hep3B

iBMK cells with myrAkt
iBMK cells with H-RasV12G

↑SREBP-1, SCAP and SCD -

 ↑serum total cholesterol, HDLC, PL, TG

1expression.

and FFA levels both in HET and WT

↔SREBP-2 expression.

mice.

╨FABP3 and FABP7 inhibit the



↔ Serum LDLC levels.



↔Liver cholesterol and PL levels.



╨FABP3 and FABP7 inhibit LD

growth of tumors.



╨LCAD enhanced the tumor growth.



╨MCAD ↔ tumor growth.



╣ SCD-1(CAY10566) effects the
growth of Akt driven tumors.

accumulation in tumors.



╨ LCAD and MCAD induced lipid
accumulation.

(Li et al., 2006)

hypoxia (IH) VS.

Hif1a+/+ mice(WT)

al., 2014)

Hif1a+/_ mice (HET

Under IH conditions

2014)

Under IH conditions

et al., 2013)

5 days of intermittent

(Bensaad et



(Huang et al.,



(Kamphorst

PC-3

38



↑Neutral lipid accumulation in HIG 2 KO
tumors.

ATGL KO, HIG2 KO, and


HIG2/ATGL dKO HCT116

↔ Lipid accumulation in ATGL KO

2017)

╨HIG2 delayed tumor growth.

2015)



(Zhang et al.,

Colorectal cancer xenografts

(Chen et al.,
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tumors.
Mice carrying



HT1080 flank tumors

╨ACSS2 and HIF-2α inhibits tumor
growth.



╨HIF-1α↔ tumor growth.

Key: Abbreviations: FA, fatty acids; FABP3, fatty acid binding protein 3; FABP7, fatty acid binding protein 7; FFA, free fatty acids; FASN, fatty acid synthase; FBS, fetal bovine
serum; FCS, fetal calf serum; HIF-1α, hypoxia-inducible factor 1-alpha; HIF-2α, hypoxia-inducible factor 2α; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; LD, lipid
droplet; LCAD, long-Chain Specific acyl-CoA dehydrogenase; MAG, monoacylglycerol ; MCAD, Medium-chain acyl-CoA dehydrogenase; MUFA, monounsaturated fatty acids; PE,
phosphatidylethanolamines; PC, Phosphatidylcholines; Pcho, propargyl-choline; PI, phosphatidylinositol; PS, phosphatidylserine; PUFA, polyunsaturated fatty acids; SCD, stearoylCoA Desaturase; SFA, saturated fatty acids; SREBP, sterol regulatory element-binding proteins; TG, triglycerides
Symbols: ↓, down regulated; ↑, up regulated; ↑↑, strongly up regulated; ↔, no effect; ×, low effect; ┤, gene knock down by siRNA; ╨, gene knock out; ╣, pharmacological gene
inhibition
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Specific Aims of the Presented Dissertation
Specific Aim 1: The effects of 2D and 3D cell culture systems on cell proliferation in cancer
cells.
Rationale: Previous research reports have indicated that cells cultivated in the 2D cell
culture are not the true representatives of tumor tissues growing in vivo (Kimlin et al., 2013).
3D cell culture models on the other hand is reported to be a more stringent and true
representative model of in vivo tumor growth (Reininger-Mack et al., 2002; Birgersdotter et
al., 2005; Sun et al., 2006; Zietarska et al., 2007; Lee et al., 2008; Justice et al., 2009; Shield
et al., 2009). Different cancer cell lines display altered –either decreased or increased–
proliferation rates when cultivated as 3D tumor spheroids (Wong et al., 2007; Gurski et al.,
2010; Maria et al., 2011; Chitcholtan et al., 2012; Fallica et al., 2012; Luca et al., 2013). The
present study aims to study the cell proliferation rates of cancer cells in 2D and 3D cell
culture systems. This aim addressed in Chapter 3.
Specific Aim 2: The effects of oxygen- and nutrient-deprivation on cell proliferation in
cancer cells cultivated under 2D and 3D cell culture systems.
Rationale: Different cells within the tumor tissues have differential access to nutrients and
oxygen depending upon their distance from the functional blood vessels (Lin and Chang,
2008). This differential access to nutrients and oxygen may have an impact on cell
proliferation rates and survival. The present study aims to compare the impact of nutrientand/or oxygen-deprivation on cell proliferation in cancer cells under both 2D and 3D cell
culture systems. The findings of this study will help in better understanding of the interplay
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between proliferative capacities of cell and tumor microenvironment. This aim addressed in
Chapter 3.
Specific Aim 3: The effects of oxygen- and nutrient-deprivation on lipid-load in cancer cells
cultivated under 2D and 3D cell culture systems.
Rationale: Oxygen- and nutrient-deprivation is also shown to affect metabolic profiles of
cancer cells (Mylonis et al., 2012). The presented study aims to evaluate the impact of this
metabolic stress on lipid-load in cancer cells. It has been previously shown that more
aggressive forms of tumors accumulate higher amount of lipids as lipid-droplets
(Listenberger et al., 2003). This accumulation of lipids is shown to protect the cell from
stress induced cell death (Listenberger et al., 2003). Literature survey indicates that previous
studies provide incomplete and inconsistent information on accumulation of lipids in cancer
cells under metabolic stress. In this study this effect will be systematically studied in both
cell culture systems. This information will help understating the intricate interactions
between tumor microenvironment and lipid-load in cancer cells. This aim addressed in
Chapter 4.
Specific Aim 4: The effect of tumor stage on lipidomic profiles of cancer cells.
A previous research report showed that SW620 (in comparison to SW480) cells display
higher plasmanylcholine and triglyceride levels, decreased plasmenylethanolamine levels,
decreased C-16 containing sphingomyelin and ceramide levels, and a dramatic increase in the
abundances of total cholesterol ester and triglyceride (Fhaner et al., 2012). This study aims to
explore the impact of tumor stage on saturation indices of different lipid sub classes in cancer
cells. This aim addressed in Chapter 4.
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Specific Aim 5: The effects of oxygen- and nutrient-deprivation on lipidomic profiles of
cancer cells.
Rationale: The affect of metabolic stress on metabolic and lipid profiles of cancer cells are
indicated by the previous works (Kamphorst et al., 2013; Bensaad et al., 2014; Huang et al.,
2014; Valli et al., 2015). This study will first explore impact of metabolically stressed growth
condition on lipid-load in cancer cells and for more nuanced analyses the effects of these
stressed conditions on lipidomic profiles of cancer cells will be studied. Previous studies
have indicated that changes in rates of lipid metabolism particularly fatty acid synthesis
severely affects lipidomic profiles of cancer cells –characterized by short and saturated fatty
acyl chains (Schug et al., 2015). It can be hypothesized that if metabolic stress induces
changes in rate of fatty acid synthesis pathway in cancer cell, it will also induce subsequent
changes in lipidomic profiles of these cells. This aim addressed in Chapter 4.
Specific Aim 6: The effect of tumor stage on lipid-metabolism associated genes in cancer
cells.
Rationale: Previous data indicated that lipid metabolism is also aggravated with severity of
cancer (Pakiet et al., 2019). It has been shown that more aggressive forms cancers
accumulate large quantities of cellular lipids (Fhaner et al., 2012). This study also aims to
explore the impact of tumor stage on expression of major genes involved in lipidmetabolism. This aim addressed in Chapter 5.
Specific Aim 7: The effects of oxygen- and nutrient-deprivation on lipid-metabolism
associated genes in cancer cells.
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Rationale: This study also aims to explore the affect of oxygen- and nutrient-deprivation on
expression of major lipid-metabolism associated genes.

The two key lipid synthesis

pathways that are shown to be dysregulated in cancer cells are fatty acid synthesis pathway
and mevalonate pathway (Furuta et al., 2008; Huang et al., 2014; Lewis et al., 2015). The
rate-limiting enzymes of these pathways are FASN and HMGCR respectively.

The

presented study aims to explore the impact of lipid and oxygen deprivation on expression of
these genes in various cancer cells. This aim addressed in Chapter 5.
Specific Aim 8: The effects of 2D and 3D cell culture systems on lipid-metabolism
associated genes in cancer cells.
Rationale: Previous research reports indicated that the cells cultured in 3D environment
differ in gene, protein, and cell receptor expression from cells grown in 2D cell culture
(Benya and Shaffer, 1982; Nelson and Bissell, 2005; Baharvand et al., 2006). The expression
patterns of various genes –involved in proliferation, angiogenesis, migration, invasion, and
chemosensitivity– are shown to be different in 2D and 3D cell cultures (Gurski et al., 2010;
Price et al., 2012). Hence, this study also aims to explore the effects of 2D and 3D cell
culture systems on lipid-metabolism associated genes in cancer cells. This aim addressed in
Chapter 5.
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2.1. Cell lines selection and maintenance
HCT-116, HepG-2, SW620 and SW480 cell lines were purchased from the American Type
Culture Collection (ATCC) (Appendices). These cell lines were selected as they have been
previously used as models for studying different aspects of lipid metabolism in cancer cells
(Fhaner et al., 2012; Jung et al., 2012; Huang et al., 2014; Zhang et al., 2017). HCT-116 and
HepG-2 cells were cultivated in RPMI 1640 medium (ATCC, 30-2001) (Appendices)
supplemented with 10% Fetal Bovine Serum (FBS-ATCC, 30- 2021) and antibiotic
(penicillin–streptomycin) solution (ATCC, 30-2300) (Appendices) as per provider’s
instruction (Appendices). SW620 and SW480 were cultured in DMEM medium (ATCC, 302001) (Appendices) supplemented with 10% FBS (ATCC, 30- 2021) and antibiotic
(penicillin–streptomycin) solution (ATCC, 30-2300) as per provider’s instruction
(Appendices). Cell cultures were maintained in standard cell culture conditions (humidified
atmosphere with 5% CO2). For sub culturing cells were washed with 1X phosphate buffered
saline (PBS) solution and appropriate amount of trypsin-EDTA solution was added. Then the
flask was incubated for 2 - 5 min at 37 °C. Detachment of cells t was checked under
microscope. Trypsin was neutralized with complete growth medium followed by
centrifugation at 1000 rpm for 5 min. Supernatant was removed and the cell pellet was resuspended in 1 ml growth medium and proceeds for cell counting.

2.2. Cell culture systems
For the presented study both the three-dimension (3D) cell culture and conventional twodimension (2D) cell culture systems were used. 3D cell culture system is defined as-an
artificially created environment in which cells do not adhere with cell culture plates and are
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allowed to grow or interact with their surroundings in all three dimensions. It is welldocumented that 3D cell culture more closely mimic the in vivo tumor growth than traditional
2D cell culture system (Chang and Hughes-Fulford, 2008). It has been shown that the
behavior of cells in 3D cultures is more reflective of in vivo cellular responses. For the
presented work two of the selected cell lines –HepG2 and HCT116– were utilized for
generation of 3D tumor spheroids. Figure 2.1 summarizes the layout of this study.
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Figure 2.1: Summarized overview of experimental methodology. Four biologically diverse cell lines (HCT116, HepG-2, SW620 and SW480) were selected for this study. These cell lines were selected on the basis of
literature review and were previously used as models to study lipid metabolism of cancer cells. During the
course different kinds of analyses were performed (a) 2D vs. 3D Analyses – The major aim of this thesis was to
compare lipid metabolism in cancer cells cultivated under 3D vs. 2D cell culture systems. For theses analyses
HCT-116 & HepG-2 were used for these analyses as these cell lines are known to generate robust multicellular
tumor spheroids. The effects of cell culture systems were compared on cell proliferation rates, lipid load, lipid
metabolism and gene expression profiles. (b) Effects of O2 and serum deficiency – Previous works have
hypothesized that cells forming inner layers of 3D spheroids have limited access to O2 and nutrient supply.
Which may affect their cell proliferation rates and gene expression profiles. Here, to attain deep insight into the
impact of O2 and serum deficiency these condition were applied and their effects were noted on cell
proliferation rates, lipid load, lipid metabolism and gene expression profiles. (c) Effects of Cancer Stage – As
an additional layer of analysis the of effects cancer stage was also studied on cell proliferation rates, lipid load,
lipid metabolism and gene expression profiles. For these analyses SW480/SW620 cell line pair was utilized,
which represents an accepted model to study metastatic progression. SW480 is derived from a primary tumor,
and SW620 is derived from a metastasis of the same tumor. The results of these analyses are accordingly
incorporated into chapter 3-5 of the presented thesis.
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2.2.1.

Two-dimension (2D) cell culture

2D cell cultures were maintained using conventional cell culture methods. Most of the
experiments with 2D cell culture system were carried out in 24-wells culture plates unless
specifically stated otherwise.
2.2.2.

Three-dimension (3D) cell culture

Multicellular tumor spheroids (MCTS) were generated by liquid overlay method (Casey et
al., 2001) in flat bottom 96-wells plate. 96-wells cell culture plates wells were coated with
50 µl of 1.5% agarose and allowed to solidify at room temperature. To create evaporation
barrier outer wells of plates were filled with 200 µl PBS (Figure 2.2). Appropriate number of
cells was seeded and plates were incubated without any perturbation for initial 72 hours to
allow generation of MCTS. After formation of tumor spheroids media were supplemented at
alternate days.
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Figure 2.2: Overview of liquid overlay culture technique. (a) 96-well flat bottom plate. (b) Add 50 µl of
1.5% molten agarose in 96-well flat bottom plate and allow to solidify at room temperature. Add 200µl of
complete growth medium. Add cell suspension on top of the agarose layer and culture for 72 hours. (c) A
representative HCT116 spheroid after 72 hours of culture on top of agarose layer.
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2.3. Induction of metabolic stress
For low-serum culture conditions 2%, 4% or 6% FBS was added to the cell culture media.
For inducing hypoxia cell culture plates were sealed with paraffin film and placed in
anaerobic jar (Oxoid, HP0011) and incubated at 37 °C.

2.4. Cell proliferation assays
2.4.1.

Cell count assay

For cell counting floating cells in the growth medium were pooled together with adherent
cells after trypsinization. A 0.4% solution of trypan blue dye was prepared in 1X PBS. Equal
volume of trypan blue and cell suspension (10 µl of trypan blue + 10 µl cell suspension) was
combined for cells staining. A hemacytometer was loaded with this suspension of stained
cells and examined under a microscope. Cell counting measurements were performed in
triplicates. Following formula was used for calculating total number of viable cells in cell
suspension:

2.4.2.

Tracking spheroid growth

To estimate the diameters of MCTs, micrographs of spheroids were taken at different timepoints with inverted microscope fitted with digital camera. Scope image 9.0(X5) software
was used to measure diameters of spheroids and further analyses was performed by Graph
Pad Prism Software (version 6). At least 3 to 6 MTCs were photographed on each indicated
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time-points. The diameter of a tumor spheroid was defined as: The average length of the
diameter measured at two degree intervals joining two outline points and passing through the
center of spheroids (Anada et al., 2012).

2.4.3.

Selection of a surrogate model for estimation of cell number in 3D

spheroids and metabolically-stressed 2D-cell cultures

This study was particularly focused on the impact of metabolic stress on cell proliferation
rates and other metabolic parameters. It has been observed that cells cultivated under
metabolic stress (particularly low-lipid environment) are very difficult to count as they are
shrunk and distorted that makes cell counting a very difficult task. Moreover, cell counting is
also not possible for spheroidal cultures (Ng et al., 2005). On the other hand, MTT assay is
also not an optimal assay to measure cell viability of metabolically-stressed cells. Although
the results from MTT assay normally depict the number of total viable cells growing in
standard cell culture conditions, the rate of tetrazolium reduction is representative of the
general metabolic activity or the rate of glycolytic NADH production. The rate of MTT
reduction can regulate with culture conditions (e.g.,pH and glucose content of medium) and
the physiological state of the cells (Stepanenko and Dmitrenko, 2015). Therefore, it was
essential to use a surrogate system for estimation of cell number in metabolically-stressed
cultures as well as in 3D cell cultures.

For the presented study DNA and protein contents

were used as surrogate markers for cell count estimation.
2.4.3.1.

DNA as a surrogate for cell number

Previous studies have shown that DNA quantification is a robust, accurate, and consistent
approach for normalization of lipid data. DNA concentration has shown a linear correlation
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with the cell number in different cancer cell line (Silva et al., 2013). Here, DNA contents
were quantified in extracts from cells cultivated in both cell cultures systems (2D & 3D) at
three different time-points (day 3, 5 and 7). Equal number of cells were seeded for both
systems: 2D (in 24-well plates to provide more space for formation of monolayers) and 3D
(in 96-well plates as described above).
For DNA extraction Trizol reagent was used according to manufacturer’s guidelines
(Appendices). Briefly, 1ml of TRIzol reagent was used for DNA extraction from cell pellets
or MCTs. The samples were homogenized in TRIzol by gentle pipetting and followed by 5
minutes incubation at room temperature. In next step 200μl of chloroform was added in
homogenized samples and mixed by vigorous shaking for few seconds and followed by 3
minutes incubation at room temperature. Tubes were centrifuged in temperature controlled
centrifuge at 4°C for 15 minutes at 12,000 x g to get phase separation. Interphase phase was
transferred to new tubes and 300μl of absolute ethanol was added. Then samples were mixed
by gentle inversion and followed by 2-3 minutes incubation at room temperature. The tubes
were centrifuged at 2,000 x g at 4°C for 5 minutes. The supernatant (phenol-ethanol) was
removed. DNA pellets were washed with 0.1M sodium citrate solution. DNA samples were
incubated at room temperature for 15-30 minutes with periodic mixing by gentle inversion.
Tubes were centrifuged at 2000 x g at 4°C for 5 minutes. DNA pellet was suspended in 1.5-2
ml 75% ethanol followed by incubation at room temperature for 10-20 minutes. Tubes were
centrifuged at 4°C for 5 minutes at 2000 x g and supernatant was discarded. The DNA pellets
were air dried for few minutes and were dissolved in 100μl of 8mM sodium hydroxide.
For DNA quantification absorbance was measured using Nanodrop spectrophotometer
(Thermo Scientific NanoDrop Lite spectrophotometer) (Appendices).
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2.4.3.2.

Protein as a surrogate for cell number

Total protein content has also been used as surrogate model for cell counting in 2D and 3D
cell cultures (Ng et al., 2005; Silva et al., 2013; Muschet et al., 2016). Total protein contents
were quantified in extracts from cells cultivated in both cell culture systems at three different
time-points (day 3, 5 and 7). Equal number of cells were seeded for both systems: 2D (in 24well plates to provide more space for formation of monolayers) and 3D (in 96-well plates as
described above).
Protein was extracted using NP40 buffer and quantified by Bradford method (Merck
Bradford Kit, 110306) according to manufacturer’s guidelines (Appendices). 100μl of cell
lysis buffer was added to the MCTs or cell pellets and followed by incubation for 30 minutes
at 4°C on shaking. Tubes were centrifuged at 4°C for 2 minutes at 12,000 rpm. After
centrifugation, supernatants were transferred to new eppendorf tubes and proceed by
quantification. Known concentrations of BSA standard were used to generate a calibrationcurve and protein concentrations of samples were determined against calibration-curve.

2.5. Extraction of total lipids
For total lipids extraction from cell pellets modified Bligh Dyer (methanol/chloroform)
extraction method (Bligh and Dyer, 1959) was used. Briefly, 700μl of magnesium chloride
(MgCl2) solution and 800μl chloroform:methanol (2:1) solution was added to cell pellets or
MCTs. The samples were homogenized by gentle pipetting and vortexed well. The eppendorf
tubes were centrifuged for 2 minutes at 10,000 rpm, and the upper layer was removed by
aspiration. In the next step samples were resuspended in 700μl of chloroform:methanol (2:1)
solution & 500μl of magnesium chloride (MgCl2) solution followed by vortexing and
centrifugation for 2 minutes at 10,000 rpm. The upper layer was removed. This step was
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repeated. Then the organic layer from sample was removed and transferred to the glass tube
and was evaporated completely by passing nitrogen gas (N2).

2.6. Determination of cellular cholesterol content
A commercially available kit (Analyticon Biotechnologies AG, Catalogue # 4046) was used
for estimation of total cholesterol content in the lipid extracts. Known concentration of
cholesterol standard (SUPELCO, 47127-U) (Appendices) were used to generate a
calibration-curve. Cholesterol content of samples was calculated against calibration-curve of
standard.

2.7. Determination of cellular triglyceride content
A commercially available kit (Analyticon Biotechnologies AG, Catalogue # 5052) was used
for estimation of total triglyceride content in the lipid extracts. Known concentration of
triglyceride standard (SUPELCO, 17811-1AMP) (Appendices) were used to generate a
calibration-curve. Triglyceride content of samples was calculated against calibration-curve of
standard.

2.8. Gene-expression analyses
For gene expression, Quick-RNA™ MiniPrep Plus (Zymo Research) was used for extraction
of total RNA from cell pellets. SuperScript™ III Reverse Transcriptase (Thermo Scientific,
18080093) and Oligo(dT)18 Primers (Thermo Scientific, SO131) were used to synthesized
cDNA from the RNA samples. TaqMan™ Gene Expression Master Mix (4369016, Applied
Biosystems) was used for quantitative PCR and assay was performed on StepOne Real-Time
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PCR Systems (Applied Biosystems). For qPCR, Hs00168352_m1 (3-hydroxy-3methylglutaryl-CoA reductase, HMGCR), Hs01005622_m1 (fatty acid synthase, FASN),
Hs00996004_m1 (monoglyceride lipase, MGLL), Hs00173425_m1 (lipoprotein lipase, LPL)
and Hs00354519_m1 (CD36) TaqMan Gene Expression assays were used. The expression of
each gene was normalized by the expression of glyceraldehyde 3-phosphate dehydrogenase GADPH (Hs02786624_g1). All presented data were means of fold change of triplicate
analysis and normalized with those of glyceraldehyde 3-phosphate dehydrogenase.

2.9. Microarray data mining
Microarray data were obtained from publicly accessible gene expression profile databaseGene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/)- and analyzed with
GEO2R. Provenzani et al (Provenzani et al., 2006) microarray data set was used to analyze
differential gene expression in SW480 and SW620 cells (data accessible at NCBI GEO
database,

accession

GSE2509).

Fernekorn et al microarray data set was used to analyze differential gene expression in 2D
and 3D cell culture models of HepG2 cells (data accessible at NCBI GEO database,
accession GSE 41962) and PDX-derived lung squamous carcinoma cells (TUM622) (GEO
accession number GSE122538).

2.10. Lipid extraction for lipidomics
Lipid extraction for lipidomic profiling was performed by according to method described by
Lisec et al (Lisec et al., 2019) (Appendices).
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2.11. Lipidomic profiling
Lipid extraction for lipidomic profiling was performed by according to method described by
Lisec et al (Lisec et al., 2019) (Appendices).
2.11.1.

Fatty acid composition analysis

The detected lipid classes were classified into sub-groups based on their fatty acid saturation
index. To be specific this classification was carried out based on presence/absence of
saturated fatty acids (SFAs) or number of attached SFAs. For e.g. triglycerides –that have 3
fatty acids– three groups were created (1) TGs harboring 0 SFA (2) TGs harboring 1 SFA
and (3) TGs harboring ≥2 SFAs. For lipid classes that are bound to two FAs for instance
phospholipids (PLs) the following groups were created 1) PLs harboring 0 SFA (2) PLs
harboring 1 SFA and (3) PLs harboring 2 SFAs. For CE that are bound to only one FAs
following groups were created 1) CE harboring SFA or (2) CE harboring unsaturated fatty
acid (USFA).
Saturation indices of different lipid sub-classes were calculated according to the modified
method of Ackerman et al (Ackerman et al., 2018). Saturation index was calculated as a ratio
of total saturated fatty acids to total unsaturated fatty acids. First, The total level of saturated
fatty acids in individual lipid class was calculated by adding up the intensities of each
saturated fatty acid containing lipid multiplied by the number of saturated fatty acids present
in that particular lipid moiety.
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Example calculation: total fatty acids in TG = Σ(3*TG(14:0/14:0/16:0 + 14:0/15:0/16:0 +
16:0/16:0/18:0)

+

2*TG(12:0/14:0/18:1

+

14:0/16:0/18:1

+

16:0/17:0/18:1)

+

1*TG(14:1/16:0/16:1 + 16:0/18:2/20:4 + 16:0/22:5/22:6) + 0*TG(16:1/16:1/18:1 +
18:1/18:2/20:1 + 18:1/18:1/22:5)).
The total level of un-saturated fatty acids in individual lipid class was calculated by adding
up the intensities of each un-saturated fatty acid containing lipid multiplied by the number of
un-saturated fatty acids present in that particular lipid moiety.
Example calculation: total fatty acids in TG = Σ(0*TG(14:0/14:0/16:0 + 14:0/15:0/16:0 +
16:0/16:0/18:0)

+

1*TG(12:0/14:0/18:1

+

14:0/16:0/18:1

+

16:0/17:0/18:1)

+

2*TG(14:1/16:0/16:1 + 16:0/18:2/20:4 + 16:0/22:5/22:6) + 3*TG(16:1/16:1/18:1 +
18:1/18:2/20:1 + 18:1/18:1/22:5)).

2.12. Statistical analysis
GraphPad Prism version 6 was used for statistical analysis. Unpaired-t test was used for
comparison between two data sets and P value<0.05 considered as significant. Multivariate
analysis was performed by using ordinary one-way ANOVA with Dunnett's multiple
comparisons test (Alpha value <0.05 considered as significant). Statistical analyses and
graphical representations for lipidomic data were performed using the MetaboAnalyst 3.5
(http://www.metaboanalyst.ca/faces/home.xhtml).
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3.1. Background
Previous studies have shown that cells grown in 3D cell culture systems more closely mimic
the in vivo tumor growth than 2D cell culture system (Kimlin et al., 2013). It has been shown
that the behavior of cells that cultured in 3D system is more reflective of in vivo cellular
responses (Reininger-Mack et al., 2002; Birgersdotter et al., 2005; Sun et al., 2006; Zietarska
et al., 2007; Lee et al., 2008; Justice et al., 2009; Shield et al., 2009). Both morphological and
physiological differences have been noted between cells cultivated under 2D and 3D culture
systems (Benya and Shaffer, 1982; Nelson and Bissell, 2005; Baharvand et al., 2006). It has
been reported that 3D-cultured cells differ in gene, protein, and cell receptor expression from
their counter parts cultivated in 2D cell culture system (Benya and Shaffer, 1982; Nelson and
Bissell, 2005; Baharvand et al., 2006). The expression patterns of various genes –involved in
proliferation, angiogenesis, migration, invasion, and chemosensitivity– are shown to be
different in cells cultured in 2D and 3D cell cultures (Gurski et al., 2010; Price et al., 2012).
One of the most obvious differences in cells under 2D or 3D cell culture systems is their
altered proliferation capacity. In 3D cell culture different cancer cell lines displayed altered –
either decreased or increased– proliferation rates. Number of cell lines showed reduced
proliferation rates in 3D systems (Wong et al., 2007; Gurski et al., 2010; Maria et al., 2011;
Chitcholtan et al., 2012; Fallica et al., 2012; Luca et al., 2013). For instance, endometrialcancer cells (Ishikawa, RL95-2, KLE, and EN-1078D) (Chitcholtan et al., 2012), colorectalcancer cells (CACO-2, DLD-1, HT-29, SW480, LOVO, COLO-206F) (Luca et al., 2013),
human submandibular salivary gland cells (HSG) (Maria et al., 2011), human embryonic
kidney cells (HEK-293) (Maria et al., 2011) and human mammary epithelial cells (MCF10A)
(Wang et al., 2010) displayed decreased proliferative capacity under 3D system. On the
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contrary, some cell lines grew faster in 3D system than 2D cell culture system. For example,
breast cancer cells (JIMT1) grew faster in Matrigel 3D system than in 2D culture (Hongisto
et al., 2013). However, the same cells when grown on the synthetic poly (2-hydroxyethyl
methacrylate) 3D scaffold, displayed slower proliferation rates than in 2D culture (Hongisto
et al., 2013). This data suggest that cell proliferation rates under 2D or 3D systems are
dependent on both cell line model and method used to generate 3D tumor spheroids. The
underlying mechanisms for the alterations in proliferation rates of cancer cells in 2D and 3D
cell culture systems are not widely explored. 3D spheroids are known to possess zones of
differential proliferation. It has been shown that cells at the periphery of tumor spheroid –that
have better access to nutrients and oxygen– divide more rapidly (Lin and Chang, 2008).
The effects of low oxygen and nutrient availability have been studied in detail in 2D cell
culture system. However, the data presented by these studies display multiple
inconsistencies. It has been reported that WT8 (renal carcinoma) cell line display increased
proliferation rate under hypoxia. On the other hand, HCT-116 (colorectal cancer) cell line
show decreased proliferation rates when cultured in hypoxic conditions (Gordan et al., 2007).
LNCaP & DU145 (prostate cancer cell lines) display decreased proliferation rates in hypoxia
and restore their growth upon reoxygenation of cultures (Schlaepfer et al., 2015). One
research report highlighted that SF188 (brain cancer) cell line maintain proliferation rates
under extremely low O2 (0.5%) conditions (Wise et al., 2011). Another work showed that
growth of SJ-1 (primary glioblastoma cultures) and U87 (glioblastoma cell line) spheroids is
significantly influenced by oxygen deprivation (Kolenda et al., 2011). Previously it has been
studied that cell proliferation rate of HepG2 (liver carcinoma) was not affected by hypoxic
conditions in low seeding density cultures, while cell proliferation was significantly
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influenced by oxygen deprivation in high density cultures (Jung et al., 2012). The 2D cell
culture based studies on the effects of nutrient-deprivation on cancer cell proliferation rates
also provide inconsistent data. Daniels et al. have reported differential effects of lipid
reduced culture conditions on various cancer cells lines of different origin (Daniels et al.,
2014). HOP62 (lung cancer) and T24 (renal cancer) cell lines displayed decreased
proliferation rates in low-lipid culture conditions. Proliferation rate of prostate cancer cells
(PC3M) was not affected by nutrient deprivation.
The major objective of this chapter was to compare the cell proliferation rates in 2D and 3D
cell cultures. Moreover, the role of nutrient and oxygen deficiency on cell proliferation rates
was also assessed. These analyses will reveal the impact of the selected cell culture system
(2D or 3D) on cell proliferation rates and will also elucidate the role nutrient and oxygen
deficiency in manifesting these differences between the two systems. Four cancer cells lines
were selected for studying the effect of oxygen and serum deprivation on cell proliferation.
One was liver cancer cell line (HepG2) and three were colorectal cancer cell lines (HCT-116,
SW620 & SW480). Two cell line models were selected for 3D experiments (HepG2 and
HCT-116). Previous works have shown that these two cells lines display inverse proliferation
trends under 2D and 3D cell culture: colorectal cancer cells display decreased (Maria et al.,
2011), while HepG2 cells display increased proliferation rates under 3D system (Chang and
Hughes-Fulford, 2008).
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3.2. Results
3.2.1. Optimization of 3D cell culture
The cell lines selected for 3D models have been previously shown to form tumor spheroids
(Maria et al., 2011; Daniëls et al., 2014). However, in the initial stages of the presented work
the tumor spheroid formation was optimized in the current lab settings. The liquid overlay
method was applied and HCT-116 cells were seeded in agarose coated 9-well plates at
different seeding densities (Figure 3.1).
Synthesis and growth of tumor spheroids were monitored by inverted microscope.
Micrographs were taken at different time intervals to measure diameter of the spheroids
(Figure 3.1). HCT-116 cells formed more compact spheroids at low seeding density as
compared to high seeding densities (Figure 3.1). For the lowest seeding-density (3000
cells/well) a time-reliant increase in spheroid diameter was clearly observed (Figure 3.1e).
However, for other seeding-densities spheroid diameter was not always consistently
increased with increasing time duration.
Similar optimization protocols were applied for HepG2 cells (Figure 3.2). HepG2 cells
formed loose spheroids at day 3. However, the compactness of spheroids increased with time
and a time-dependent increase in spheroid diameters was noted. For the lowest seedingdensity (1000 cells/well) a time-dependent increase in spheroid diameter was noted (Figure
3.2). However, for other seeding-densities spheroid diameter was not always consistently
increased with increasing time duration.

60

Chapter 03: Cancer cells proliferation rates: 2D versus 3D cell culture systems

Figure 3.1: Optimization of 3D cell culture. (a) Micrographs of HCT-116 spheroids at day 3 (b) day 5 (c) day
7 (d) day 9. The numerical values, provided at the top and bottom of each spheroid-micrograph respectively
represent cell seeding density and spheroid diameter for the given spheroid. (e) Diameter of tumor spheroids
with increasing time-duration. Data is presented as mean+SD.
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Figure 3.2: Optimization of 3D cell culture. Micrographs of HepG2 spheroids at (a) day 3(b) day 5 and (c)
day 7. The numerical values, provided at the top and bottom of each spheroid-micrograph, respectively
represent cell seeding density and spheroid diameter for the given spheroid (d) Diameter of tumor spheroids
with increasing time-duration data are presented as mean+SD.
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3.2.2. Cell proliferation rates: 2D vs. 3D cell culture system
For comparison of proliferation rates of cells in 2D and 3D cell culture systems equal number
of HepG2 or HCT116 cells were seeded and cultured in these two systems. Total protein
/DNA contents were used as a surrogate for cell number to compare proliferation rates in 2D
and 3D cell cultures as described previously by Ng et al. (Ng et al., 2005).

The

measurements were made at day 3, 5 and 7. HCT-116 cells display decreased proliferation
rates in 3D culture than in 2D cell culture (Figure 3.3a). Cell proliferation rates gave similar
trends at three different time-points (day 3, 5 and 7). Conversely, HepG2 cells display
increased proliferation rates in 3D culture than in 2D cell culture (Figure 3.3b).
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Figure 3.3: Comparison of proliferation rates in 2D and 3D cell culture systems. (a) HCT-116 or (b)
HepG2 cells (seeding density; 3x104 cells) were cultivated in 2D and 3D cell culture systems for 3, 5 or 7 days.
At each time point total protein and/or DNA contents were used as surrogate for cell number (the figure shows
data only for protein content that gave similar trend as that of the DNA content). Data were median normalized
and log2 transformed. Data are representative of three independent experiments. Significance was determined
by unpaired t-test. *Significantly different (*p ≤ 0,05; **p ≤ 0,01; ***p≤ 0,001), n.s not significant (p > 0,05).
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3.2.3. Cell proliferation rates: effects of serum and oxygen deficiency
Initially, the effects of O2 and serum deprivation were monitored in multiple cell lines (HCT116, HepG2, and SW480 & SW620) in conventional 2D cell culture system. To induce
nutrient-deprived conditions cells were cultivated under low serum (2% FBS) media.
Hypoxia was induced by sealing the cell culture plates with parafilm (see materials and
methods for details). HCT-116 and HepG2 cells displayed significantly reduced proliferation
rates in low serum culture conditions whereas no effect was observed in hypoxic condition
(Figure 3.4). SW480 cell line showed decreased proliferation rate in both low serum and
hypoxic culture conditions. SW620 cells showed marked increase in proliferation rates under
metabolically stressed conditions as compared to normal conditions (Figure 3.4).
Next, the effects of O2 and serum deprivation were monitored in 3D cell culture systems.
MCTs were cultivated under low serum (2% FBS) and hypoxic conditions. Total
protein/DNA content was used to determined cell proliferation. Tumor spheroids displayed
decreased proliferation rates when cultured in low serum medium whereas no effect was
observed in hypoxia (Figure 3.5).
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Figure 3.4: Effect of metabolic stress on proliferation rates of cancer cells in 2D cell culture system. HCT116, HepG2, SW480 and SW620 cells were cultured in normal, low serum and hypoxic conditions. The cell
count was determined by trypan blue dye exclusion assay. Data are represented as mean+SD. Significance was
determined by ordinary One-Way ANOVA multiple comparison test (Bottom panel). (Abbreviations: Nor;
normal growth conditions, Hyp; hypoxia, LS; low-serum growth conditions).
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Figure 3.5: Effect of metabolic stress on proliferation rates of cancer cells in 3D cell culture system. HCT116 and HepG2 cells were cultured in normal, low serum and hypoxic conditions. total protein and DNA
contents were used as surrogate for cell number in 3D spheroids (the figure shows data only for protein content
that gave similar trend as that of DNA content) Data were median normalized and log2 transformed. Data are
representative of three independent experiments. Significance was determined by ordinary One-Way ANOVA
multiple comparison test (Bottom panel). (Abbreviations: Nor; normal growth conditions, Hyp; hypoxia, LS;
low-serum growth conditions).
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3.2.4. Cell proliferation rates: effects of varying serum concentrations
The initial data indicated that cancer cell proliferation rates are differentially affected by
serum deficiency in both cell culture systems. To further elucidate these effects cancer cells
were cultivated under varying serum concentrations in both cell culture systems (2D and 3D).
For studying the impact of varying serum concentrations on cell proliferation rates cells were
cultivated in 2D or 3D cell culture systems under variant low-serum conditions (2, 4 or 6%
FBS) for 7 days. The cell proliferation rates in low serum culture conditions were compared
to that in full-serum (10%) growth conditions. Total protein/DNA contents of cells cultured
in both systems (2D and 3D) were determined at day 3, 5 and 7. Diameters of tumor
spheroids were also measured at day 3, 5 and 7.
At day 3 of culture, serum deficiency significantly influenced the proliferative capacity of
HCT-116 and HepG2 cells both in cell culture systems (Figure 3.6-a, b, c & d). At day 5,
HCT-116 cells displayed less sensitivity to serum deficiency in 2D cell culture system.
(Figure 3.7-a). However, the growth of HCT-116 tumor spheroids was significantly reduced
under serum-deficient conditions (Figure 3.7-a & c). HepG2 cells on the other hand were
more sensitive to serum deficiency under 2D cell culture system, while the growth of HepG2
tumor spheroids was not significantly affected by serum deficiency (Figure 3.7-b & d).
Similar trend was observed at day 7 (Figure 3.8-a, b, c & d).
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Figure 3.6: Impact of metabolic stress on cell proliferation rates in 2D and 3D cell culture systems at day
3. (a) HCT-116 and (b) HepG2 cells were cultivated (seeding density; 3x104 cells) in 2D and 3D cell culture
systems under normal growth conditions (10% FBS), low-serum growth conditions (2, 4, or 6% FBS).
DNA/protein quantification assays were performed to determine cell number. Data were normalized to normal
conditions and LOG2 transformed. Data are representative of three independent experiments. Representative
microscopy images of (c) HCT-116 and (d) HepG2 spheroids generated in (seeding density; 3000 cells)
aforementioned culture conditions. The panels on the right compare diameters of the corresponding cell line
spheroids. Data were normalized with median of the normal condition. (Abbreviations: Nor; normal growth
conditions, LS; low-serum growth conditions).
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Figure 3.7: Impact of metabolic stress on cell proliferation rates in 2D and 3D cell culture systems at day
5. (a) HCT-116 and (b) HepG2 cells were cultivated (seeding density; 3x104 cells) in 2D and 3D cell culture
systems under normal growth conditions (10% FBS), low-serum growth conditions (2, 4, or 6% FBS).
DNA/protein quantification assays were performed to determine cell number. Data were normalized to normal
conditions and LOG2 transformed. Data are representative of three independent experiments. Representative
microscopy images of (c) HCT-116 and (d) HepG2 spheroids generated in (seeding density; 3000 cells)
aforementioned culture conditions. The panels on the right compare diameters of the corresponding cell line
spheroids. Data were normalized with median of the normal condition. (Abbreviations: Nor; normal growth
conditions, LS; low-serum growth conditions).
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Figure 3.8: Impact of metabolic stress on cell proliferation rates in 2D and 3D cell culture systems at day
7. (a) HCT-116 and (b) HepG2 cells were cultivated (seeding density; 3x104 cells) in 2D and 3D cell culture
systems under normal growth conditions (10% FBS), low-serum growth conditions (2, 4, or 6% FBS).
DNA/protein quantification assays were performed to determine cell number. Data were normalized to normal
conditions and LOG2 transformed. Data are representative of three independent experiments. Representative
microscopy images of (c) HCT-116 and (d) HepG2 spheroids generated in (seeding density; 3000 cells)
aforementioned culture conditions. The panels on the right compare diameters of the corresponding cell line
spheroids. Data were normalized with median of the normal condition. (Abbreviations: Nor; normal growth
conditions, LS; low-serum growth conditions).
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In accordance with the previous works it was observed (Chang and Hughes-Fulford, 2008; Maria

et al., 2011) that the two cell lines selected for 3D vs. 2D comparisons display inverse
proliferation trends i.e. HCT-116 display decreased while HepG2 cells display increased

proliferation rates under 3D system. HCT-116 cells formed more rounded and compact
spheroids when started with low seeding density and diameter of spheroids increased with
time. HepG2 cells initially formed loose spheroids at all seeding densities. Consistent with
the past research studies (Koike et al., 2002; Lin et al., 2006), HepG2 spheroids showed rapid
shrinkage and increased in compactness. The compactness of spheroids increases with
increase in cell-cell adhesion (Koike et al., 2002). The inverse proliferation trends of HCT116 and HepG2 cells may reflect their abilities to deal with nutrient and oxygen deficient
conditions. As described above it has been shown that the cells at the periphery of tumors
spheroids that have –that have better access to nutrients and oxygen– divide more rapidly
(Lin and Chang, 2008). The cells forming inner layers of the spheroids display decreased
proliferation rates. Indeed, at later stages of spheroid formation, the inner core of the MCTs
is mostly a necrotic tissue, surrounded by a covering of quiescent cells, and an outmost layer
of live, proliferating cells.
Next, it was determined whether the inverse proliferation trends in HCT-116 and HepG2
cells in two cell culture systems are associated with their abilities to deal with nutrient and
oxygen deficient conditions. Multiple studies have demonstrated the impact of these
metabolically stressed culture conditions on cell proliferation rates in biologically diverse
cancer cell lines (Table 3. 1). For the presented works HCT-116 and HepG2 cell lines were
cultivated under nutrient or oxygen deficient conditions. Growth of these cells was not
affected by oxygen deprivation in both culture systems. However, serum-deficient growth
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conditions significantly affected the proliferation rates of HCT-116 and HepG2 cells both in
2D and 3D cell cultures. However, HCT-116 cells were more sensitive to serum-deficiency
in terms of cell proliferation rates. Hence, HepG2 cells were more efficient in surviving
under low-serum conditions. This data indicated that the proliferation capacity of the given
cell lines was associated with the ability to deal with metabolic stress under 2D or 3D
systems. HCT-116 coped better with metabolic stress in 2D system while HepG2 in 3D
system. This might explain their better proliferative capacity under 3D cell culture system. It
is possible that cells forming inner layers of HepG2-spheroid coped better with limited
availability of serum and maintained higher proliferation rates. Past research studies reported
that cancer cells cultivated under nutrient-deprivation try to up-regulate their metabolic
pathways to compensate for reduced supply of nutrients (Daniels et al., 2014). Only the celltypes capable of sufficiently compensating for limited nutrient supply –via de novo synthesis
or activation of alternate pathways– maintain their proliferation rates under metabolic stress.
The presented work shows that cells’ capability to deal with metabolic stress affects its
proliferative capacity under 2D or 3D system. More, studies are required to understand the
molecular mechanisms deriving cell proliferation rates under 2D or 3D systems.
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Stress

Table 3. 1: Effect of metabolically stressed conditions on proliferation of cancer cells.

Stress Induction

Cancer Type

Cell Lines

O2 Concentration

Colorectal

HCT-116

 Increased proliferation rates of WT8 cells.

2% O2

Renal

WT8

 Decreased proliferation rates of HCT-116 cells.

References

(Gordan et al., 2007)

 FACS analysis revealed that HCT-116 cells

Incubation time
H

Findings

0-8 days for proliferation

accumulated under G1 phase and WT8 cells

experiments.

accumulated in S phase of cell cycle.

48-72 hrs. for cell cycle
experiments.
O2 Concentration

Prostate

Hypoxia: 1% O2

LNCaP
DU145

H
1-72 hours.

H

Hypoxia: 0.5% O2

(Schlaepfer et al., 2015)

proliferation rates in hypoxia.
 Cancer cells restored proliferation rates upon

Incubation time

O2 Concentration

 Prostate cancer cells showed decreased

reoxygenation of cultures.
Brain

SF188

 Cancer cells maintain their proliferation rates

(Wise et al., 2011)

under hypoxia.

Incubation time
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0-48 hours.
O2 Concentration

Liver

HepG2

2% O2
H

 In low seeding density cultures cancer cells

(Jung et al., 2012)

proliferation rates were not affected.
 In high seeding density cultures cancer cells

Incubation time
12 hours.

showed remarkably decreased proliferation rates
under hypoxic condition.

O2 Concentration

Brain

1% O2

U87
SJ1

 Spheroids diameters were significantly

(Kolenda et al., 2011)

decreased under hypoxia.

H
Incubation time
14 days.
 HOP62 and T24 cell lines showed decreased

Serum Concentration

Prostate

PC3M

Lipid-reduced FBS

Lung

HOP62

proliferation rates in lipid reduced culture

Incubation time

Liver

HepG2

conditions.

48-72 hours

Renal

T24

(Daniels et al., 2014)

 Proliferation rates of PC3M cells were not

LL
affected.
 Growth rate of HepG2 cells were moderately
influenced by low lipid culture conditions in 2D
cell culture systems. While HepG2 spheroid
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growth was completely arrested.
Serum Concentration

Prostate

PC3M

Lipid-reduced FBS

Lung

HOP62

Incubation time

Liver

HepG2



Cancer cells displayed decreased proliferation

(Zaidi et al., 2012)

rates in lipid reduced culture conditions.

LL

48-72 hours
Abbreviations: FBS, fetal bovine serum; FCS, fetal calf serum; H, hypoxia; LL, low-lipid; LS, low-serum; MCTs, multicellular tumor spheroids
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4.1. Background

C

ancer cells within in vivo tumors are exposed to O2- and nutrient-gradients
depending on their distance from the nearest blood vessels. The inefficient
vascularization limits access of various nutrients –such as amino acids,

sugars and lipids– to tumor tissues. Hence, the cancer cells are often exposed to
metabolically harsh environment where oxygen and nutrient supply is scarce. This
deprivation of oxygen and nutrients modifies the balance between synthesis and uptake of
fatty acids in cancer cells, which may significantly affect the lipid-load and lipidome of
these cells. Previous studies have shown that under oxygen-deprived conditions cancer
cells modify the balance between synthesis and uptake of FAs, and these modifications
lead to significantly increased TG and LD accumulation (Mylonis et al., 2012). Upon
re-oxygenation, cells used these stored lipids for generation of energy and antioxidant
defense (Bensaad et al., 2014; Schlaepfer et al., 2015). Multiple studies have debated over
the functional significance of increased LD accumulation during hypoxia. Oxygen
deprivation also supports glycogen synthesis as a mechanism to store glucose, while it is
still available, for later use as anaerobic source of energy. However, this may not be the
case for lipids since they can only produce energy through oxidative phosphorylation, a
process drastically inhibited in hypoxic condition. Mylonis et al (Mylonis et al., 2012)
proposed that TG storage by O2-deprived cancer cells may help the cells in buffering the
lipotoxicity caused by free fatty acids, which build up because of suppressed respiratory
chain activity (Turkish and Sturley, 2007; Fakas et al., 2011). Even though, stored TG
could still serve as a reservoir of lipotoxic intermediates if the cells remain for long
unable to handle them metabolically (Neuschwander-Tetri, 2010). Multiple studies have
explored differential regulation of FA metabolism under metabolic stressed environment,
however, only few works studied their lipidomic profiles (Bensaad et al., 2014; Yu et al.,
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2014; Schlaepfer et al., 2015; Valli et al., 2015). It was reported that under low-O2 and LS
conditions, phosphatidylethanolamine (PE) and phosphatidylcholine (PC) profiles of
breast cancer cells are marked with increase in shorter and more saturated fatty acyl
chains (Schug et al., 2015) –that indicates enhanced FA synthesis. Hela cells on the other
hand displayed decreased mono- and di-unsaturated phospholipid (PL) levels and increase
in polyunsaturated PL levels. Schlaepfer et al. (Schlaepfer et al., 2015) showed that TGprofiles of prostate cancer cells and extracellular vesicles (EVs) released by these cells
were significantly altered under hypoxia. In cells, myristic, palmitic and stearic fatty acids
(all saturated fatty acids) were increased, whereas in EVs, palmitic, stearic and linoleic
acids were elevated. A research study also reported that under low-oxygen conditions
cellular levels of TGs with three double bonds significantly decreased in MCF7-breast
cancer cells (Bensaad et al., 2014), but significantly increased in U87-glioblastoma cells
(Bensaad et al., 2014). In addition to that the impact of nutrient-deprivation, particularly
of lipid-deprivation, on cancer cell lipid metabolism has also been investigated (Daniëls
et al., 2014; Lisec et al., 2019).
However, a detailed literature review reveals that there are multiple contradictions in the
literature. For instance, it was shown that despite multiple changes in TG-subspecies
levels, the total triglyceride content was not significantly altered in hypoxic cancer cells
(Schlaepfer et al., 2015). A recent work has shown that mild-hypoxia only affects the
lipid-load in cancer cells when induced in combination to serum-deprivation (Lisec et al.,
2019). Ackerman et al (Ackerman et al., 2018) also observed that triglyceride
composition and saturation-index in cancer cells were only altered when hypoxia was
induced in combination with low-serum media. Hence, there are certain contradictions in
the previous reports.
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As discussed in the previous sections the cancer cells within different zones of 3D
spheroids have differential supply of nutrients and oxygen. Cell at the periphery of the
tumor spheroid –that have better access to nutrients and oxygen supply– divide more
rapidly (Lin and Chang, 2008). Hence, like in vivo tumors cancer cells in the 3D
spheroids are also exposed to oxygen- and nutrient-gradients. This section of the
presented thesis is focused on lipid-load in cancer cells in both 2D and 3D cell cultures.
Triglycerides are major class of storage lipids that constitute the lipid-droplets. In this
chapter, first the triglyceride-load has been compared between the cells grown in 2D and
3D cell cultures. Next, the impact of oxygen or serum deficiency on triglyceride-load has
been assessed in both 2D and 3D cell cultures. In the end more nuanced analyses on
lipidomic profiles of cancer cells are performed.

4.2. Results
4.2.1. Lipid-load in cancer cells: 2D vs. 3D cell culture system
Initially, the triglyceride-load was determined in cancer cells cultivated under 2D and 3D
cell cultures. For these analyses HCT-116-cells was selected. To compare lipid-load in
2D and 3D cell cultures equal number of cells were seeded and cultured in both systems
under similar culture conditions. TG levels in lipid extracts were spectrophotometrically
determined by commercially available kits. The data was normalized to the estimated cell
number. It was observed that when cultivated as 3D spheroids, HCT-116 cells
accumulated slightly higher levels of TG in comparison to the monolayer (2D) culture
(Figure 4. 1).
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Figure 4. 1: Comparison of triglyceride levels in 2D and 3D cell culture systems. HCT-116 cells
(seeding density; 3x104 cells) were cultivated in 2D and 3D cell culture systems for 10 days. Data was
normalized to estimated cell number. Data was median normalized and log2 transformed. This figure is
representative of three independent experiments. Significance was determined by unpaired t-test.
*Significantly different (*p ≤ 0,05; **p ≤ 0,01; ***p≤ 0,001), n.s not significant (p > 0,05).

4.2.2. Lipid-load in cancer cells: effects of oxygen and serum deficiency in 2D and
3D cell culture systems
It can be speculated that the differences observed in the TG-levels between two cell
culture systems are due to the fact that cells within different zones of spheroids have
differential access to oxygen and nutrients –the two factors that have been previously
shown to affect lipid-load in cancer cells (Bensaad et al., 2014; Huang et al., 2014; Peck
et al., 2016; Zhang et al., 2017). To test this hypothesis HepG2 and HCT-116 cells were
cultured in oxygen and nutrient deficient environment. These experiments were
conducted in both cell culture systems (2D and 3D).
For 2D culture experiments cells were cultivated under low serum (2% FBS) or hypoxic
conditions. The lipid-load in these conditions was compared to that in normoxic fullserum (10%) growth conditions. Intracellular cholesterol and triglyceride levels in lipid
extracts were spectrophotometrically determined by commercially available kits (see
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materials and methods for details). Low-serum environment induced significant increase
in cellular triglyceride levels in both HepG2 and HCT-116 cells (Figure 4.2). On the
other hand, hypoxia induced almost no effect (slight decrease in HepG2 was noted) in
TG-accumulation in both cell lines (Figure 4.2). Interestingly, cellular cholesterol-levels
were not affected by either oxygen or serum deficiency (Figure 4.3)
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Figure 4.2: Effect of oxygen and serum deficiency on triglyceride levels in cancer cells cultivated
under 2D cell culture system. HCT-116 and HepG2 cells were cultured in normal, low serum and hypoxic
conditions for 48 hours. Data was normalized to estimated cell number. Data was median normalized and
log2 transformed. Data are representative of three independent experiments. Significance was determined
by ordinary One-Way ANOVA multiple comparison test (Bottom panel). (Abbreviations: Nor; normal
growth conditions, Hyp; hypoxia, LS; low-serum growth conditions).

82

Chapter 04: Lipid-load in cancer cells: 2D versus 3D cell culture systems

Figure 4.3: Effect of oxygen and serum deficiency on cholesterol levels in cancer cells cultivated
under 2D cell culture system. HCT-116 and HepG2 cells were cultured in normal, low serum and hypoxic
conditions for 48 hours. Data was normalized to estimated cell number. Data was median normalized and
log2 transformed. Data are representative of three independent experiments. Significance was determined
by ordinary One-Way ANOVA multiple comparison test (Bottom panel). (Abbreviations: Nor; normal
growth conditions, Hyp; hypoxia, LS; low-serum growth conditions).

Next, the similar experiments were performed under 3-D cell culture systems. Spheroidal
cultures of HCT-116 cells showed significantly increased TG levels both in low serum
and hypoxic conditions as compared to normal (10% serum and 21% oxygen) culture
conditions (Figure 4.4). Hence, in 3D cell culture system the TG-accumulation was
induced also in hypoxic conditions –the effect that was not observed in 2D cell culture
system. This effect is of particular importance because previous studies have indicated
that severe-hypoxia in combination with nutrient-deprivation may induce TG-
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accumulation while mild-hypoxia may not have this effect. It can be suggested that 3D
cell culture system aggravates the hypoxic stress and induces TG-accumulation in HCT116 cells.

Figure 4.4: Effect of oxygen and serum deficiency on triglyceride levels in cancer cells cultivated
under 3D cell culture system. HCT-116 cells were cultured in normal, low serum and hypoxic conditions
for 10 days in 3D cell culture system. Data was normalized to estimated cell number. Data was median
normalized and log2 transformed. Data are representative of three independent experiments. Significance
was determined by ordinary One-Way ANOVA multiple comparison test (Bottom panel). (Abbreviations:
Nor; normal growth conditions, Hyp; hypoxia, LS; low-serum growth conditions).
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4.2.3. Lipidomic profiles in cancer cells: effects of oxygen and serum deficiency
For studying the effect of oxygen or serum deficiency on lipidomic profiles of cancer
cells two colon carcinoma cell lines -SW480 and SW620- were selected. SW480 and
SW620 colon carcinoma cell lines are respectively derived from primary and secondary
colorectal cancer (CRC) of a single patient. SW480 is the primary CRC-cell line, while
SW620 is its isogenic metastatic derivative. A previous work by Fhaner et al (Fhaner et
al., 2012) has performed a comprehensive lipidomic profiling of the two cell lines. They
reported that SW620 (in comparison to SW480) cells display higher plasmanylcholine
and triglyceride levels, decreased plasmenylethanolamine levels, decreased C-16
containing sphingomyelin and ceramide levels, and a dramatic increase in the abundances
of total cholesterol ester and triglyceride.
For this study global lipidomic profiling using Liquid Chromatography-Mass
Spectrometry was performed that allowed to detect following phospholipid molecules:
Phosphatidylcholines (PC,

n=45),

Plasmenylphosphatidylethanolamines (PPE,

Phosphatidylethanolamines (PE,
n=29)

n=43),
and

Plasmenylphosphatidylcholines (PPC, n=8). In addition to that following classes of
neutral lipids were also detected: Triacylglycerols (TG, n=70), Cholesterol esters (CE,
n=19) and Diacylglycerols (DG, n=7). It should be noted that this previous work by
Fhaner et al reports effects on individual lipid moieties. Detailed lipidomic profile of
these cell lines has been published (Lisec et al., 2019). Detailed lipidmoic analysis of
suggested that classification of lipid sub-species in to broader lipid categories provide a
more holistic overview of the lipidomic profiles of cancer cells (Lisec et al., 2019).
For the presented work the detected lipid classes were classified into sub-groups based on
their fatty acid saturation index. To be specific this classification was carried out based on
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presence/absence of saturated fatty acids (SFAs) or number of attached SFAs. For e.g.
triglycerides –that have 3 fatty acids– three groups were created (1) TGs harboring 0 SFA
(2) TGs harboring 1 SFA and (3) TGs harboring ≥2 SFAs. For lipid classes that are bound
to two FAs for instance phospholipids (PLs) the following groups were created 1) PLs
harboring 0 SFA (2) PLs harboring 1 SFA and (3) PLs harboring 2 SFAs. For CE that are
bound to only one FAs following groups were created 1) CE harboring SFA or (2) CE
harboring unsaturated fatty acid (USFA).
4.2.4. Comparison of the baseline lipidomic profiles of SW480 and SW620
Fatty acid composition and saturation indices of different lipid sub classes were
calculated according to the modified method of Ackerman et al (Ackerman et al., 2018)
(see material and methods section for details). First, the fatty acid (FA) composition of
triglycerides (TGs) was compared between SW480 and SW620 cells. It was observed that
in SW480 cells the TGs with ≥2 saturated fatty acids (SFAs) were in the highest
proportion (61%) (Figure 4.5), while 35% of the TGs contained only 1 SFA. This
proportion was significantly altered in SW620 cells in which the proportion of TGs with
≥2 saturated fatty acids was reduced to 40% and 53% of the TGs contained one SFA. The
percentage of TGs with no SFAs was also increased to 7% from 4% in SW480. In
agreement to these results, the TG saturation index (SI) was markedly higher in SW480
cells than in SW620 cells.
Next, the FA-composition and SI of diacylglycerols (DGs)-the direct precursors to TGswas assessed and observed that SI of DGs was also slightly decreased in SW620 cells.
Similarly, the SI of the other major class of neutral lipids, cholesterol esters (CEs), was
also slightly decreased in SW620 cells. The composition of phospholipids –including
PCs, PEs, PPCs and PPEs– also remained unchanged.

86

Chapter 04: Lipid-load in cancer cells: 2D versus 3D cell culture systems

Figure 4.5: Comparison of fatty acid composition and saturation indices in major lipid classes in
SW480 and SW620 cells. Figure displays proportions of lipid-subspecies (right-side) containing different
numbers of saturated fatty acids (SFAs) within major lipid classes (Triglycerides;TG, Diglycerides; DGs,
Cholesterol

Esters;

CE,

Phosphatidylethanolamines;

PE,

Phosphatidylcholines;

PC,

and

Plasmenylphosphatidylcholines; PPC). On left-side the saturation indices of the respective lipid class are
displayed.
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4.2.5. Effect of serum and oxygen deficiency on lipidomic profiles of SW480 and
SW620
In order to study the impact of low serum or hypoxic condition on lipidome of SW480
and SW620 cells, cells were grown under low serum (2% FBS) or hypoxic conditions. In
the first step the effect of low serum and hypoxia was assessed on levels of individual
lipid moieties in SW480 and SW620 cells.
The composition of TGs, DGs, CE, PC and PE remained unchanged in SW480 cells
under low serum or hypoxic culture conditions. (Figure 4.6-a). The SW620 cells
displayed marked increase in proportion of PE harboring one SFA (1 SFA) (38% to
45%) to in low serum culture condition. The composition of other lipid sub-classes was
not affected by low serum and hypoxia in SW620 cells (Figure 4.6-b).
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Figure 4.6-a: Comparison of fatty acid composition and saturation indices in major lipid classes in
SW480 cells in serum and oxygen deficient culture conditions. Figure displays proportions of lipidsubspecies (right-side) containing different numbers of saturated fatty acids (SFAs) within major lipid
classes (Triglycerides;TG, Diglycerides; DGs, Cholesterol Esters; CE, Phosphatidylethanolamines; PE,
Phosphatidylcholines; PC, and Plasmenylphosphatidylcholines; PPC (Nor; normal growth conditions, Hyp;
hypoxia, LS; low-serum growth conditions). On left-side the saturation indices of the respective lipid class
are displayed.
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Figure 4.6-b: Comparison of fatty acid composition and saturation indices in major lipid classes in
SW620 cells in serum and oxygen deficient culture conditions. Figure displays proportions of lipidsubspecies (right-side) containing different numbers of saturated fatty acids (SFAs) within major lipid
classes (Triglycerides;TG, Diglycerides; DGs, Cholesterol Esters; CE, Phosphatidylethanolamines; PE,
Phosphatidylcholines; PC, and Plasmenylphosphatidylcholines; PPC (Nor; normal growth conditions, Hyp;
hypoxia, LS; low-serum growth conditions). On left-side the saturation indices of the respective lipid class
are displayed.
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4.2.6. Comparison of lipidomic profiles of SW480 and SW620 under serum and
oxygen deficiency
Base line lipidomic profiles of SW480 and SW620 cells showed variations in fatty acid
composition of TGs and DGs. To further confirm these deviations in lipidomic profiles
SW480 and SW620 cell lines were compared under low serum and hypoxia. In serum
deficient conditions SW480 cells displayed highest proportion of TGs harboring ≥2 SFAs
i.e. 56%, while this proportion was reduced to 38% in SW620 cells. SI of TGs and DGs
were also increased in SW480 cells as compared to SW620 (Figure 4.7-a). The
composition of other lipid sub-classes was remained unchanged in low serum culture
conditions.
Similar trend was observed in hypoxic stress. SW480 cells also displayed increased in
proportion of TGs harboring ≥2 SFAs i.e. 63%, while this proportion was reduced to 48%
in SW620 cells (Figure 4.7-b). The composition of other lipid sub-classes was not
affected in hypoxia.
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Figure 4.7-a: Comparison of fatty acid composition and saturation indices in major lipid classes in
SW620 and SW620 cells in low serum culture conditions. Figure displays proportions of lipid-subspecies
(right-side) containing different numbers of saturated fatty acids (SFAs) within major lipid classes
(Triglycerides;TG, Diglycerides; DGs, Cholesterol Esters; CE, Phosphatidylethanolamines; PE,
Phosphatidylcholines; PC, and Plasmenylphosphatidylcholines; PPC. On left-side the saturation indices of
the respective lipid class are displayed.
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Figure 4.7-b: Comparison of fatty acid composition and saturation indices in major lipid classes in
SW620 and SW620 cells in hypoxic conditions. Figure displays proportions of lipid-subspecies (rightside) containing different numbers of saturated fatty acids (SFAs) within major lipid classes
(Triglycerides;TG, Diglycerides; DGs, Cholesterol Esters;

CE, Phosphatidylethanolamines; PE,

Phosphatidylcholines; PC, and Plasmenylphosphatidylcholines; PPC. On left-side the saturation indices of
the respective lipid class are displayed.

The major goal addressed in this chapter of the presented thesis was to explore the lipidload and lipidomic profiles of cancer cells in different cell culture conditions that are
93

Chapter 04: Lipid-load in cancer cells: 2D versus 3D cell culture systems
closer representative of in vivo tumor physiology (i.e. 3D cell culture system, nutrient
/oxygen deficient environment). Previous research data on 3D cell culture and mouse
xenograft models have shown increased accumulation of LDs in the core of tumor
spheroids (Bensaad et al., 2014) and in vivo tumors (Zhang et al., 2017). Triglycerides are
the major component of stored LDs therefore; in this study TGs levels were compared
between HCT-116 cells grown in 2D and 3D cell cultures of. Like other cell types
(Bensaad et al., 2014), HCT-116 cells also displayed higher levels of TGs when cultured
in 3D cell cultures.
As discussed previously cancer cells forming the inner layers of the 3D tumor spheroids
are exposed to more harsh conditions (i.e. nutrient and oxygen deficiency) as comparison
to the cells in grown traditional 2D cell culture system –where all the cells of the
monolayer have equal access to oxygen and nutrients. Hence, one can speculate that
cancer cells accumulate LDs due to influence of nutrient and oxygen deficient
environment. In order to check the influence of nutrient or oxygen deficiency cells were
cultivated in low serum or hypoxia. HepG2 and HCT-116 cells display increased TG
levels when cultivated under serum deficient culture conditions in both cell culture
systems. However, this effect becomes more pronounced in spheroidal cultures. On the
other hand, hypoxic stress only induced TG accumulation in HCT-116 cells when
cultivated under 3D cell culture system. Literature review provides contradictory
evidence about effect of low serum and hypoxic conditions on lipid-load of cancer cells.
Few research reports have shown that cancer cells accumulate LDs and display increased
TGs levels under hypoxia (Mylonis et al., 2012; Huang et al., 2014; Zhang et al., 2017)
and low serum or low lipid environment(Ameer et al., 2017). On the other hand few
research studies report that TGs levels not affected in hypoxia (Schlaepfer et al., 2015)
and decreased in low serum culture conditions (Ackerman et al., 2018; Lisec et al., 2019).
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Few studies also reported hypoxia influenced the specific sub-classes of TGs in cancer
cells (Bensaad et al., 2014; Schlaepfer et al., 2015). These differences could be attributed
to modifications in cell culturing protocols and selection of cell line models. Here, both
cell lines (HCT-116 and HepG2) accumulated TGs under low-serum conditions, while
hypoxia induces no effect on TG accumulation in 2D system. Most of the previous works,
that reported hypoxic-accumulation of TGs under hypoxia, induced hypoxia in
combination with low-serum environment. Hence, it is possible that these reported effects
were mainly due to low-serum stress and hypoxia only aggravated the effects. It is also
possible that severity of hypoxia also plays a role in TG accumulation. Here, the hypoxiainduced TG accumulation was noted only under 3D cell culture system –where cell in the
internal layers have also limited access to nutrients.

Hence, this could also be a

combinatorial effect of LS and hypoxia. Future studies are required to elucidate this
phenomenon in detail.
For studying the effect of various tumor physiological conditions on lipidomic landscape
of cancer cells an in depth lipidomic analysis was performed particularly with reference
to fatty acid composition of various lipid moieties.
Lipidomic profiles of SW480 and SW620 cell lines were also compared. It was observed
the saturation index (SI) of TGs was markedly lower in SW620 cells than in SW480 cells.
Similarly, the SI of the other major class of neutral lipids, cholesterol esters (CEs), was
also slightly decreased in SW620 cells. Hence, neutral lipid composition was most
markedly affected between SW480 and SW620, with SW620 displaying lower SI for both
TGs and CEs. SW620 cells display dramatic increase in total neutral lipids levels i.e. total
TG and CE levels (Fhaner et al., 2012). More studies are required to elucidate the
significance of these observations. Next, the effects of low-serum and hypoxic
environment were studied in SW480 and SW620 cells. It was noted that fatty acid
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composition of lipid sub-classes was not affected by LS and hypoxic stress in SW480 and
SW620 cells. Further studies are required to understand the significance of fatty acid
composition of the stored lipids in cancer progression and survival.
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3D cell culture systems

5.1. Background

M

ultiple morphological and physiological differences have been noted
between the cancer cells cultivated in 3D and 2D cultures (Benya and
Shaffer, 1982; Nelson and Bissell, 2005; Baharvand et al., 2006). It has

been reported that the cells cultured in 3D environment differ in gene, protein, and cell
receptor expression from cells grown in 2D cell culture (Benya and Shaffer, 1982; Nelson
and Bissell, 2005; Baharvand et al., 2006). The expression patterns of various genes –
involved in proliferation, angiogenesis, migration, invasion, and chemosensitivity– are
shown to be different in 2D and 3D cell cultures (Gurski et al., 2010; Price et al., 2012).
Metabolic stress culture conditions induced by O2- and nutrient-deprivation have been
previously known to affect metabolic profiles of cancer cells grown in 2D cultures.
Lipid metabolism –that is deregulated in various cancers and is well-known to be
involved in several malignant processes– is also shown to be affected by oxygen- and
nutrient-deprivation. For studying tumor metabolism or metabolic stress 3D cell culture
system is particularly important because like in vivo tumors MCTs also develop hypoxic
cores and tumor cells are exposed to by nutrient - oxygen - and gradients. Hence, MCTs
are ideal models for studying effects of varying oxygen levels on tumor metabolism.
Multiple in vitro studies that used 2D cell culture system have reported the impact of
metabolic stress –induced by oxygen and/or nutrient deprived conditions– on lipid
metabolism in cancerous cells. Oxygen-deficiency has been shown to induce set of
transcription factors-hypoxia inducible factors (HIFs) that mediate many protective
mechanisms. These mechanisms facilitate in maintaining O2 homeostasis through
reducing oxidative metabolism and O2 consumption (Papandreou et al., 2006; Gordan and
Simon, 2007; Rankin and Giaccia, 2008; Semenza, 2010). HIF-1α is shown to be a chief
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regulator of various cancer associated metabolic pathways including TCA cycle,
glycolysis, glycogenesis, nucleotides/amino acids/leptin metabolism, lipid metabolism
etc. (Harris, 2002; Semenza, 2003; Denko, 2008; Semenza, 2010).
Inadequate blood supply in tumors also decreases the availability of serum-derived
factors. Low-serum environment also affects lipid metabolism in malignant cells. In this
environment cancer cells were shown to be more dependent on de novo lipid synthesis
(Schug et al., 2015; Peck et al., 2016). Expression of Stearoyl-CoA desaturase (SCD1) –
enzyme that catalyzes the addition of a double bond into certain saturated fatty acyl-CoAs
producing monounsaturated fatty acids (MUFA)– is also shown to be up-regulated under
conditions of scarcity of serum-derived factors (Peck et al., 2016). The reduction of SCD
enzyme resulted in a substantial decrease in cancer cells number in low-serum condition,
while having slight or no effect on non-cancer cells (Peck et al., 2016). This enhanced
dependence of cancer cells on de novo lipogenesis, under low-serum environment, is
most likely caused by diminished lipid availability in such conditions. Tumor cells are
speculated to be exposed to lipid gradients (Gatenby and Gillies, 2004). A very limited
number of works have reported the impact specifically of lipid-deprived conditions on
lipid metabolism in cancer cells (Table 1.3). For that cells were cultivated under media
containing sera that were specifically depleted of lipid or lipoproteins. Cancer cells
proliferation rates differentially dependent on de novo lipid synthesis pathways in a lipid
deprived environment (Daniëls et al., 2014). Both lipogenic and non-lipogenic cancer
cells were shown to raise lipogenic activity in these conditions, albeit to a different extent.
Cells that achieved the highest lipogenic activity under these conditions were best able to
survive with lipid deficiency in term of proliferation rates. Supplementation of the
medium with VLDL, FFAs and cholesterol altered this activation, indicating that the
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scarcity of lipids is sufficient to activate de novo lipid synthesis in cancer cells.
Consequently, in low-lipid conditions cancer cells became more dependent on de novo
lipid synthesis pathways and display more sensitivity to inhibitors of lipogenic pathways,
like Simvastatin and Soraphen A (Daniëls et al., 2014). Cancer cells also display
increased expression of ACSS2 in low-lipid environment (Daniëls et al., 2014; Schug et
al., 2015).
This section of the presented thesis deals with the expression analysis of lipid
metabolism associated genes in 2D and 3D cell cultures. As described earlier the cells
forming the internal layers of 3D-tumor spheroids have limited supply of oxygen and
nutrients. However, only few research studies focused on lipid metabolism in cancer cells
have used this model. Hence, the initial section of this work is focused on identification
of lipid metabolism genes that are differentially regulated under metabolic stress –
induced by oxygen and/nutrient deprivation– in cancer cells. Next, the impact of tumor
stage, microenvironmental stress and cell culture system (2D or 3D) were evaluated.

5.2. Results
5.2.1. Identification of lipid metabolism genes that are differentially regulated
under metabolic stress in cancer cells
As a first line of investigation, the key genes of lipid metabolism pathways that are shown
to be differentially regulated in cancer cells cultivated under metabolic stress were
identified. To achieve that extensive literature survey was performed and, for the first
time, the fragmented information that was scattered through a wide-range of research
works was gathered. Figure 5.1 shows the chief lipid metabolism pathways that are
activated in cancer cells. The literature survey was focused on the research works that
studied the impact of metabolic stress on lipid metabolism in cancer cells.
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Figure 5.1: Overview of the major lipid metabolism pathways shown to be affected by metabolic stress. The figure
highlights all the key lipid metabolism pathways activated in cancer cells. Major pathways are shown as boxes without
outlines. The systematic names of these pathways are given at the bottom-right corner of each box. The numbers given in
superscript with each protein/metabolite indicate the serial number in table 5.1 . For further details see Text, and
Supplementary Table 1. Abbreviations: ACACA, acetyl-CoA carboxylase 1; ACACB, acetyl-CoA carboxylase 2; ACSS2,
acyl Co-A synthetase-2; ADFP, adipose differentiation protein; ATGL, adipose triglyceride lipase; FA, fatty acids; FABP3,
fatty acid binding protein 3; FABP7, fatty acid binding protein 7; FFA, free fatty acids; FASN, fatty acid synthase; H,
hypoxia; HIF-1α, hypoxia-inducible factor 1-alpha; HIF-2α, hypoxia-inducible factor 2α; HIG2, hypoxia-inducible gene 2
protein; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; LD, lipid droplet; LCAD, long-Chain Specific acyl-CoA
dehydrogenase; MAG, monoacylglycerol ; MCAD, Medium-chain acyl-CoA dehydrogenase; MUFA, monounsaturated
fatty acids; PBMCs, peripheral blood mononuclear cells; PC, Phosphatidylcholines; PE, phosphatidylethanolamines; Pcho,
propargyl-choline; PI, phosphatidylinositol; PS, phosphatidylserine; PUFA, polyunsaturated fatty acids; SCD, stearoyl-CoA
Desaturase; SFA, saturated fatty acids; SREBP, sterol regulatory element-binding proteins; TG, triglycerides

101

Chapter 05: Expression of lipid metabolism associated genes in cancer cells: 2D versus
3D cell culture systems
Table 5.1: Regulation of lipid metabolism under metabolic stress. Serial numbers correspond to the
numbers in Figure 5.1. Abbreviations: H, hypoxia; LS, low serum; LL, low lipid; MEM, minimum essential
medium

Observed effects on lipid metabolism

FASN expression upregulated via activation of Akt and
SREBP-1.

desaturation (SCD-1) and TG synthesis (LIPIN1) upregulated;
expression of markers of FA -oxidation (ACADM and

H

ACADL) and FA uptake (FABP7) downregulated. Cellular TG
levels increased.
Liver

2.

FASN expression downregulated only in high-density cell
cultures, where hypoxia induced cytotoxic effects; FASN

H

expression unaffected in low-density cell cultures.
Brain

3.

Expression of markers of FA synthesis (FASN, ACACA and
ACACB) and mevlanote synthesis (HMGCR) downregulated;

H
expression of markers of FA desaturation (SCD-1) and FA
uptake (FABP3 and 7) upregulated.
4.
H

(Huang et al., 2014)

Prostate

Expression of markers of FA synthesis (FASN), FA

(Jung et al., 2012)

Liver

1.

Colorecta

Expression of FA synthesis (FASN and ACACA) markers

l

either

(Lewis et al., 2015)

Breast
H

(Furuta et

type

al., 2008)

Stress

Serial No.

References

Cancer

(Valli et al., 2015)

unaffected or downregulated; expression of FA

desaturation (SCD-1) markers upregulated.
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H

Breast

Under hypoxia, acetate also functions as an epigenetic
(Gao et al., 2016)

Liver

5.

metabolite that enhances H3 acetylation levels in FASN and
ACACA promoter regions, which up regulates FASN and

Breast

6.

Brain

ACACA expression and increases FA synthesis.
Cancer cells accumulate lipid droplets under hypoxia through
FA uptake (via upregulated FABP3/7) while de novo FA

(Bensaad et al., 2014)

Prostate

synthesis was repressed. Expression of perilipin 2 (a protein in
H
lipid droplet membranes) also upregulated. Cellular TG levels
increased and TG profiles differentially affected in different
cancer cell lines.

synthesis of acetyl-CoA.
Lung
Renal

8.
H

Colorecta

Intracellular lipolysis suppressed due to inhibition of PNPLA2
by HIG2, causing increased TG levels in hypoxic cells.

l

H

Cervical
Lung

Cancer cells mainly reliant on glutamine and acetate for the
synthesis of acetyl-CoA.

(Kamphorst et al.,

Breast

9.

2013)

(C18:1) uptake. Glutamine was the primary carbon source for

2014)

Cervical

(Kamphorst et al.,

H

Cancer cells displayed increase FA (particularly of MUFA

(Zhang et al., 2017)

Breast

7.
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Breast

Under

hypoxic

conditions,

reductive

carboxylation

of

glutamine-derived -ketoglutarate (-KG) responsible for
supplying citrate for de novo lipogenesis. This pathway uses

H

Skin
Colorecta

mitochondrial

and

cytosolic

isoforms

of

isocitrate

dehydrogenase.

(Metallo et al., 2012)

Lung

10.

l

Cervical
H

Hypoxia caused triglyceride accumulation by HIF-1-mediated
stimulation of LIPIN1 expression.

(Mylonis et al., 2012)

Liver

11.

Bronchial
smooth
muscle
Hypoxia induced TG accumulation in extracellular vesicles
(EVs) released from prostate cancer cells.

Expression of

markers for FA synthesis (ACLY, FASN and ACACA) and FA
H
desaturation (SCD-1) upregulated. Phospholipid

and TG

profiles both altered in cells and EVs. Saturation index of

(Schlaepfer et al., 2015)

Prostate

12.

membrane phospholipids increased.
Phosphatidylcholine profiles were altered and the level of
individual species. Relative abundance for phospholipid species
H
with acyl chains containing ≥3 double bonds not significantly
different from those containing <3 double bonds.

(Yu et al., 2014)

Cervical

13.
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(Lisec et al., 2018)

stress. The levels of individual lipid moieties alter under
hypoxia, the robust averages of broader lipid class remain

FABP4 expression was increased.

Clear cell

Carnitine palmitoyltransferase 1A expression is repressed,

renal cell

reducing fatty acid transport into the mitochondria, and forcing

carcinom

fatty acids to lipid droplets for storage.

H

a
Cancer cells more dependent on de novo lipid synthesis.

Breast

De novo FA synthesis upregulated. Cellular levels of MUFA

(Schug et

Breast
LS

18.
LS

Prostate
Lung

19.
LS

levels increased.

SCD-1-mediated FA desaturation upregulated.

Pharynx
Lung
Leukemia

20.

Colon

In leukemia cells neutral lipid compositions were markedly
modified. Cellular level of triglyceride subspecies decreased
with increasing number of double bonds in their fatty acyl

LS

Lung

(Peck et al.,

17.

2016)

16.

(Gharpure

Ovarian
H

(Roongta et al., 2011)

15.

unchanged.

(Du et al., 2017)

Lung

et al., 2018)

Colon

chains. Colon and lung cancer cells displayed overall decrease
in cholesterol ester under serum-deprivation. Similar trend was

(Lisec et al., 2018)

H

Cancer cells maintain lipid class homeostasis under hypoxic

al., 2015)

Leukemia

14.

observed under LS+H conditions.
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(Ackerman et al., 2018)

Significant reductions in triglycerides and cholesterol ester
levels. Decreases in the abundance of unsaturated triglycerides

LS

Expression of SREBPs upregulated.

Prostate

Increased dependency on de novo FA synthesis for cell survival

(Lewis et

Brain

LL

Lung

observed.

LL
Prostate
Pharynx

25.

Expression of SCD-1 upregulated.

LL
Lung
Prostate

26.

Lung
LL

(Roongta et

Expression of ACSS2 upregulated.

Expression of markers for de novo FA synthesis (ACLY and
(Daniëls et al., 2014)

Breast

24.

(Schug et al.,

Liver

FASN) and mevalonate synthesis (HMGCR) upregulated;
expression of ACSS2 also upregulated.

Liver

Hematop

No effect on cellular cholesterol levels.

LL
oietic

al., 2014)

28.

al., 2016)

Low effect on lipid droplet accumulation.

(Bensaad et

Brain
LL

(Usman et

Renal
27.

2015)

23.

al., 2011)

LL

(Zaidi et al., 2012)

22.

and a shift toward TG saturation.

al., 2015)

Kidney

21.
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oietic

elevated.

Breast

Cancer cells primarily dependent upon de novo fatty acid

Prostate

synthesis. phosphatidylcholine and phosphatidylethanolamine
profiles altered: the levels of phosphatidylcholines and

MEM

phosphatidylethanolamines with shorter, more saturated fatty

Increased acetate-dependent FA synthesis.

LS+H
Prostate
Increased expression of markers for FA synthesis (FASN,
ACACA, ACACB), desaturation (SCD-1) and uptake (FABP3

LL+H

and 7); Expression of HMGCR also upregulated.
Breast

33.

(Lewis et al.,

Brain

32.

Cancer cells utilised most of the acetate for synthesis of acetyl(Bulusu et al., 2017)

Breast

31.

(Schug et al.,

acyl chains increased.

CoA. ACSS2 mainly localized in nucleus where it recaptures
LS+H
acetate released from histone deacetylation for recycling by

Kidney

Decrease in triglycerides harboring unsaturated fatty acids and a

LS+H

shift towards increased triglyceride saturation. Saturation of
diacyglycerols was also increased.

al., 2014)

35.

2018)

Low effect on lipid droplet accumulation.

(Bensaad et

Brain
LL+H

(Ackerman et al.,

histone acetyl transferase.
34.

2015)

30.

al., 2017)

Cellular cholesterol levels unaffected; TG levels significantly

2015)

Hematop
LL

(Schug et al., 2015)

29.

(Ameer et
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In figure 5.1 the major pathways that were found to be affected by metabolic stress
conditions in cancer cells are shown as boxes without outlines. The systematic names of
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these pathways are given at the bottom-right corner of each box. The numbers given in
superscript with each protein/metabolite refers to the citation identification number in table
5.1. The table 5.1 on the other hand provides information on the impact of metabolic stress
on expression of specific genes within various lipid metabolism pathways. The literature
survey indicated that most of the previous works studied the influence of hypoxia,
lipid/serum-deprivation or hypoxia in combination with lipid/serum-deprivation (Table 5.1).
These experimental conditions induced metabolic stress similar to what cancer cells
encounter in physiological conditions. Taken together, the literature survey provided a
comprehensive model for the regulation of lipid metabolism under metabolic stress. Few
research reports indicated that cancer cells increase synthesis of FAs under hypoxia, however
most recent studies suggested that hypoxic cancer cells switch from synthesis of endogenous
FAs to increased uptake of exogenous FAs due to inhibition of glucose-based acetyl-CoA
synthesis. Alternatively, certain cancer cells, to compensate for this downregulation of
glucose-based acetyl-CoA synthesis, switch to other carbon sources, such as glutamine or
acetate. Nevertheless, FA desaturation by SCD1 requires oxygen and is therefore inhibited
under hypoxic conditions, rendering cancer cells dependent on exogenous unsaturated FAs.
In addition to the increased uptake of MUFAs, intracellular lipolysis and FA oxidation are
downregulated under hypoxia, which results in the increased accumulation of TGs in lipid
droplets. Increased TG synthesis and decreased lipolysis are both suggested to be strategies
adopted by different cancer cells to evade lipotoxicity during hypoxia. Nutrient/lipid
deficiency renders cancer cells completely dependent on endogenous FA synthesis and
desaturation. However, when cancer cells face hypoxia in combination with nutrient/lipid
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deficiency, exogenous lipids are also in short supply. Hence, the cells switch back to de novo
synthesis of FAs but now fully depend on glutamine or acetate as alternative substrates.
5.2.2. Identification of lipid metabolism genes that are differentially expressed at
different stages of cancer
The initial data analyses indicated that metabolically stressed environment induces changes
in the expression of various lipid metabolism genes in cancer cells. Lipid metabolism is also
shown to be aggravated with severity of cancer (Pakiet et al., 2019). It has been shown that
more aggressive forms cancer accumulate large quantities of cellular lipids (Fhaner et al.,
2012). This thesis also explored the impact of cancer stage on lipid metabolism in cancer
cells.
To achieve that of SW480/SW620 cell line pair was utilized, which represents a promising
model to study metastatic progression (Hewitt et al., 2000). SW480 is derived from a
primary tumor, and SW620 is derived from a metastasis of the same tumor (Leibovitz et al.,
1976). The expression of selected markers from each of the major lipid metabolism pathway
was determined that included (a) Fatty acid synthase (FASN, enzyme of the fatty acid
synthesis pathway), (b) 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR, enzyme of the
mevlonate pathway), (c) Lipoprotein lipase (LPL, enzyme that is involved in the extracellular
lipolysis of TG-rich lipoproteins) and (d) Monoacyl glycerol lipase (MGLL, enzyme that
hydrolyzes intracellularly stored triglyceride). Figure 5.2 display the expression of these
gene markers in SW480 and SW620 cells. SW620 cells showed relatively increased
expression of FASN and HMGCR and decreased expression of MGLL. Next the publicly
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accessible gene expression profile database GEO (http://www.ncbi.nlm.nih.gov/geo/) was
used to extract expression data on lipid metabolism genes in SW480 and SW620 cells.
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Figure 5.2: Expression of selected genes from de novo lipid synthesis or lipid uptake/degradation
pathways in SW480 and SW620 cell lines. Box plots showing log2 transformed and median normalized
values of FASN, HMGCR and MGLL. LPL and CD36 expressions were not detected. The levels of the
different transcripts were measured in 3 to 6 samples by qPCR. The results show the distribution of
corresponding transcripts relative to GAPDH, with the box indicating the 25th–75th percentiles, with the
median indicated line. The whiskers show the range.

Figure 5.3 displays overview of the major cancer-associated lipid metabolism pathways.
The fold-difference in the expression levels of various genes/enzymes are indicated with a
colored-box on left-side of the respective gene symbol. For color-codes see color-key on topleft corner of Figure 5.3. As described in the chapter 4 the major changes in the neutral
lipid composition of SW620 (in comparison to SW480) were decreased saturation-index of
TGs. A recent study has shown that gene silencing of diglyceride acyltransferases (DGATs)
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–enzymes that catalyze formation of TGs from DGs and Acyl CoA– induces increase in TG
saturation-index (Ackerman et al., 2018). Hence, increased expression of DGAT might
induce decreased SI in TGs. These analyses revealed that expression of DGAT was slightly
decreased (1-1.5 Fold) in SW620 cells (Figure 5.3, TG Synthesis). Hence, DGAT
expression might not be responsible for the changes in neutral lipid SI of SW620 cells. Next,
other lipid metabolism pathways that have been implicated in regulation of lipid saturationindices were assessed. Elevated de novo FA synthesis induces increased SFAs or MUFAs
levels in cancer cell cells (Rysman et al., 2010). The expression of FA synthesis genes is upregulated in SW620 cells; hence this pathway is also not contributing in decreased SI in these
cells (Figure 5.3, FA Synthesis). Major genes of intracellular lipolytic pathway –including
PNPLA2, HSL and MGLL– are all down regulated in SW620 cells (Figure 5.3,
Intracellular Lipolysis). This may explain the dramatic increase in total triglyceride (TG)
levels that has been reported by Fhaner et al (Fhaner et al., 2012). However, specific
decrease in ≥2 SFA containing TGs could not be explained by this mechanism (Chapter 4).
The expression of ACADM and ACADL –the enzymes which catalyze the first step of FA
oxidation in mitochondria– is differentially regulated in SW620 cells. The expression of
ACADM was up regulated, while the expression of ACADL was down-regulated in SW620
in comparison to SW480 cells (Figure 5.3, FA Oxidation). This observation is of special
interest in this context, because ACADL is known to mediate unsaturated FA oxidation,
whereas ACDM prefers saturated FAs as substrates. Hence, it is possible that in SW620 cells
there is an increased oxidation of SFAs, while decreased oxidation of unsaturated FAs. This
may cause selective depletion of SFAs in the stored lipids and induced decreased SI of TGs
and CEs (Chapter 4).
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Figure 5.3: Fold-changes in expression levels of various genes in major lipid metabolism pathways in SW620 vs.
SW480 cells. The figure highlights all the key lipid metabolism pathways activated in cancer cells. Major pathways are
shown as boxes without outlines. The systematic names of these pathways are given in each box. The fold-changes in the
expression levels of various genes/enzymes in SW620 cells compared with SW480 cells are indicated with a colored-box on
left-side of the respective gene symbol. For color-codes see color-key on top-left corner. The expression data for these
analyses were extracted from at NCBI GEO database, accession GSE2509. For some markers gene expression analysis was
performed (Figure 5.2). The symbols within fold-change boxes represent the data source (G; GEO database, S, Figure 5.2).
Abbreviations: ACACA, acetyl-CoA carboxylase 1; ACACB, acetyl-CoA carboxylase 2; ACSS2, acyl Co-A synthetase-2;
ADFP, adipose differentiation protein; ATGL, adipose triglyceride lipase; FA, fatty acids; FABP3, fatty acid binding protein
3; FABP7, fatty acid binding protein 7; FFA, free fatty acids; FASN, fatty acid synthase; H, hypoxia; HIF-1α, hypoxiainducible factor 1-alpha; HIF-2α, hypoxia-inducible factor 2α; HIG2, hypoxia-inducible gene 2 protein; HMGCR, 3hydroxy-3-methylglutaryl-CoA reductase; LD, lipid droplet; LCAD, long-Chain Specific acyl-CoA dehydrogenase; MAG,
monoacylglycerol ; MCAD, Medium-chain acyl-CoA dehydrogenase; MUFA, monounsaturated fatty acids; PBMCs,
peripheral blood mononuclear cells; PC, Phosphatidylcholines; PE, phosphatidylethanolamines; Pcho, propargyl-choline; PI,
phosphatidylinositol; PS, phosphatidylserine; PUFA, polyunsaturated fatty acids; SCD, stearoyl-CoA Desaturase; SFA,
saturated fatty acids; SREBP, sterol regulatory element-binding proteins; TG, triglycerides.
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5.2.3. Expression of lipid metabolism genes in cancer cells: effects of serum and oxygen
deficiency
Cancer cells growing in vivo are often exposed to oxygen and/or serum deficiency. One of
the objectives of this study is to determine the impact of these conditions on expression
profile of cancer cells. For these experiments again SW480/SW620 cell line pair was
utilized, which represents a promising model to study metastatic progression (Hewitt et al.,
2000). The expression of selected markers from each of the major lipid metabolism pathway
was determined that included (a) Fatty acid synthase (FASN, enzyme of the fatty acid
synthesis pathway), (b) 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR, enzyme of the
mevlonate pathway), (c) Lipoprotein lipase (LPL, enzyme that is involved in the extracellular
lipolysis of TG-rich lipoproteins) and (d) Monoacyl glycerol lipase (MGLL, enzyme that
hydrolyzes intracellularly stored triglyceride). Figure 5.4 and 5.5 respectively display the
expression of these markers under normoxia, hypoxia (2% O2), low-serum (LS) (2% FCS) or
combination of the two conditions in SW480 and SW620 cells. SW480 cells showed slight
increase in expression of FASN and MGLL and substantial higher expression of LPL in LS
culture condition as compared to normal cell culture conditions (Figure 5.4). While
expression levels of these genes were not affected in hypoxic culture conditions. Similar
trend was observed by SW620 cells (Figure 5.5).
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Figure 5.4. Expression of (a) Fatty acid synthase (FASN, rate-limiting enzyme of the fatty acid synthesis
pathway), (b) 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR, rate-limiting enzyme of the mevlonate
pathway), (c) Lipoprotein lipase (LPL, a lipolytic enzyme that is involved in the extracellular lipolysis of TGrich lipoproteins) and (d) Monoacyl glycerol lipase (MGLL, enzyme that hydrolyzes intracellularly stored
triglyceride) in SW480 cells under normoxia (Nor), low-serum (LS) hypoxia (Hyp) or Hyp+LS conditions.
Data were median normalized and log2 transformed. Data are representative of three independent experiment
(n=6).

116

Chapter 05: Expression of lipid metabolism associated genes in cancer cells: 2D versus
3D cell culture systems

Figure 5.5. Expression of (a) Fatty acid synthase (FASN, rate-limiting enzyme of the fatty acid synthesis
pathway), (b) 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR, rate-limiting enzyme of the mevlonate
pathway), (c) Lipoprotein lipase (LPL, a lipolytic enzyme that is involved in the extracellular lipolysis of TGrich lipoproteins) and (d) Monoacyl glycerol lipase (MGLL, enzyme that hydrolyzes intracellularly stored
triglyceride) in SW620 cells under normoxia (Nor), low-serum (LS) hypoxia (Hyp) or Hyp+LS conditions.
Data were median normalized and log2 transformed. Data are representative of three independent experiment
(n=6).
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5.2.4. Expression of lipid metabolism genes in cancer cells: 2D versus 3D cell culture
systems
Next, the expression profiles of the selected metabolic markers were compared in 2D and 3D
cell

cultures.

The

publicly

accessible

gene

expression

profile

database

GEO

(http://www.ncbi.nlm.nih.gov/geo/) was used to extract expression data on lipid metabolism
genes in PDX-derived lung squamous carcinoma cells (TUM622) (GEO accession number
GSE122538) and hepatocellular carcinoma cells (HepG2) (GEO accession number
GSE41962) cultivated under 2D or 3D cell culture system. Figure 5.6 and 5.7 respectively
display the expression of FASN, HMGCR, LPL and MGLL cultivated under 2D or 3D cell
cultures in TUM622and HepG2 cells. TUM622 cells displayed over expression of FASN and
HMGCR in 3D cell culture as compared to 2D cell culture (Figure 5.6), whereas opposite
trend was observed for LPL and MGLL expression levels. HepG2 cells showed slight
increase in expression of HMGCR and MGLL (Figure 5.7).
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Figure 5.6. Expression of (a) Fatty acid synthase (FASN, rate-limiting enzyme of the fatty acid synthesis
pathway), (b) 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR, rate-limiting enzyme of the mevlonate
pathway), (c) Lipoprotein lipase (LPL, a lipolytic enzyme that is involved in the extracellular lipolysis of TGrich lipoproteins) and (d) Monoacyl glycerol lipase (MGLL, enzyme that hydrolyzes intracellularly stored
triglyceride) genes in PDX-derived lung squamous carcinoma cells (TUM622) cultivated under 2D or 3D cell
culture system (GEO accession number GSE122538).
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Figure 5.7. Expression of (a) Fatty acid synthase (FASN, rate-limiting enzyme of the fatty acid synthesis
pathway), (b) 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR, rate-limiting enzyme of the mevlonate
pathway), (c) Lipoprotein lipase (LPL, a lipolytic enzyme that is involved in the extracellular lipolysis of TGrich lipoproteins) and (d) Monoacyl glycerol lipase (MGLL, enzyme that hydrolyzes intracellularly stored
triglyceride) genes in hepatocellular carcinoma cells (HepG2) (GEO accession number GSE41962) cultivated
under 2D or 3D cell culture system.
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This chapter is focused on studying the expression of lipid metabolism genes that are affected
by metabolic stress, tumor stage and cell culture system. In the presented research work
comprehensive literature search was performed to identify major genes of various lipid
metabolism pathways that might be regulated under metabolic stress –including FA
synthesis, cholesterol synthesis, acetate metabolism, TG synthesis, PL/PE synthesis,
intracellular lipolysis, glutamine metabolism, glycolosis and FA uptake pathways-.
Extensive literature survey revealed that different cancer cells differentially regulate various
lipid metabolism genes under metabolic stress. However many disprencies were observed in
previously reported data, for example different cancer cell lines showed differential
expression of de novo lipid synthesis(Furuta et al., 2008; Lewis et al., 2015) and lipid
uptake/degradation genes (Huang et al., 2014) in metabolic stress. These variations confirm
that regulation of lipid metabolism genes in metabolic stress is highly cell-type specific
(Daniëls et al., 2014). In addition to that differences in culture conditions and in methods for
inducing hypoxia or duration of hypoxia were also noted. These conditions may also induce
variations in the published data.
In the next step, effect of tumor stage on expression of lipid metabolism genes was assessed.
For this purpose SW480/SW620 cell lines pair was used. SW620 cells display higher
expression of FA synthesis genes and decreased expression of intracellular lipolysis pathway
genes. Elevated expression of FA synthesis genes in SW620 cells may explain the reason of
increased TG content in these cells (Chapter 4). This data is also in line with previously
reported data (Fhaner et al., 2012). In addition to that SW620 cells display higher expression
of ACADM and lower expression of ACADL. These findings explicate the possible selective
depletion of SFAs in the stored lipids and induced decreased SI of TGs and CEs in SW620
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cells. (Chapter 4). When effect of metabolic stress on gene expression profiles was assessed
both cell lines showed slight increase in expression of FASN and MGLL while elevated
expression of LPL in low serum culture condition. Hypoxia does not affect the expression of
these lipid metabolism gene markers. These results were also correlated with lipidomic data
presented in chapter 4.
For studying the impact of cell culture system (2D or 3D) on expression profiles of lipid
metabolism genes two publically accessible gene expression profile data sets was used, 1TUM622 (GEO accession number GSE122538) 2-HepG (GEO accession number
GSE41962). TUM622 cells showed higher expression of FASN and HMGCR and decreased
expression of LPL and MGLL in 3D cell culture system. Expression of HMGCR and MGLL
slightly increase in HepG2 cells in 3D cell culture. In 3D cell culture systems different cancer
cell lines displayed different growth patterns (Chapter 3) (Wong et al., 2007; Gurski et al.,
2010; Maria et al., 2011; Chitcholtan et al., 2012; Fallica et al., 2012; Luca et al., 2013). For
instance, endometrial cancer cells (Ishikawa, RL95-2, KLE, and EN-1078D) (Chitcholtan et
al., 2012), colorectal cancer cells (CACO-2, DLD-1, HT-29, SW480, LOVO, COLO-206F)
(Luca et al., 2013), human submandibular salivary gland cells (HSG) (Maria et al., 2011),
human embryonic kidney cells (HEK-293) (Maria et al., 2011) and human mammary
epithelial cells (MCF10A) (Wang et al., 2010) displayed decreased proliferative capacity
under 3D system. On the contrary, some cell lines showed increased growth rates in 3D than
2D cell culture system. For example, JIMT1 breast cancer cells grew faster in Matrigel
3Dculture than in 2D culture (Hongisto et al., 2013). However, the same cell line when
cultured on the synthetic poly (2-hydroxyethyl methacrylate) 3D scaffold, displayed slower
proliferation rates than in 2D culture system (Hongisto et al., 2013). This data suggested that
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in 3D cell culture system expression profile of lipid metabolism genes may also be dependent
on cell line model. More studies are required to understand the underlying mechanisms for
the differences in gene expression profiles of cancer cells in 2D and 3D cell culture systems.
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Chapter 06: Discussion
The key aim of the presented work was to study the influence of metabolic stress on
proliferation rates, lipid metabolism and lipid profiles in cancer cells cultivated under 3D and
2D cell culture systems.

This work systematically demonstrated the intricate interplay

between tumor microenvironment and lipid metabolism in various cancer cell lines.
Moreover, the stress-induced regulation of lipid metabolism was studied in 2D and 3D cell
cultures.

6.1. Cancer cell proliferation in 2D and 3D cell culture system: studying
the effect of serum and oxygen deprivation
It was observed that cell proliferation rates were differentially influenced by cell culture
model system –i.e. 2D and 3D– in different cancer cell lines. In accordance with the previous
works it was observed (Chang and Hughes-Fulford, 2008; Maria et al., 2011) that HCT-116
display decreased while HepG2 cells display increased proliferation rates under 3D system. It
was also observed that serum-deprivation significantly affected the proliferation of HCT-116
and HepG2 cells both in 2D and 3D cell culture systems. However, HCT-116 cells were
more sensitive to serum-deficiency. Hence, HepG2 cells were more efficient in surviving
under low-serum conditions. This data indicated that the proliferation capacity of the given
cell lines was associated with the ability to deal with metabolic stress under 2D or 3D
systems. HCT-116 coped better with metabolic stress in 2D system while HepG2 in 3D
system. This might explain their better proliferative capacity under 3D cell culture system. It
is possible that cells forming inner layers of HepG2-spheroid coped better with limited
availability of serum and maintained higher proliferation rates. Previous research studies
reported that cancer cells cultivated under nutrient-deprivation try to up-regulate their

124

Chapter 06: Discussion
metabolic pathways to compensate for reduced supply of nutrients (Daniels et al., 2014).
Only the cell-types capable of sufficiently compensating for limited nutrient supply –via de
novo synthesis or activation of alternate pathways– maintain their proliferation rates under
metabolic stress. The presented work shows that cells’ capability to deal with metabolic
stress affects its proliferative capacity under 2D or 3D system. Further, studies are required to
understand the molecular mechanisms deriving cell proliferation rates under 2D or 3D
systems.

6.2. Cancer cell lipid-load in 2D and 3D cell culture system: studying the
effect of serum and oxygen deprivation
This study showed that when cultivated as 3D spheroids, HCT-116 cells accumulated slightly
elevated levels of triglycerides (TGs) in comparison to the monolayer (2D) culture. It was
speculated that the alterations in the TG-levels between 2D and 3D cell culture systems are
due to the fact that cells within different zones of spheroids have differential supply of
oxygen and nutrients –the two factors that have been previously shown to affect lipid-load in
cancer cells (Bensaad et al., 2014; Huang et al., 2014; Peck et al., 2016; Zhang et al., 2017).
To test this hypothesis HepG2 and HCT-116 cells were cultured in oxygen and nutrient
deficient environment. The data from 2D experiments revealed that low-serum environment
induces significant increase in cellular triglyceride levels in both HepG2 and HCT-116 cells.
On the other hand, hypoxia induced almost no effect in TG-accumulation in both cell lines.
Interestingly, cellular cholesterol-levels were not affected by either oxygen or serum
deficiency. Spheroidal cultures of HCT-116 cells showed significantly increased TG levels
both in low serum and hypoxic conditions as compared to normal culture conditions. Hence,
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in 3D cell culture system the TG-accumulation was induced also in hypoxic conditions –the
effect that was not observed in 2D cell culture system. This effect is of particular importance
because previous studies have indicated that severe-hypoxia in combination with nutrientdeprivation may induce TG-accumulation while mild-hypoxia may not have this effect. It can
be suggested that 3D cell culture system aggravates the hypoxic stress and induces TGaccumulation in HCT-116 cells.

6.3. Cancer cell lipidomic profiles: studying the effect of serum and
oxygen deprivation
The presented work also compared the influence of oxygen and nutrient deprivation on
lipidomic profiles of cancer cells. For these analyses SW480 and SW620 cell lines were
selected. SW480 and SW620 colon carcinoma cell lines are respectively derived from
primary and secondary colorectal cancer (CRC) of a single patient. SW480 is the primary
CRC cell line, while SW620 is its isogenic metastatic derivative. A previous work by Fhaner
et al (Fhaner et al., 2012) has performed a comprehensive lipidomic profiling of the two cell
lines. They reported that SW620 (in comparison to SW480)

cells display increased

plasmanylcholine and triglyceride levels, decreased plasmenylethanolamine levels, decreased
C-16 containing sphingomyelin and ceramide levels, and a dramatic increase in the
abundances of total cholesterol ester and triglyceride.
The results of the presented work showed that the composition of Triacylglycerols (TGs),
Diacylglycerols

(DGs),

Cholesterol

Esters

(CEs),

Phosphatidylcholines (PC)

and

Phosphatidylethanolamines (PE) remained unchanged in SW480 cells under low serum or
hypoxic culture conditions. The SW620 cells displayed marked increase in proportion of
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phosphatidylethanolamines (PEs) harboring one SFA (1 SFA) to in low serum culture
condition. The composition of other lipid sub-classes was not affected by low serum and
hypoxia in SW620 cells. PE is the second most abundant phospholipid in mammalian cells
and it comprises about fifteen to twenty-five percent of the total lipid content in these cells. It
is mainly present in the inner leaflet of cell membranes. PE serves as a lipid chaperone that
assists in the folding of certain membrane proteins. It is also required the activity of
numerous of the respiratory complexes and is also involved in initiating autophagy. The
significance of PEs have also been reported in cancer progression.

PE also served as

precursor for synthesis of PC (an essential phospholipid component of cell membranes).
Phosphatidylethanolamine N-methyltransferase (PEMT; EC 2.1.1.17) converts PE to PC.
Malignant neoplasm cells with metastases were display higher PC/PE ratio compared with
malignant neoplasm cells without metastases(Dobrzyńska et al., 2005) , which suggests that
higher PEMT activity may be associated with tumor aggressiveness (Zinrajh et al., 2014).
PEMT2 expression (an isoform exclusively located in mitochondrial membranes of
hepatocytes) was found to be diminished in liver cancer lesions and, consistently, total
PEMT activity was decreased during different stages of tumor progression (TESSITORE et
al., 1999). Taken together this data suggested that PE levels may affect the cancer
progression through PEMT pathway.
Further investigation is required to establish the significance (if any) of the specific depletion
of PEs harbouring one saturated fatty acids in serum deprived conditions observed in the
presented work.
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6.4. Expression of lipid metabolism markers in cancer cells: studying the
effect of serum and oxygen deprivation
In the presented work the data on expression profiles of lipid metabolism associated genes in
cancer cells was acquired from three different sources (1) RT-PCR analyses were performed
to check the expression of marker genes (2) Data was extracted from publicly accessible gene
expression

profile

database

GEO

(http://www.ncbi.nlm.nih.gov/geo/)

(3)Systematic

literature-review was performed to gather the fragmented information that was scattered
through a wide-range of research works. These analyses compared the expression differences
in normal vs. hypoxia and normal vs. low-serum conditions. Moreover, the differences in 2D
vs. 3D cell cultures were also compared. Multiple effects were noted between these
conditions. De novo FA synthesis is the most significant and widely-studied lipid
metabolism pathway in the context of tumor biology. However, the effects of hypoxic stress
on FA synthesis in cancer cells appear to be inconsistent. For instance, FASN expression is
reported to be increased (Furuta et al., 2008; Huang et al., 2014; Schlaepfer et al., 2015),
decreased (Jung et al., 2012; Lewis et al., 2015) or unaffected (Valli et al., 2015) in hypoxic
cancer cells. The most obvious differences among these contradictory reports were in
selection of cancer-type or cell line models, suggesting a cell-type specific regulation of FA
synthesis under hypoxia. However, closer examination of the previous reports allows one to
also appreciate subtle or even substantial differences in cell culture methods. For instance; in
some studies cells were serum-starved prior to hypoxia-induction (Yu et al., 2014), hypoxia
was applied in combination with nutrient-deprivation (Schug et al., 2015) or full serum
media was supplemented with exogenous lipids (Zhang et al., 2017). These differences may
also induce variations in the results. Indeed, Lewis et al. (Lewis et al., 2015) reported that
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hypoxia led to decreased expression of FASN in glial cancer cells, while hypoxia in
combination with low-serum media led to increased FASN expression in these cells. In
addition, FASN expression under hypoxia also seems to be dependent on cell seeding
density. FASN expression is down-regulated in high-density HepG2 cultures, while remains
unaffected in low-density cell cultures (Jung et al., 2012). In high-density cultures HepG2
cells were under severe hypoxic stress that led to apoptosis. The decreased levels of glucose
under hypoxic conditions reduce FASN expression, which in turn caused increased cell
death. Under hypoxia the expressions of other enzymes, involved in de novo lipid synthesis,
also display similar trends as that of FASN. Most of these enzymes are under the
transcriptional control of sterol regulatory-element binding protein-1 (SREBP-1). Hypoxia
induces activation of Akt and hypoxia inducible factor (HIF1) that is followed by increased
expression and activation of SREBP-1 that in turn induces increased expression of FASN
(Furuta et al., 2008). Conversely, the studies that reported hypoxia-induced reduction in
FASN expression showed that under such conditions SREBP-1 expression is also decreased
or unaffected (Jung et al., 2012; Lewis et al., 2015).
In normoxic cells glucose is the main source of acetyl-CoA for down-stream lipid synthesis
pathways. However, hypoxia inhibits entry of glucose-derived pyruvate into TCA cycle
(Papandreou et al., 2006), which in consequence prevents glucose-based acetyl-CoA
synthesis (Papandreou et al., 2006). To compensate for this reduced glucose-based FA
synthesis cancer cells adapt different metabolic mechanisms. For instance, under hypoxia
cancer cells rely on glutamine or acetate as alternative substrates (Metallo et al., 2012;
Kamphorst et al., 2014). Also, the expression of acyl-CoA synthetase short-chain family
member 2 (ACSS2) –an enzyme that produces acetyl-CoA using acetate as a substrate– is up129
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regulated under hypoxia. In addition, a recent study reported that under hypoxia acetate also
functions as an epigenetic metabolite that enhances H3 acetylations levels at the promoter
regions of FASN and acetyl-CoA carboxylase alpha (ACACA) resulting in increased
expression of these genes (Gao et al., 2016).
In addition to adjusting for different substrates, hypoxic cancer cells may also switch to FAuptake pathways to compensate for reduced glucose-based de novo FA synthesis
(Kamphorst et al., 2013; Bensaad et al., 2014; Rohrig and Schulze, 2016). Hypoxia increases
FA-uptake in breast cancer and glioblastoma cells by inducing the expression of FA binding
proteins (FABP3 and FABP7), that are involved in the uptake and subcellular trafficking of
FAs (Bensaad et al., 2014; Lewis et al., 2015). An analysis of FA import in hypoxic cancer
cells demonstrated that hypoxia increases FA uptake, mainly of monounsaturated fatty acids
(MUFAs) (Kamphorst et al., 2013). The reason behind this specific MUFA-uptake is not
clearly understood. However, it has been shown that cancer cells require MUFAs for
survival. A balance between saturated and unsaturated FAs is also critical for cancer cell
progression. Increased levels of saturated fatty acids (SFAs) are lipotoxic and induce
apoptosis in different types of cells. The desaturation of de novo synthesized FAs by steorylcoA desaturase-1 (SCD-1) requires oxygen. Hence, hypoxia renders cells dependent on
exogenous unsaturated FAs. Indeed, limiting the supply of exogenous FAs to hypoxic cells
therefore leads to a critical unsaturated FA deficiency and elicits ER-stress induced cell death
(Young et al., 2013).
FA acids acquired by cancer cells via endogenous synthesis or uptake are rapidly
incorporated into cellular triglycerides (TG) –that form the core of lipid droplets (LD) in
cells. Hypoxia causes accumulation of triglycerides and LDs (Mylonis et al., 2012). This is
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accompanied by increased expression of LIPIN1 (Mylonis et al., 2012). –an enzyme that
catalyze the conversion of phosphatidic acid (PA) to diacylglycerol (DAG) in the penultimate
step of TG synthesis. Hypoxia also promoted the storage of lipids in LDs through induction
of perilipin 2 (PLIN2) (Bensaad et al., 2014)–member of protein family that coats LDs.
Upon demand, fatty acyl moieties can be released from these stored TG-deposits in LDs via
intracellular lipolytic pathway(Zechner et al., 2012). Zechner et al (Zechner et al., 2012)
showed that monoglyceride lipase (MGLL) provides, by de-esterification, a stream of
intracellular free FA that fuels cancer cell proliferation. Only few works studied the impact
of hypoxia on intracellular lipolysis in cancer cells. It was observed that hypoxic colorectal
and renal cancer cells down-regulate intracellular lipolysis (Zhang et al., 2017) that
contributes in LD accumulation. Zhang et al. (Zhang et al., 2017) observed that lipolysis
mediated by patatin like phospholipase domain containing 2 (PNPLA2) (commonly known
as adipose triglyceride lipase-ATGL) is significantly reduced under hypoxia. However, the
expression of PNPLA2 remains unaffected; instead, PNPLA2 is inhibited by hypoxiainducible gene 2 (HIG2), a HIF-1 target (Zhang et al., 2017). Different types of cancer cells
also express lipoprotein lipase (LPL) –lipolytic enzyme involved in the extracellular lipolysis
of the triglyceride-rich lipoproteins (TGRL). It was speculated that the free FAs released by
the action of secreted LPL enter the cancer cells via CD36, a FA uptake channel (Kuemmerle
et al., 2011; Zaidi et al., 2013). In normal human preadipocytes, acute hypoxia strongly
inhibits LPL-mediated lipolysis (Mahat et al., 2016). However, hypoxic-regulation of LPLmediated extracellular lipolysis in cancer cells needs further investigation.
The significance of fatty acid oxidation (FAO) for cancer cell function had not been
investigated in detail. De novo FA synthesis is considered an essential pathway for cancer
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cell survival and according to the classical view FA synthesis and FAO cannot co-exist.
Recent studies have revisited this rigid regulatory framework and suggested that both
metabolic pathways can be active simultaneously and independently from each other
(reviewed in (Carracedo et al., 2013)). Under hypoxia however, FAO is down-regulated
(Huang et al., 2014). In hypoxic condition, HIF-1α suppresses FAO by inhibiting the
expression of acyl-CoA dehydrogenase medium chain (ACADM) and acyl-CoA
dehydrogenase long chain (ACADL) (Huang et al., 2014). ACADM and ACADL catabolize
the first step of FAO in mitochondria but differ in the chain length of their fatty acid
substrates. Moreover, ACADL is also known to mediate unsaturated fatty acid oxidation,
whereas ACDM prefers saturated fatty acids as substrates. Interestingly, depletion of
ACADL, but not ACADM, promotes progression of cancer cells. It was suggested that
ACADL-depletion leads to accumulation of unsaturated fatty acids which promote cancer
progression.
Poor blood perfusion in tumors also reduces the availability of serum-derived factors and
nutrients to the cancer cells, which may also affect their lipid metabolism pathways. A few
reports studied the regulation of FA synthesis pathway in cancer cells cultivated under lowserum (LS) conditions. Under such conditions the accessibility to FAs, among several other
nutrients, is also restricted. This limited availability of FAs makes the cancer cells more
reliant on endogenous synthesis for FA acquisition (Schug et al., 2015; Peck et al., 2016).
Proliferation of various cancer cells requires SCD1 mediated desaturation of endogenously
synthesized saturated fatty acids (SFA) into MUFAs. As discussed above SCD1 activity
requires oxygen, hence, under oxygen-deprived conditions cancer cells depend on exogenous
MUFAs supply. However, in LS-conditions where exogenous supply of MUFAs is restricted,
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cancer cells up-regulate SCD1 expression to allow increased endogenous FA desaturation.
Roongta et al. (Roongta et al., 2011) reported that SCD1-inhibition induces cytotoxic effects
on cancer cells in LS conditions, while it has little impact on cells cultured in full-serum
conditions.
This increased dependence of cancer cells on de novo FA synthesis and desaturation in LS
conditions is mainly caused by diminished lipid/FA availability. To further elaborate this
hypothesis, few studies specifically demonstrated the effects of lipid-deprivation on FA
synthesis in cancer cells. To achieve that, cancer cells are cultivated in media depleted of
lipid or lipoproteins. Under such conditions cancer cells differentially activated and thrived
on endogenous lipid synthesis pathways (Daniëls et al., 2014). As expected, SCD1
expression and activity were also elevated (Roongta et al., 2011). Further studies are required
to demonstrate the effects of serum/lipid deprivation on other pathways involved in lipid
metabolism.
Some of the previous works studied the combinatorial effects of hypoxia and nutrientdeprivation on de novo FA synthesis in cancer cells (Table 1). These conditions more
closely mimic the in vivo tumor microenvironment. Under such conditions cancer cells upregulate de novo FA synthesis (Lewis et al., 2015; Schug et al., 2015) . As mentioned above
hypoxia causes increased FA uptake in cancer cells. However when hypoxia is induced in
combination with LS environment, the availability of exogenous FAs is also limited.
Therefore, under such conditions cancer cells rely on endogenous FA synthesis.
Nevertheless, hypoxia also prevents glucose-based acetyl CoA generation. Therefore, under
hypoxia+LS growth conditions cancer cells depend on glutamine or acetate as alternative
substrates for acetyl-CoA generation, which fuels their elevated FA synthesis pathway
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(Schug et al., 2015; Bulusu et al., 2017). Indeed FA synthesis was shown to be decreased
under hypoxia, but increased when cultivated under hypoxia in combination with serumdeprivation (Lewis et al., 2015). As expected, expression of ACSS2 is elevated under
oxygen- and serum-deprived conditions but it is mainly localized in nucleus. Bulusu et al.
recently reported that ACSS2 serves a dual function during oxygen and serum-limitation. It
facilitates consumption of extracellular acetate as an alternative carbon source, but the
increased nuclear localization also enables cells to retain much of their endogenously
produced acetate. It allows cells to maintain sufficient acetylation of histones, to prevent
initiation of apoptosis, and to maintain growth (Bulusu et al., 2017).

6.5. Conclusions
Our in-depth literature review, experimental work and extraction of data from online sources
led a to a draw a schematic model of cancer cell lipid mebolism under metabolic stress
(Figure 6.1). Most recent studies suggest that hypoxic cancer cells switch from endogenous
FA synthesis to increased exogenous FA uptake because glucose-based acetyl-CoA
generation is inhibited. Alternatively, certain cancer cells, to compensate for this
downregulation of glucose-based acetyl-CoA synthesis, switch to other carbon sources, such
as glutamine or acetate. However, FA desaturation by stearoyl-CoA desaturase-1 requires
oxygen and is therefore inhibited under hypoxic conditions, rendering cancer cells dependent
on exogenous unsaturated FAs. In addition to the increased uptake of mono unsaturated fatty
acids (MUFAs), intracellular lipolysis and FA oxidation are downregulated under hypoxia,
which results in the increased accumulation of triglycerides (TGs) in lipid droplets.
Nutrient/lipid deprivation renders cancer cells completely dependent on endogenous FA
synthesis and desaturation. However, when cancer cells face hypoxia in combination with
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nutrient/lipid deprivation, exogenous lipids are also in short supply. Hence, the cells switch
back to de novo FA synthesis but now fully depend on glutamine or acetate as alternative
substrates. These changes in FA metabolism lead to variations in the lipidomic landscape of
cancer cells that have clinical and therapeutic implications.
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Figure 6.1: Effect of oxygen-deprivation and/or nutrient deprivation on fatty acid
metabolism in cancer cells. (a) Cancer cells with a sufficient supply of nutrients and oxygen
mainly use glucose-derived acetyl-CoA for de novo fatty acid (FA) synthesis to support rapid
cell proliferation. They can also acquire FAs from the environment. (b) Different types of
hypoxic cancer cells differentially regulate FA synthesis depending on various environmental
factors — particularly, nutrient availability. Hypoxia inhibits the entry of glucose-derived
pyruvate into the TCA cycle. Hence, cells either switch to alternative carbon sources (i.e.
glutamine or acetate) for FA synthesis or increase their FA uptake. FA desaturation is
impaired by oxygen deprivation, therefore the uptake of unsaturated FAs is particularly
enhanced. FAs are rapidly incorporated into cellular triglycerides (TGs) that enhance TG and
lipid droplet (LD) accumulation. (c) Under nutrient and lipid restriction cancer cells mainly
rely on endogenous FAs and desaturation. (d) When hypoxia is induced in combination with
nutrient and lipid deprivation, cells cannot acquire FAs from the environment. Hence, they
switch back to de novo FA synthesis but now fully depend on glutamine or acetate as
alternative substrates. Parts (b), (c) and (d) are constructed in comparison to the normoxic
state depicted in (a). Line thickness represents level of flux through pathway. Dashed lines
indicate biosynthetic pathways that are inactive due to lack of substrates or cofactors. The
colours of the pathway boxes in (b), (c) and (d) represent upregulation (green),
downregulation (grey) or differential regulation (green/grey) of the corresponding pathway in
comparison to the normoxic state (with sufficient nutrient supply) in (a)
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Supplementary experimental methodology
Lipid extraction for lipidomics
First, the cell pellets were washed with 0.5 mL 0.9% NaCl. For extraction of lipids the pellets
were resuspended in 1 ml ice-cold MMC (1:1:1 v/v/v methanol/MTBE/chloroform). Samples
were incubated on an ultrasonic bath for two minutes. Phase separation was induced by
adding 300 μL MS-grade water. After 10 min incubation, the samples were centrifuged for
10 min at 1000 rpm and the upper (organic) phase was collected. Then 200 μl of collected
organic phase were dried in a vacuum rotator and stored at –20 °C until analysis.
Lipidomic profiling
Dried

sample

lipid

extracts

were

reconstituted

in

100µL

2:1:1

v/v/v

isopropanol/acetonitrile/water. 5 µL aliquots were injected into an ACQUITY I-class ultraperformance liquid chromatography (UPLC) system (Waters, Germany) coupled to an
Impact II high-resolution quadrupole time-of-flight mass spectrometer (Bruker Daltonik
GmbH, Germany). Chromatographic separation was achieved by gradient elution (%A: 0
min, 60; 1.2 min, 57; 1.26 min, 50; 7.2 min, 46; 7.26 min, 30; 10.8 min, 0; 12.96 min, 0;
13.02 min, 60; 14.4 min, 60) using a buffered solvent system (A: 60:40 v/v
acetonitrile/water, B: 90:10 v/v isopropanol:water, both with 10 mM ammonium formate and
0.1% formic acid) and a 2.1 mm × 75 mm × 1.7 µm CSH-C18 column (Waters, Germany)
equipped with an 0.2 µm pre-column in-line filter. The flow rate was 0.5 mL min-1 and
column temperature was 55°C. Electrospray ionization (ESI) conditions were as follows:
polarity (+), capillary voltage, 4500 V, end plate offset, 500 V, nebulizer pressure, 2.5 bar,
dry gas (N2) flow, 8 L/min. Ion transfer parameters were set to: Funnel 1 RF, 200 Vpp,

Funnel 2 RF, 200 Vpp, Hexapole RF, 50 Vpp, Quadrupole Ion Energy, 5 eV, Low Mass, 100
m/z, Collision Energy, 8.0 eV, Pre Pulse Storage, 6.0 µs, Stepping Mode, Basic, Collision
RF, 500-1000 Vpp, Transfer Time, 60-100 µs, Timing, 50/50, Collision Energy, 100-250%.
Alternating MS and MS/MS scans were acquired using a Sequential Windowed Acquisition
of All Theoretical Fragment Ion Mass Spectra (SWATH) scheme (m/z 350-975, width 25
Da). For internal calibration, Na formate clusters were spiked into the LC effluent at the end
of each run.
After data acquisition, files were converted to Analysis Base File (ABF) format using a
publicly available converter (Reifycs, Japan) and imported into MS-DIAL (Tsugawa et al.
2015). MS-DIAL parameter settings were as follows: Soft Ionization, Data independent
MS/MS, Centroid data, Positive ion mode, Lipidomics. Detailed analysis settings were left at
default, except for Retention time end (10 min), Alignment Retention time tolerance (0.2
min), Identification Retention time tolerance (3 min) and Identification score cut off (60%).
Identified peaks were exported to a text file and subjected to statistical analysis.

Description

Product Sheet

HCT 116 (ATCC® CCL247™)
Please read this FIRST

Storage Temp.
liquid nitrogen
vapor phase

Biosafety Level
1

Intended Use
This product is intended for research use only. It is not
intended for any animal or human therapeutic or
diagnostic use.

Complete Growth Medium
The base medium for this cell line is ATCCformulated
McCoy's 5a Medium Modified, Catalog No. 302007. To
make the complete growth medium, add the following
components to the base medium: fetal bovine serum to
a final concentration of 10%.

Organism: Homo sapiens, human
Tissue: colon
Disease: colorectal carcinoma
Age: adult
Gender: male
Morphology: epithelial
Growth Properties: adherent
Isoenzymes:
AK1, 1
ESD, 12
G6PD, B
GLOI, 1
PGM1, 1
PGM3, 1
DNA Profile:
Amelogenin: X,Y
CSF1PO: 7,10
D13S317: 10,12
D16S539: 11,13
D5S818: 10,11
D7S820: 11,12
THO1: 8,9
TPOX: 8,9
vWA: 17,22
Cytogenetic Analysis: The stemline chromosome number is near diploid with the modal number at 45 (62%)
and polyploids occurring at 6.8%. The markers 10q+ and t(?8p;18q) are present in all metaphases and t(9q;?
16p), in 80% of the cells karyotyped. N16 is monosomic in the presence of, but disomic in the absence of
t(9q;?16p). N10 and N18 are monosomic and other chromosomes from those mentioned above are disomic.
Qband observations revealed the presence of the Y chromosome, but not in all cells (50% of cells lacked the
Y in Gband karyotypes).

BatchSpecific Information
Refer to the Certificate of Analysis for batchspecific test results.

Citation of Strain

SAFETY PRECAUTION
If use of this culture results in a scientific publication, it
should be cited in that manuscript in the following
manner: HCT 116 (ATCC® CCL247™)

ATCC highly recommends that protective gloves and clothing always be used and a full face mask always be
worn when handling frozen vials. It is important to note that some vials leak when submersed in liquid nitrogen
and will slowly fill with liquid nitrogen. Upon thawing, the conversion of the liquid nitrogen back to its gas
phase may result in the vessel exploding or blowing off its cap with dangerous force creating flying debris.

Unpacking & Storage Instructions
1. Check all containers for leakage or breakage.
2. Remove the frozen cells from the dry ice packaging and immediately place the cells at a temperature
below 130°C, preferably in liquid nitrogen vapor, until ready for use.

Handling Procedure for Frozen Cells

American Type Culture Collection
PO Box 1549
Manassas, VA 20108 USA
www.atcc.org
800.638.6597 or 703.365.2700
Fax: 703.365.2750
Email: Tech@atcc.org
Or contact your local distributor
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To insure the highest level of viability, thaw the vial and initiate the culture as soon as possible upon receipt. If
upon arrival, continued storage of the frozen culture is necessary, it should be stored in liquid nitrogen vapor
phase and not at 70°C. Storage at 70°C will result in loss of viability.
Note: Growth and plating efficiency are enhanced by using a feeder layer of murine fibroblasts.
1. Thaw the vial by gentle agitation in a 37°C water bath. To reduce the possibility of contamination, keep
the Oring and cap out of the water. Thawing should be rapid (approximately 2 minutes).
2. Remove the vial from the water bath as soon as the contents are thawed, and decontaminate by
dipping in or spraying with 70% ethanol. All of the operations from this point on should be carried out
under strict aseptic conditions.
3. Transfer the vial contents to a centrifuge tube containing 9.0 mL complete culture medium. and spin at
approximately 125 x g for 5 to 7 minutes.
4. Resuspend cell pellet with the recommended complete medium (see the specific batch information for

the culture recommended dilution ratio) and dispense into a 25 cm2 culture flask. It is important to
avoid excessive alkalinity of the medium during recovery of the cells. It is suggested that, prior to the
addition of the vial contents, the culture vessel containing the complete growth medium be placed into
the incubator for at least 15 minutes to allow the medium to reach its normal pH (7.0 to 7.6).
5. Incubate the culture at 37°C in a suitable incubator. A 5% CO2 in air atmosphere is recommended if

Product Sheet

HCT 116 (ATCC® CCL247™)
Please read this FIRST

Storage Temp.
liquid nitrogen
vapor phase

Biosafety Level
1

using the medium described on this product sheet.

Handling Procedure for Flask Cultures
The flask was seeded with cells (see specific batch information) grown and completely filled with medium at
ATCC to prevent loss of cells during shipping.
1. Upon receipt visually examine the culture for macroscopic evidence of any microbial contamination.
Using an inverted microscope (preferably equipped with phasecontrast optics), carefully check for
any evidence of microbial contamination. Also check to determine if the majority of cells are still
attached to the bottom of the flask; during shipping the cultures are sometimes handled roughly and
many of the cells often detach and become suspended in the culture medium (but are still viable).
2. If the cells are still attached, aseptically remove all but 5 to 10 mL of the shipping medium. The
shipping medium can be saved for reuse. Incubate the cells at 37°C in a 5% CO2 in air atmosphere
until they are ready to be subcultured.
3. If the cells are not attached, aseptically remove the entire contents of the flask and centrifuge at
125 x g for 5 to 10 minutes. Remove shipping medium and save. Resuspend the pelleted cells in 10
mL of this medium and add to 25 cm2 flask. Incubate at 37°C in a 5% CO2 in air atmosphere until cells
are ready to be subcultured.

Intended Use

Subculturing Procedure
This product is intended for research use only. It is not
intended for any animal or human therapeutic or
diagnostic use.

Complete Growth Medium
The base medium for this cell line is ATCCformulated
McCoy's 5a Medium Modified, Catalog No. 302007. To
make the complete growth medium, add the following
components to the base medium: fetal bovine serum to
a final concentration of 10%.

Citation of Strain
If use of this culture results in a scientific publication, it
should be cited in that manuscript in the following
manner: HCT 116 (ATCC® CCL247™)

Volumes are given for a 75 cm2 flask. Corning® T75 flasks (catalog #430641) are recommended for
subculturing this product. Increase or decrease the amount of dissociation medium needed proportionally for
culture vessels of other sizes.
1. Remove and discard culture medium.
2. Briefly rinse the cell layer with 0.25% (w/v) Trypsin 0.53 mM EDTA solution to remove all traces of
serum which contains trypsin inhibitor.
3. Add 2.0 to 3.0 mL of TrypsinEDTA solution to flask and observe cells under an inverted microscope
until cell layer is dispersed (usually within 5 to 15 minutes).
Note: To avoid clumping do not agitate the cells by hitting or shaking the flask while waiting for the
cells to detach. Cells that are difficult to detach may be placed at 37°C to facilitate dispersal.
4. Add 6.0 to 8.0 mL of complete growth medium and aspirate cells by gently pipetting.
5. Add appropriate aliquots of the cell suspension to new culture vessels.
6. Incubate cultures at 37°C.
Subcultivation Ratio: A subcultivation ratio of 1:3 to 1:8 is recommended
Medium Renewal: Every 2 to 3 days

Cryopreservation Medium
Complete growth medium described above supplemented with 5% (v/v) DMSO. Cell culture tested DMSO is
available as ATCC Catalog No. 4X.

Comments
The cells are positive for keratin by immunoperoxidase staining.
HCT 116 cells are positive for transforming growth factor beta 1 (TGF beta 1) and beta 2 (TGF beta 2)
expression.
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Biosafety Level: 1
Appropriate safety procedures should always be used with this material. Laboratory safety is discussed in
the current publication of the Biosafety in Microbiological and Biomedical Laboratories from the U.S.
Department of Health and Human Services Centers for Disease Control and Prevention and National Institutes
for Health.

ATCC Warranty
ATCC® products are warranted for 30 days from the date of shipment, and this warranty is valid only if the
product is stored and handled according to the information included on this product information sheet. If the
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HCT 116 (ATCC® CCL247™)
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Storage Temp.
liquid nitrogen
vapor phase

Biosafety Level
1

ATCC® product is a living cell or microorganism, ATCC lists the media formulation that has been found to be
effective for this product. While other, unspecified media may also produce satisfactory results, a change in
media or the absence of an additive from the ATCC recommended media may affect recovery, growth and/or
function of this product. If an alternative medium formulation is used, the ATCC warranty for viability is no
longer valid.

Disclaimers
This product is intended for laboratory research purposes only. It is not intended for use in humans.
While ATCC uses reasonable efforts to include accurate and uptodate information on this product sheet,
ATCC makes no warranties or representations as to its accuracy. Citations from scientific literature and
patents are provided for informational purposes only. ATCC does not warrant that such information has been
confirmed to be accurate.
This product is sent with the condition that you are responsible for its safe storage, handling, and use. ATCC
is not liable for any damages or injuries arising from receipt and/or use of this product. While reasonable effort
is made to insure authenticity and reliability of materials on deposit, ATCC is not liable for damages arising from
the misidentification or misrepresentation of such materials.
Please see the enclosed Material Transfer Agreement (MTA) for further details regarding the use of this
product. The MTA is also available on our Web site at www.atcc.org

Intended Use
This product is intended for research use only. It is not
intended for any animal or human therapeutic or
diagnostic use.

Complete Growth Medium
The base medium for this cell line is ATCCformulated
McCoy's 5a Medium Modified, Catalog No. 302007. To
make the complete growth medium, add the following
components to the base medium: fetal bovine serum to
a final concentration of 10%.

Citation of Strain
If use of this culture results in a scientific publication, it
should be cited in that manuscript in the following
manner: HCT 116 (ATCC® CCL247™)
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Additional information on this culture is available on the ATCC web site at www.atcc.org.
© ATCC 2019. All rights reserved. ATCC is a registered trademark of the American Type Culture Collection. [06/20]

Description

Product Sheet

Hep G2 [HEPG2] (ATCC® HB
8065™)
Please read this FIRST

Storage Temp.
liquid nitrogen
vapor phase

Biosafety Level
1

Organism: Homo sapiens, human
Tissue: liver
Disease: hepatocellular carcinoma
Age: 15 years adolescent
Gender: male
Morphology: epithelial
Growth Properties: adherent
DNA Profile:
Amelogenin: X,Y
CSF1PO: 10,11
D13S317: 9,13
D16S539: 12,13
D5S818: 11,12
D7S820: 10
THO1: 9
TPOX: 8,9
vWA: 17
Cytogenetic Analysis: modal number = 55 (range = 50 to 60); has a rearranged chromosome 1

BatchSpecific Information
Refer to the Certificate of Analysis for batchspecific test results.

Intended Use

SAFETY PRECAUTION
This product is intended for research use only. It is not
intended for any animal or human therapeutic or
diagnostic use.

Complete Growth Medium
The base medium for this cell line is ATCCformulated
Eagle's Minimum Essential Medium, Catalog No. 30
2003. To make the complete growth medium, add the
following components to the base medium: fetal bovine
serum to a final concentration of 10%.

ATCC highly recommends that protective gloves and clothing always be used and a full face mask always be
worn when handling frozen vials. It is important to note that some vials leak when submersed in liquid nitrogen
and will slowly fill with liquid nitrogen. Upon thawing, the conversion of the liquid nitrogen back to its gas
phase may result in the vessel exploding or blowing off its cap with dangerous force creating flying debris.

Unpacking & Storage Instructions
1. Check all containers for leakage or breakage.
2. Remove the frozen cells from the dry ice packaging and immediately place the cells at a temperature
below 130°C, preferably in liquid nitrogen vapor, until ready for use.

Citation of Strain

Handling Procedure for Frozen Cells
If use of this culture results in a scientific publication, it
should be cited in that manuscript in the following
manner: Hep G2 [HEPG2] (ATCC®

HB8065™)

To insure the highest level of viability, thaw the vial and initiate the culture as soon as possible upon receipt. If
upon arrival, continued storage of the frozen culture is necessary, it should be stored in liquid nitrogen vapor
phase and not at 70°C. Storage at 70°C will result in loss of viability.
1. Thaw the vial by gentle agitation in a 37°C water bath. To reduce the possibility of contamination, keep
the Oring and cap out of the water. Thawing should be rapid (approximately 2 minutes).
2. Remove the vial from the water bath as soon as the contents are thawed, and decontaminate by
dipping in or spraying with 70% ethanol. All of the operations from this point on should be carried out
under strict aseptic conditions.
3. Transfer the vial contents to a centrifuge tube containing 9.0 mL complete culture medium. and spin at
approximately 125 x g for 5 to7 minutes.
4. Resuspend cell pellet with the recommended complete medium (see the specific batch information for
the culture recommended dilution ratio). and dispense into a 75 cm2 culture flask. Recommended use
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of Corning® T75 flasks (catalog #430641). It is important to avoid excessive alkalinity of the medium
during recovery of the cells. It is suggested that, prior to the addition of the vial contents, the culture
vessel containing the complete growth medium be placed into the incubator for at least 15 minutes to
allow the medium to reach its normal pH (7.0 to 7.6). pH (7.0 to 7.6).
5. Incubate the culture at 37°C in a suitable incubator. A 5% CO2 in air atmosphere is recommended if
using the medium described on this product sheet.

Handling Procedure for Flask Cultures
The flask was seeded with cells (see specific batch information) grown and completely filled with medium at
ATCC to prevent loss of cells during shipping.
1. Upon receipt visually examine the culture for macroscopic evidence of any microbial contamination.

Product Sheet

Hep G2 [HEPG2] (ATCC® HB
8065™)

Using an inverted microscope (preferably equipped with phasecontrast optics), carefully check for
any evidence of microbial contamination. Also check to determine if the majority of cells are still
attached to the bottom of the flask; during shipping the cultures are sometimes handled roughly and
many of the cells often detach and become suspended in the culture medium (but are still viable).
2. If the cells are still attached, aseptically remove all but 5 to 10 mL of the shipping medium. The
shipping medium can be saved for reuse. Incubate the cells at 37°C in a 5% CO2 in air atmosphere
until they are ready to be subcultured.
3. If the cells are not attached, aseptically remove the entire contents of the flask and centrifuge at
125 x g for 5 to 10 minutes. Remove shipping medium and save. Resuspend the pelleted cells in 10
mL of this medium and add to 75 cm2 flask. Recommended use of Corning® T75 flasks (catalog
#430641). Incubate at 37°C in a 5% CO2 in air atmosphere until cells are ready to be subcultured.

Please read this FIRST

Storage Temp.
liquid nitrogen
vapor phase

Biosafety Level
1

Intended Use
This product is intended for research use only. It is not
intended for any animal or human therapeutic or
diagnostic use.

Complete Growth Medium
The base medium for this cell line is ATCCformulated
Eagle's Minimum Essential Medium, Catalog No. 30
2003. To make the complete growth medium, add the
following components to the base medium: fetal bovine
serum to a final concentration of 10%.

Citation of Strain
If use of this culture results in a scientific publication, it
should be cited in that manuscript in the following
manner: Hep G2 [HEPG2] (ATCC® HB8065™)

Subculturing Procedure
Volumes are given for a 75 cm2 flask. Corning® T75 flasks (catalog #430641) are recommended for
subculturing this product. Increase or decrease the amount of dissociation medium needed proportionally for
culture vessels of other sizes.
1. Remove and discard culture medium.
2. Briefly rinse the cell layer with 0.25% (w/v) Trypsin 0.53 mM EDTA solution to remove all traces of
serum that contains trypsin inhibitor.
3. Add 2.0 to 3.0 mL of TrypsinEDTA solution to flask and observe cells under an inverted microscope
until cell layer is dispersed (usually within 5 to 15 minutes).
Note: To avoid clumping do not agitate the cells by hitting or shaking the flask while waiting for the
cells to detach. Cells that are difficult to detach may be placed at 37°C to facilitate dispersal.
4. Add 6.0 to 8.0 mL of complete growth medium and aspirate cells by gently pipetting.
5. Add appropriate aliquots of the cell suspension to new culture vessels.
6. Incubate cultures at 37°C.
Subcultivation Ratio: A subcultivation ratio of 1:4 to 1:6 is recommended
Medium Renewal: Twice per week

Cryopreservation Medium
Complete growth medium described above supplemented with 5% (v/v) DMSO. Cell culture tested DMSO is
available as ATCC Catalog No. 4X.

Comments
The cells express 3hydroxy3methylglutarylCoA reductase and hepatic triglyceride lipase activities.
The cells demonstrate decreased expression of apoAI mRNA and increased expression of catalase mRNA in
response to gramoxone (oxidative stress).
There is no evidence of a Hepatitis B virus genome in this cell line.
In addition to the hepatocellular carcinoma or hepatoma cell line based on the original publication (PubMed:
6248960), HepG2 is also referred as hepatoblastoma cell line (PubMed: 19751877).

References
References and other information relating to this product are available online at www.atcc.org.

Biosafety Level: 1
Appropriate safety procedures should always be used with this material. Laboratory safety is discussed in
the current publication of the Biosafety in Microbiological and Biomedical Laboratories from the U.S.
Department of Health and Human Services Centers for Disease Control and Prevention and National Institutes
for Health.
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ATCC® products are warranted for 30 days from the date of shipment, and this warranty is valid only if the
product is stored and handled according to the information included on this product information sheet. If the
ATCC® product is a living cell or microorganism, ATCC lists the media formulation that has been found to be
effective for this product. While other, unspecified media may also produce satisfactory results, a change in
media or the absence of an additive from the ATCC recommended media may affect recovery, growth and/or
function of this product. If an alternative medium formulation is used, the ATCC warranty for viability is no
longer valid.

Disclaimers

Product Sheet

Hep G2 [HEPG2] (ATCC® HB
8065™)
Please read this FIRST

Storage Temp.
liquid nitrogen
vapor phase

Biosafety Level
1

Intended Use
This product is intended for research use only. It is not
intended for any animal or human therapeutic or
diagnostic use.

Complete Growth Medium
The base medium for this cell line is ATCCformulated
Eagle's Minimum Essential Medium, Catalog No. 30
2003. To make the complete growth medium, add the
following components to the base medium: fetal bovine
serum to a final concentration of 10%.

Citation of Strain
If use of this culture results in a scientific publication, it
should be cited in that manuscript in the following
manner: Hep G2 [HEPG2] (ATCC® HB8065™)
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This product is intended for laboratory research purposes only. It is not intended for use in humans.
While ATCC uses reasonable efforts to include accurate and uptodate information on this product sheet,
ATCC makes no warranties or representations as to its accuracy. Citations from scientific literature and
patents are provided for informational purposes only. ATCC does not warrant that such information has been
confirmed to be accurate.
This product is sent with the condition that you are responsible for its safe storage, handling, and use. ATCC
is not liable for any damages or injuries arising from receipt and/or use of this product. While reasonable effort
is made to insure authenticity and reliability of materials on deposit, ATCC is not liable for damages arising from
the misidentification or misrepresentation of such materials.
Please see the enclosed Material Transfer Agreement (MTA) for further details regarding the use of this
product. The MTA is also available on our Web site at www.atcc.org
Additional information on this culture is available on the ATCC web site at www.atcc.org.
© ATCC 2019. All rights reserved. ATCC is a registered trademark of the American Type Culture Collection. [07/31]

Description

Product Sheet

SW480 [SW480] (ATCC®
CCL228™)
Please read this FIRST

Storage Temp.
liquid nitrogen
vapor phase

Biosafety Level
1

Intended Use
This product is intended for research use only. It is not
intended for any animal or human therapeutic or
diagnostic use.

Organism: Homo sapiens, human
Tissue: colon
Disease: Dukes' type B, colorectal adenocarcinoma
Age: 50 years
Gender: male
Morphology: epithelial
Growth Properties: adherent
Isoenzymes:
ESD, 1
G6PD, B
PEPD, 1
PGD, A
PGM1, 2
PGM3, 1
DNA Profile:
Amelogenin: X
CSF1PO: 13,14
D13S317: 12
D16S539: 13
D5S818: 13
D7S820: 8
THO1: 8
TPOX: 11
vWA: 16
Cytogenetic Analysis: The stemline chromosome number is hypotriploid and 1112 marker chromosomes
were common. Both double minutes and dicentrics were observed in 8% of each metaphase examined.

BatchSpecific Information
Complete Growth Medium
Refer to the Certificate of Analysis for batchspecific test results.
The base medium for this cell line is ATCCformulated
Leibovitz's L15 Medium, Catalog No. 302008. To
make the complete growth medium, add the following
components to the base medium: fetal bovine serum to
a final concentration of 10%.
(Note: The L15 medium formulation was devised for
use in a free gas exchange with atmospheric air. A
CO2 and air mixture is detrimental to cells when using
this medium for cultivation)

SAFETY PRECAUTION
ATCC highly recommends that protective gloves and clothing always be used and a full face mask always be
worn when handling frozen vials. It is important to note that some vials leak when submersed in liquid nitrogen
and will slowly fill with liquid nitrogen. Upon thawing, the conversion of the liquid nitrogen back to its gas
phase may result in the vessel exploding or blowing off its cap with dangerous force creating flying debris.

Unpacking & Storage Instructions
Citation of Strain
If use of this culture results in a scientific publication, it
should be cited in that manuscript in the following

1. Check all containers for leakage or breakage.
2. Remove the frozen cells from the dry ice packaging and immediately place the cells at a temperature
below 130°C, preferably in liquid nitrogen vapor, until ready for use.

manner: SW480 [SW480] (ATCC® CCL228™)

Handling Procedure for Frozen Cells
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To insure the highest level of viability, thaw the vial and initiate the culture as soon as possible upon receipt. If
upon arrival, continued storage of the frozen culture is necessary, it should be stored in liquid nitrogen vapor
phase and not at 70°C. Storage at 70°C will result in loss of viability.
1. Thaw the vial by gentle agitation in a 37°C water bath. To reduce the possibility of contamination, keep
the Oring and cap out of the water. Thawing should be rapid (approximately 2 minutes).
2. Remove the vial from the water bath as soon as the contents are thawed, and decontaminate by
dipping in or spraying with 70% ethanol. All of the operations from this point on should be carried out
under strict aseptic conditions.
3. Transfer the vial contents to a centrifuge tube containing 9.0 mL complete culture medium. and spin at
approximately 125 x g for 5 to 7 minutes.
4. Resuspend cell pellet with the recommended complete medium (see the specific batch information for
the culture recommended dilution ratio). and dispense into a new culture flask.
5. Incubate the culture at 37°C incubator without CO2.

Handling Procedure for Flask Cultures

Product Sheet

SW480 [SW480] (ATCC®
CCL228™)
Please read this FIRST

The flask was seeded with cells (see specific batch information) grown and completely filled with medium at
ATCC to prevent loss of cells during shipping.
1. Upon receipt visually examine the culture for macroscopic evidence of any microbial contamination.
Using an inverted microscope (preferably equipped with phasecontrast optics), carefully check for
any evidence of microbial contamination. Also check to determine if the majority of cells are still
attached to the bottom of the flask; during shipping the cultures are sometimes handled roughly and
many of the cells often detach and become suspended in the culture medium (but are still viable).
2. If the cells are still attached, aseptically remove all but 5 to 10 mL of the shipping medium. The
shipping medium can be saved for reuse. Incubate the cells at 37°C until they are ready to be
subcultured.
3. If the cells are not attached, aseptically remove the entire contents of the flask and centrifuge at
125 x g for 5 to 10 minutes. Remove shipping medium and save. Resuspend the pelleted cells in 10
mL of this medium and add to 25 cm2 flask. Incubate in a 37°C incubator without CO2. until cells are
ready to be subcultured.

Storage Temp.
liquid nitrogen
vapor phase

Subculturing Procedure
Volumes are given for a 75 cm2 flask. Increase or decrease the amount of dissociation medium needed

Biosafety Level
1

Intended Use
This product is intended for research use only. It is not
intended for any animal or human therapeutic or
diagnostic use.

Complete Growth Medium
The base medium for this cell line is ATCCformulated
Leibovitz's L15 Medium, Catalog No. 302008. To
make the complete growth medium, add the following
components to the base medium: fetal bovine serum to
a final concentration of 10%.
(Note: The L15 medium formulation was devised for
use in a free gas exchange with atmospheric air. A
CO2 and air mixture is detrimental to cells when using
this medium for cultivation)

Citation of Strain
If use of this culture results in a scientific publication, it
should be cited in that manuscript in the following
manner: SW480 [SW480] (ATCC® CCL228™)

proportionally for culture vessels of other sizes. Corning® T75 flasks (catalog #430641) are recommended
for subculturing this product.
1. Remove and discard culture medium.
2. Briefly rinse the cell layer with 0.25% (w/v) Trypsin 0.53 mM EDTA solution to remove all traces of
serum which contains trypsin inhibitor.
3. Add 2.0 to 3.0 mL of TrypsinEDTA solution to flask and observe cells under an inverted microscope
until cell layer is dispersed (usually within 5 to 15 minutes).
Note: To avoid clumping do not agitate the cells by hitting or shaking the flask while waiting for the
cells to detach. Cells that are difficult to detach may be placed at 37°C to facilitate dispersal.
4. Add 6.0 to 8.0 mL of complete growth medium and aspirate cells by gently pipetting.
5. Add appropriate aliquots of the cell suspension to new culture vessels.
6. Incubate cultures at 37°C. without CO2.
Subcultivation Ratio: A subcultivation ratio of 1:2 to 1:8 is recommended
Medium Renewal: 1 to 2 times per week

Cryopreservation Medium
Complete growth medium described above supplemented with 5% (v/v) DMSO. Cell culture tested DMSO is
available as ATCC Catalog No. 4X.

Comments
A cell line established from a lymph node metastasis taken from the same patient one year later is available
(see ATCC CCL227).
The line is negative for CSAp (CSAp) and colon antigen 3.
The cells are positive for keratin by immunoperoxidase staining.
There is a G > A mutation in codon 273 of the p53 gene resulting in an Arg > His substitution and a C > T
mutation in codon 309 resulting in a Pro > Ser substitution.
The cells express elevated levels of p53 protein.
The line is positive for expression of cmyc, Kras, Hras, Nras, myb, sis and fos oncogenes.
Nmyc oncogene expression was not detected.
Matrilysin, a metalloproteinase associated with tumor invasiveness, is not expressed.
The cells have been reported to produce GMCSF.

References
References and other information relating to this product are available online at www.atcc.org.
American Type Culture Collection
PO Box 1549
Manassas, VA 20108 USA
www.atcc.org
800.638.6597 or 703.365.2700
Fax: 703.365.2750
Email: Tech@atcc.org
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Biosafety Level: 1
Appropriate safety procedures should always be used with this material. Laboratory safety is discussed in
the current publication of the Biosafety in Microbiological and Biomedical Laboratories from the U.S.
Department of Health and Human Services Centers for Disease Control and Prevention and National Institutes
for Health.

ATCC Warranty
ATCC® products are warranted for 30 days from the date of shipment, and this warranty is valid only if the
product is stored and handled according to the information included on this product information sheet. If the

Product Sheet

SW480 [SW480] (ATCC®
CCL228™)

ATCC® product is a living cell or microorganism, ATCC lists the media formulation that has been found to be
effective for this product. While other, unspecified media may also produce satisfactory results, a change in
media or the absence of an additive from the ATCC recommended media may affect recovery, growth and/or
function of this product. If an alternative medium formulation is used, the ATCC warranty for viability is no
longer valid.

Disclaimers
Please read this FIRST

Storage Temp.
liquid nitrogen
vapor phase

Biosafety Level
1

Intended Use
This product is intended for research use only. It is not
intended for any animal or human therapeutic or
diagnostic use.

Complete Growth Medium
The base medium for this cell line is ATCCformulated
Leibovitz's L15 Medium, Catalog No. 302008. To
make the complete growth medium, add the following
components to the base medium: fetal bovine serum to
a final concentration of 10%.
(Note: The L15 medium formulation was devised for
use in a free gas exchange with atmospheric air. A
CO2 and air mixture is detrimental to cells when using
this medium for cultivation)

Citation of Strain
If use of this culture results in a scientific publication, it
should be cited in that manuscript in the following
manner: SW480 [SW480] (ATCC® CCL228™)
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Manassas, VA 20108 USA
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Email: Tech@atcc.org
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This product is intended for laboratory research purposes only. It is not intended for use in humans.
While ATCC uses reasonable efforts to include accurate and uptodate information on this product sheet,
ATCC makes no warranties or representations as to its accuracy. Citations from scientific literature and
patents are provided for informational purposes only. ATCC does not warrant that such information has been
confirmed to be accurate.
This product is sent with the condition that you are responsible for its safe storage, handling, and use. ATCC
is not liable for any damages or injuries arising from receipt and/or use of this product. While reasonable effort
is made to insure authenticity and reliability of materials on deposit, ATCC is not liable for damages arising from
the misidentification or misrepresentation of such materials.
Please see the enclosed Material Transfer Agreement (MTA) for further details regarding the use of this
product. The MTA is also available on our Web site at www.atcc.org
Additional information on this culture is available on the ATCC web site at www.atcc.org.
© ATCC 2018. All rights reserved. ATCC is a registered trademark of the American Type Culture Collection. [08/17]

Description

Product Sheet

SW620 [SW620] (ATCC®
CCL227™)
Please read this FIRST

Storage Temp.
liquid nitrogen
vapor phase

Biosafety Level
1

Intended Use
This product is intended for research use only. It is not
intended for any animal or human therapeutic or
diagnostic use.

Organism: Homo sapiens, human
Tissue: colon; derived from metastatic site: lymph node
Disease: Dukes' type C, colorectal adenocarcinoma
Age: 51 years
Gender: male
Morphology: epithelial
Growth Properties: adherent
Isoenzymes:
ESD, 1
G6PD, B
PEPD, 1
PGD, A
PGM1, 2
PGM3, 1
DNA Profile:
Amelogenin: X
CSF1PO: 13,14
D13S317: 12
D16S539: 9,13
D5S818: 13
D7S820: 8,9
THO1: 8
TPOX: 11
vWA: 16
Cytogenetic Analysis: modal number = 50; range = 45 to 53
The stemline chromosome number is hyperdiploid with the 2S component occurring at 12% and 11 marker
chromosomes were common to S metaphases. One of the 11 markers [7 (7p; 11p)] was disomic., M1 was
probably an HSR but the origin of the chromosome could not be identified.

Complete Growth Medium

BatchSpecific Information
The base medium for this cell line is ATCCformulated
Leibovitz's L15 Medium, Catalog No. 302008. To
make the complete growth medium, add the following
components to the base medium: fetal bovine serum to
a final concentration of 10%.
(Note: The L15 medium formulation was devised for
use in a free gas exchange with atmospheric air. A
CO2 and air mixture is detrimental to cells when using
this medium for cultivation)

Citation of Strain

SAFETY PRECAUTION
ATCC highly recommends that protective gloves and clothing always be used and a full face mask always be
worn when handling frozen vials. It is important to note that some vials leak when submersed in liquid nitrogen
and will slowly fill with liquid nitrogen. Upon thawing, the conversion of the liquid nitrogen back to its gas
phase may result in the vessel exploding or blowing off its cap with dangerous force creating flying debris.

Unpacking & Storage Instructions

If use of this culture results in a scientific publication, it
should be cited in that manuscript in the following
manner: SW620 [SW620]

Refer to the Certificate of Analysis for batchspecific test results.

(ATCC®

CCL227™)

1. Check all containers for leakage or breakage.
2. Remove the frozen cells from the dry ice packaging and immediately place the cells at a temperature
below 130°C, preferably in liquid nitrogen vapor, until ready for use.

Handling Procedure for Frozen Cells

American Type Culture Collection
PO Box 1549
Manassas, VA 20108 USA
www.atcc.org
800.638.6597 or 703.365.2700
Fax: 703.365.2750
Email: Tech@atcc.org
Or contact your local distributor
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To insure the highest level of viability, thaw the vial and initiate the culture as soon as possible upon receipt. If
upon arrival, continued storage of the frozen culture is necessary, it should be stored in liquid nitrogen vapor
phase and not at 70°C. Storage at 70°C will result in loss of viability.
1. Thaw the vial by gentle agitation in a 37°C water bath. To reduce the possibility of contamination, keep
the Oring and cap out of the water. Thawing should be rapid (approximately 2 minutes).
2. Remove the vial from the water bath as soon as the contents are thawed, and decontaminate by
dipping in or spraying with 70% ethanol. All of the operations from this point on should be carried out
under strict aseptic conditions.
3. Transfer the vial contents to a centrifuge tube containing 9.0 mL complete culture medium. and spin at
approximately 125 x g for 5 to 7 minutes.
4. Resuspend cell pellet with the recommended complete medium (see the specific batch information for
the culture recommended dilution ratio).
5. Incubate the culture at 37°C in a suitable incubator without CO2.

Handling Procedure for Flask Cultures

Product Sheet

SW620 [SW620] (ATCC®
CCL227™)
Please read this FIRST

Storage Temp.
liquid nitrogen
vapor phase

The flask was seeded with cells (see specific batch information) grown and completely filled with medium at
ATCC to prevent loss of cells during shipping.
1. Upon receipt visually examine the culture for macroscopic evidence of any microbial contamination.
Using an inverted microscope (preferably equipped with phasecontrast optics), carefully check for
any evidence of microbial contamination. Also check to determine if the majority of cells are still
attached to the bottom of the flask; during shipping the cultures are sometimes handled roughly and
many of the cells often detach and become suspended in the culture medium (but are still viable).
2. If the cells are still attached, aseptically remove all but 5 to 10 mL of the shipping medium. The
shipping medium can be saved for reuse. Incubate the cells at 37°C without CO2 until they are ready
to be subcultured.
3. If the cells are not attached, aseptically remove the entire contents of the flask and centrifuge at
125 x g for 5 to 10 minutes. Remove shipping medium and save. Resuspend the pelleted cells in 10
mL of this medium and add to 25 cm2 flask. Incubate at 37°C without CO2 until cells are ready to be
subcultured.

Subculturing Procedure

Biosafety Level
1

Intended Use
This product is intended for research use only. It is not
intended for any animal or human therapeutic or
diagnostic use.

Complete Growth Medium
The base medium for this cell line is ATCCformulated
Leibovitz's L15 Medium, Catalog No. 302008. To
make the complete growth medium, add the following
components to the base medium: fetal bovine serum to
a final concentration of 10%.
(Note: The L15 medium formulation was devised for
use in a free gas exchange with atmospheric air. A
CO2 and air mixture is detrimental to cells when using
this medium for cultivation)

Citation of Strain
If use of this culture results in a scientific publication, it
should be cited in that manuscript in the following
manner: SW620 [SW620] (ATCC® CCL227™)

American Type Culture Collection
PO Box 1549
Manassas, VA 20108 USA
www.atcc.org

Volumes used in this protocol are for 75 cm2 flasks; proportionally reduce or increase amount of dissociation
medium for culture vessels of other sizes. Corning® T75 flasks (catalog #430641) are recommended for
subculturing this product.
1. Remove and discard culture medium.
2. Briefly rinse the cell layer with Ca++/Mg++ free Dulbecco's phosphatebuffered saline (DPBS) or
0.25% (w/v) Trypsin  0.53 mM EDTA solution to remove all traces of serum which contains trypsin
inhibitor.
3. Add 2.0 to 3.0 mL of TrypsinEDTA solution to flask and observe cells under an inverted microscope
until cell layer is dispersed (usually within 5 to 15 minutes).
Note: To avoid clumping do not agitate the cells by hitting or shaking the flask while waiting for the
cells to detach. Cells that are difficult to detach may be placed at 37°C to facilitate dispersal.
4. Add 2.0 to 3.0 mL of complete growth medium and aspirate cells by gently pipetting
5. Resuspend the cell pellet in fresh growth medium. Add appropriate aliquots of the cell suspension to
new culture vessels.
6. Incubate cultures at 37°C.
Subcultivation Ratio: A subcultivation ratio of 1:2 to 1:10 is recommended
Medium Renewal: 2 to 3 times per week
Note: For more information on enzymatic dissociation and subculturing of cell lines consult Chapter 10 in
Culture of Animal Cells, a manual of Basic Technique by R. Ian Freshney, 3rd edition, published by
Alan R. Liss, N.Y., 1994.

Cryopreservation Medium
Complete growth medium described above supplemented with 5% (v/v) DMSO. Cell culture tested DMSO is
available as ATCC Catalog No. 4X.

Comments
A recurrence of the malignancy resulted in a widespread metastasis from the colon to an abdominal mass.
The established cell line consists mainly of individual small spherical and bipolar cells lacking microvilli.
The cells synthesize only small quantities of carcinoembryonic antigen (CEA), and are highly tumorigenic in
nude mice.
The cells are negative for expression of CSAp (CSAp) and colon antigen 3, negative.
The cells are positive for keratin by immunoperoxidase staining.
The line was derived from a metastasis of the same tumor from which the SW480 (ATCC CCL228) was
derived.
There is a G > A mutation in codon 273 of the p53 gene resulting in an Arg > His substitution.
The line is positive for expression of cmyc, Kras, Hras, Nras, Myb, sis and fos oncogenes.
Nmyc oncogene expression was not detected.

References
800.638.6597 or 703.365.2700
Fax: 703.365.2750
Email: Tech@atcc.org
Or contact your local distributor
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References and other information relating to this product are available online at www.atcc.org.

Biosafety Level: 1

Appropriate safety procedures should always be used with this material. Laboratory safety is discussed in
the current publication of the Biosafety in Microbiological and Biomedical Laboratories from the U.S.
Department of Health and Human Services Centers for Disease Control and Prevention and National Institutes
for Health.

Product Sheet

SW620 [SW620]

ATCC Warranty

(ATCC®

CCL227™)
Please read this FIRST

Storage Temp.
liquid nitrogen
vapor phase

Biosafety Level
1

Intended Use
This product is intended for research use only. It is not
intended for any animal or human therapeutic or
diagnostic use.

ATCC® products are warranted for 30 days from the date of shipment, and this warranty is valid only if the
product is stored and handled according to the information included on this product information sheet. If the
ATCC® product is a living cell or microorganism, ATCC lists the media formulation that has been found to be
effective for this product. While other, unspecified media may also produce satisfactory results, a change in
media or the absence of an additive from the ATCC recommended media may affect recovery, growth and/or
function of this product. If an alternative medium formulation is used, the ATCC warranty for viability is no
longer valid.

Disclaimers
This product is intended for laboratory research purposes only. It is not intended for use in humans.
While ATCC uses reasonable efforts to include accurate and uptodate information on this product sheet,
ATCC makes no warranties or representations as to its accuracy. Citations from scientific literature and
patents are provided for informational purposes only. ATCC does not warrant that such information has been
confirmed to be accurate.
This product is sent with the condition that you are responsible for its safe storage, handling, and use. ATCC
is not liable for any damages or injuries arising from receipt and/or use of this product. While reasonable effort
is made to insure authenticity and reliability of materials on deposit, ATCC is not liable for damages arising from
the misidentification or misrepresentation of such materials.
Please see the enclosed Material Transfer Agreement (MTA) for further details regarding the use of this
product. The MTA is also available on our Web site at www.atcc.org
Additional information on this culture is available on the ATCC web site at www.atcc.org.
© ATCC 2018. All rights reserved. ATCC is a registered trademark of the American Type Culture Collection. [08/08]

Complete Growth Medium
The base medium for this cell line is ATCCformulated
Leibovitz's L15 Medium, Catalog No. 302008. To
make the complete growth medium, add the following
components to the base medium: fetal bovine serum to
a final concentration of 10%.
(Note: The L15 medium formulation was devised for
use in a free gas exchange with atmospheric air. A
CO2 and air mixture is detrimental to cells when using
this medium for cultivation)

Citation of Strain
If use of this culture results in a scientific publication, it
should be cited in that manuscript in the following
manner: SW620 [SW620] (ATCC® CCL227™)

American Type Culture Collection
PO Box 1549
Manassas, VA 20108 USA
www.atcc.org
800.638.6597 or 703.365.2700
Fax: 703.365.2750
Email: Tech@atcc.org
Or contact your local distributor
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Stress

Stress Induction

GasPak induced hypoxia.
Incubation time
48 hours

Cancer
Type

Breast

Cell lines

MX1
MCF7
MDA-MB157

Effect on Lipid Metabolism





↑FASN (FA synthesis)
↑ SREBP-1, HIF1(TFs)
↑p-SREBP, , p-Akt (TFs)

Other Relevant
Observations

Effects on lipid/lipidomic profiles




H

1

Liver
Prostate

Hep3B
SK-Hep-1
HepG2
PC3M







↓ ACADM & ACADL (Beta Oxidation)
↑FASN
↑LPIN1 (TG synthesis)
↑ SCD1 (FA desaturation)
↓FABP7 (FA uptake)

O2 Concentration
2% O2
Incubation time
12 hours.

Liver

HepG2



↓FASN (only in high-density cell
culture under cytotoxic stress)
↔ FASN (low-density cell culture)
↓SREBP

3

O2 Concentration
<0.5% O2
Incubation time
24 hours.

Brain

↓ACACA, ACACB, FASN (FA synthesis)
↓HMGCR (Mevalonate synthesis)
↑SREBPF2
↓SREBPF1c
↔SREBPF1a
↑ SCD (FA desaturation)
↑FABP3, FABP7 (FA uptake)
SCD and FABP3 expression was
correlated with ┤ SREBP1.
FABP7 expression was correlated with
┤ SREBP1 & SREBP2.
↓ ACACA (FA synthesis)
↔FASN
↑ SCD-1 (FA desaturation)
↑SREBP-1

4



U87
U251

H











H

Mouse Xenograft model

In xenograft mouse
model, FASN was
strongly expressed
in the hypoxic
regions of the
tumor.
Clinical tissue samples

In human breast
tumor specimens
both FASN and
SREBP-1 were
colocalized with
hypoxic regions in
the tumors.
Mouse Xenograft model

╨LCAD enhanced
the tumor growth.

╨MCAD ↔ tumor
growth.

╨ LCAD and MCAD
induced lipid
accumulation.
Clinical tissue samples

↓LCAD in tumor
tissues.

↑HIF-1α, Akt
phosphorylation

↓ PGC-1b, LCAD,
PTEN protein levels
in tumor tissues.

LCAD expression
∞disease
progression.

O2 Concentration
1% O2
Incubation time
48 hours.



↑TGs levels

H

H

╣ HIF1 (By YC-1)
blocks the expression
of FASN and SREBP.
╣ Akt (By LY294002)
blocks the expression
of FASN, SREBP, p-Akt
and HIF1.

Effects confirmed in 3D
culture/xenograft
models/clinical tissue
samples

References

Supplementary Table 1: Effect of metabolic stress conditions on regulation of lipid metabolism in cancer cells.

O2 Concentration
Hypoxia: 1% O2
Incubation time
24 hours.

Colorectal

HCT-116
SW1222
DLD1









↑ FAs levels
↓ Desaturation index



╨HIF-1α and HIF-2α
results in ↓ TGs levels
in Hep3B cells.

2

5

O2 Concentration
Hypoxia: 1% O2
Supplementations
2.5mM acetate
Incubation time
12 hours.

Liver
Breast
Prostate

HepG2
A549
PLC-8024
SkBr3
DU 145








H

O2 Concentration
Hypoxia: 0.1% O2
Incubation time
48 hours.

Breast
Brain

MCF7
MDA-MB-231
U87
T98G





↑ ACACA
↑FASN
↑ACSS2 (Acetate-dependent acetyl CoA synthesis)
Acetate fuels de novo FA synthesis
which promotes the cancer cell
survival.
↑ Acetate uptake.
Acetate epigenetically activates FA
synthesis.

↑FABP3 and FABP7 (FA uptake)
↑ PLIN2 (LD Synthesis)
FA synthesis was repressed.


╨FASN results in
↓Acetate derived de novo FA
synthesis.

HepG2/SkBr3
cells
were more sensitive to
FASN inhibitor C75







↑LDs
↑TGs
↓ TGs species with 3 double
bonds in MCF7 cells.
↑ TGs species with 3 double
bonds in U87 cells three
↑ Palmitate, Stearate and
Linoleate levels.





┤FABP3, FABP7, and
PLIN2 results in ↓LD
┤HIF-1α ↓LD
Treatment of DMOG
activates HIF-1α and
restores the LD levels.

H

Clinical tissue samples

Higher % of liver
cancer tissues
displays
↑expression of
ACSS1 as compared
to ACSS2.

↑ H3K9ac,
H3K14ac,
H3K27ac &
H3K56ac
expression in
ACSS2 expressing
tumors.

H 3 acetylation and
FASN expression is
correlated
withACSS1/2
expression.
3D cell culture

↑ FABP3, FABP7 &
PLIN2 protein
expression in
hypoxic core of
tumor spheroids.

↑ LD levels in
hypoxic core of
tumor spheroids.

6

7

Mouse Xenograft model

╨FABP3 and FABP7
inhibit the growth
of tumors.

╨FABP3 and FABP7
inhibit LD
accumulation in
tumors.

H

H

O2 Concentration
Hypoxia: 1% O2
Incubation time
72 hours.

Breast
Cervical
Lung

O2 Concentration
Hypoxia: 0.5% O2
Supplementations
200 µM Oleate/0.2% BSA
complex.
Incubation time
24 hours.

Renal
Colorectal

MDA-MB-468
HeLa
A549




ACHN
Caki-1
DLD-1
HCT116






Cancer cells utilized glutamine as chief
carbon source for synthesis of AcetylCo A.
Increase in FA uptake (particularly of
MUFA (C18:1)




↑ Exogenous FA levels.
↑ MUFAs (C18;1) levels

↔ PNPLA2 (Lipolysis)
↔ ABHD5 (TF)
↔ G0S2 (TF)
Intracellular lipolysis is suppressed
due to inhibition of PNPLA2 by HIG2.



↑TG levels



↓SCD-1 activity.

Mouse Xenograft model

╣ SCD1(CAY10566)
effects the growth
of Akt driven
tumors.

8

Mouse Xenograft model

╨HIG2 delayed
tumor growth.

↑Neutral lipid in
HIG 2 KO tumors.

↔ Lipid in ATGL KO
tumors.
Clinical tissue samples

↑ HIG 2 in kidney,
lung, colon, bladder
and uterine tumor
tissues.

↑ HIG 2 in RCC
tissues as
compared to
adjacent normal
kidney tissues.

↔ PNPLA2 &
ABHD5 in RCC
tissues.

9

H

H

H

O2 Concentration
Hypoxia: 1% O2
Cells and media were
placed in low oxygen
overnight.
Incubation time
48 hours.
O2 Concentration
Hypoxia: 1-3% O2
Incubation time
48 hours.

Breast
Cervical
Lung

MDA-MB-468
HeLa
A549

Cancer cells utilized glutamine and acetate for
the synthesis of Acetyl-Co A.

10

Lung
Breast
Skin
Colorectal

Reductive carboxylation of glutamine-derived
-Ketoglutarate (-KG) is responsible for
supplying citrate for de novo lipogenesis.
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O2 Concentration
Normoxia: 1 % O2
Incubation time
48 hours.

Liver
Cervical
Bronchial
smooth
muscle
Prostate

A549
H460
MDA231
SK-MEL-5
A431
HCT-116
Huh7
HeLaM
Hbsm
LNCaP
DU145


↓Cell proliferation

↑ FASN

↑ACACA

↑ACLY

↑SCD-1
After Reoxygenation

↑Cell proliferation

O2 Concentration
Hypoxia: 1% O2
Incubation time
1-72 hours.
*For EVs isolation cells
were cultured in exomedepleted FBS




↑LIP1N1
HIF1-α & EPAS1 expression correlated
with LIP1N1 RNA expression.

H

H

H

Hypoxia was induced by
adding 200µM cobalt
chloride
Incubation time
3 hours
*Cells were serum
starved before
incubation under
hypoxia.

Cervical

HeLa cells

O2 Concentration
Hypoxia: 2 % O2
Incubation time
48 hours.

Leukemia
Colon
Lung

KG1
KCL22
KU812
SW480
SW620
A549



↓Cell proliferation of SW480 and A549
cells



↓ FASN (KCL22 , KU812, SW620 &
A549 cells)



↔ FASN (KG1 & SW480 cells)



↓ HMGCR (KU812, SW620 & A549
cells)
↔ HMGCR (KCL22, KG1 & SW480
cells)
↔ MGLL
↔ LPL
↔ CD36





↑ TGs levels that are correlated
with LIP1N1 RNA expression.



┤LIP1N1 decreases the
TGs accumulation.
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Cells

↑ Saturation index of membrane
PL.

↔TGs levels.

↑Myristic, Palmitic, stearic,
linoleic and arachidonic acid.

↓Lipid accumulation (after
reoxygenation)
Extracellular vesicles

↑ Stearic, Palmitic and linoleic
acid.

↑ TGs levels.
Cell vs. EVs

↑% age of saturated FA in PL in
EVs in comparison to parental
cells.

↓ Stearic acid and Oleic acid in
TGs in EV in comparison to
parental cells.

Principal component analysis
reveal clear-cut separation
between lipidomic profiles of
hypoxic and normoxic cells.

PL profile altered but changes
were only observed when
individual lipid-moieties were
compared.

↑PL with polyunsaturated acyl
chains.

↓PL with mono/di-unsaturated
acyl chains.

13



15

↔Lipidomic profiles of cancer
cells

14

O2 Concentration
Hypoxia: 1% O2
Incubation time
24-48 hours.

Ovarian

HeyA8 MDR



↑ FABP4

16

O2 Concentration
Hypoxia: 1% O2
Incubation time
48 hours.

Clear cell
renal cell
carcinoma

RCC4



↓ CPT1A

17

Serum Concentration
1% FCS
Incubation time
24 hours

Breast

Cancer cells are more dependent on de novo
lipid synthesis

Serum Concentration
1% FCS
Incubation time
72 hours

Breast
Prostate

BT20
BT549
MDA-MB-231
MDA-MB-468
MCF7
T47D
SKBr3
MCF10 A
MDA-MB-468
MDA-MB-231
BT549
BT20
SKBr3
T47D
MCF7
MCF10 A
LNCAP
PC3
DU145
RWPE1

A549
FaDu
H1299




H

H

LS

LS

LS

Serum Concentration
2% FCS
Incubation time
48 hours

Lung
Pharynx
Lung



↑ De novo fatty acid synthesis




Membrane phosphoglycerides
are mainly composed of monounsaturated acyl chains.
↑MUFA levels in DU145 cells.



Cancer cells displayed
increased sensitivity to
FASN inhibitors (C75 &
AZ22) in terms of
proliferation rates.

3D cell culture

╣FASN (by AZ22)
was more effective
against MCTS
growth.

18



┤SCD results in ↓cell
number.
┤SCD results in ↑MUFA
& PUFAs levels and
↓SFAs levels. However,
oleic acid
supplementation
restores the relative
proportions of FA
classes.
┤SCD reduces the
mono-unsaturated acyl
chains in PE, PI and PS.
Supplementation
of
oleic acid restores the
concentrations
of
mono-unsaturated
species in cancer cells.

3D cell culture

┤SCD results in
↓spheroid size.

┤SCD results in ↓
MUFAs & PUFAs in
MCTs of DU145
cells.
2D Vs. 3D(10%FCS )

↑poly-unsaturated
DG in MCTs of T47D
cells

↑ Mono-unsaturated
PI and LPA.
Mouse xenograft model

╨SCD causes ↓
growth of DU145
tumors.

↑Unsaturated DG
and PC species in
BT474 tumors.
Clinical tissue samples

↑ SCD in breast and
prostate tumor
tissues.
Clinical tissue samples

↑ SCD -1 in cancer
tissues.
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↑ SCD-1
↔SCD-5





┤SCD-1 induced
apoptosis
┤SCD-5 inhibition did
not induce apoptosis.
╣SCD-1 (with
A939572) reduced the
Proliferation of cells.
Supplementation of

20

media with oleic acid
reversed the effect of
A939572.

Serum Concentration
2% FBS
Incubation time
48 hours

Leukemia
Colon
Lung

KG1
KCL22
KU812
SW480
SW620
A549

LS













LS

LL

LL

Serum Concentration
0.5% FBS
Incubation time
72 hours
Serum Concentration
1% LPDS
Incubation time
24 hours
Serum Concentration
Lipid-reduced FBS
Incubation time
48-72 hours
Serum Concentration
1% LPDS
Incubation time
72 hours

↓Cell proliferation of all cell lines
except SW620
↓ FASN (A549 cells)
↔ FASN (KCL22 , KU812, KG1, SW480
& SW620 cells)
↓ HMGCR (A549 cells)
↔ HMGCR (KCL22 , KU812, KG1,
SW480 & SW620 cells)
↑ MGLL ( SW480 & SW620 cells)
↓ MGLL(KG1 & KU812 cells)
↔ MGLL(KCL22 & A549cells)
↑ LPL(KU812 cells)
↔ LPL(SW480)
↑ CD36(KU812 cells)

Kidney

A498

Brain

U87
U251



↑ SREBF1a, SREBF1c , SREBF2

Prostate
Lung
Liver

PC3M
HOP62
HepG2




Decreased proliferation rates
Increased dependency on DNL.

Breast
Prostate

BT474
DU145

↑ACSS2











↓ CE levels
↓ TGs subspecies levels
(Leukemia cell lines)
↑DGs levels(Leukemia cell lines)
↑Highly saturated PCPs
levels(Leukemia cell lines)

↓ Overall TGs pool
↓ unsaturated TGs
↓ CEs
↑ Saturation index of TGs

15



╣SCD-1 increased the
TGs and DGs
saturation.

21

3D cell culture

┤SREBP1 results in
↓spheroid diameter.


┤ACLY induced
apoptosis.

22

Clinical tissue samples



LL





LL

Serum Concentration
2% CS-FBS
Incubation time
8 hours

Pharynx
Lung

FADU
H1299

↑ SCD-1



Cells were more
sensitive to inhibition
of SCD-1 by A939572.

4
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↑ ACSS2 expression
in IDCs and ILCs
tissues.
ACCS2 expression
correlated with
disease
progression/ cancer
stage in breast
cancer patients.
↑ ACSS2 expression
in metastatic
prostrate tumors as
compared to
primary tumors.
↑ ACSS2 expression
in tumors as
compared to
normal adjacent
tissues.

Mouse Xenograft model

╣SCD-1(A939572)
inhibits the tumor
growth.

20

LL

LL

LL

LL

ND+H

LS+H

LL+H

LS+H

LL+H

Serum Concentration
10% lipid-reduced serum
Incubation time
72 hours

Prostate
Lung
Liver
Renal

PC3M
HOP62
HepG2
T24

Serum Concentration
1% LPDS

Brain

U87



× LD levels

Hematopoi
etic

CCRF-CEM
KG-1
MOLT-3
THP-1



↔Cholesterol levels

24

Serum Concentration
10% LPDS
Incubation time
24 hours
O2 Concentration
Hypoxia: 0.1% O2
Normoxia: 21% O2
Serum/Supplementatio
ns
SMEM media.
Incubation time
72 hours
O2 Concentration
Hypoxia: 0.1% O2
Normoxia: 21% O2
Serum Concentration
1% FCS
Incubation time
72 hours

Hematopoi
etic

THP-1
PBMCs




↔Cholesterol levels
↑TG levels

25

Breast
Prostate

MDA-MB-468
DU145



↑PC and PE with shorter more
saturated FA acyl chains.
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O2 Concentration
Normoxia:20% O2
Hypoxia:<0.5% O2
Serum Concentration
1% LPDS
Incubation time
24 hours
O2 Concentration
Normoxia:21% O2,
Hypoxia:1% O2
Serum Concentration
1% DFBS

Incubation time
48 hours
Serum Concentration
10% LPDS
Incubation time
24 hours

Incubation time
48 to 72 hours
Medium contain 90 µMU
13C-acetate
O2 Concentration
Normoxia:21% O2,
Hypoxia:0.1% O2
Serum Concentration
1% LPDS
Incubation time
48 hours










Breast
Prostate

BT474
BT474c1
DU145



Brain

U87
U251








Breast

MDA-MB-468
BT-474







Brain



↑ ACLY
↑ FASN
↑ ACSS2
↑ HMGCR
Only the cell lines that significantly
elevated lipogenic activity maintained
their proliferation rates.

Cancer cells primarily depend upon the
de novo fatty acid synthesis.
↓Glucose utilization by TCA cycle.

↑ Sensitivity to
Soraphen A and


3D cell culture
↓Growth of tumor
spheroids.

23

Simvastatin.



╣HMGCR (by
Fatostatin) results in
↓LD accumulation.

7

Cancer cells more sensitive to
┤ACSS2.

Cancer cells used acetate as chief
carbon source.
↑ ACSS2

↑ ACACA, ACACB, FASN,
↑HMGCR
↑ SREBF1a, SREBF1c , SREBF2
↑↑ SCD
↑↑FABP3, FABP7
┤ SREBP1 increased the apoptosis of
cancer cells.
Cancer cells utilized most of the acetate
for synthesis of Acetyl-Co A.
Increase in nuclear localization of
ACSS2. Nuclear ACSS2 recaptures
acetate released from histone
deacetylation for recycling by histone
acetyl transferase.
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4

Mouse Xenograft model

In hypoxic regions
of tumor tissues
ACSS2 is
prominently
expressed in the
nuclei of tumor
cells.

U87



× LD levels

╣HMGCR (by
Fatostatin) causes ↔LD
accumulation.

26

7

LS+H

O2 Concentration
Normoxia:21% O2,
Hypoxia:0.5% O2
Serum Concentration
0.5% FBS
Incubation time
72 hours

Kidney

A498



Cancer cells were more sensitive to
┤DGAT( in terms of proliferation )



↑FA saturation index of TGs and
DGs.



┤DGAT leads to ↓TGs
and ↑≥2 SFA TGs levels
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Key: Abbreviations: ACACA, acetyl-CoA carboxylase 1; ACACB, acetyl-CoA carboxylase 2; ACSS2, acyl Co-A synthetase-2; ADFP, adipose differentiation protein;
ATGL, adipose triglyceride lipase; Cho, choline; CPT1A, Carnitine palmitoyltransferase 1A; CS-FBS, charcoal striped fetal bovine serum; DFBS , dialyzed fetal
bovine serum; DMOG, dimethyloxalylglycine; DNL, de novo lipid synthesis; FA, fatty acids; FABP3, fatty acid binding protein 3; FABP4, fatty acid binding protein 4;
FABP7, fatty acid binding protein 7; FFA, free fatty acids; FASN, fatty acid synthase; FBS, fetal bovine serum; FCS, fetal calf serum; H, hypoxia; HIF-1α, hypoxiainducible factor 1-alpha; HIF-2α, hypoxia-inducible factor 2α; HIG2, hypoxia-inducible gene 2 protein; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; LD,
lipid droplet; LCAD, long-Chain Specific acyl-CoA dehydrogenase; LL, low-lipid; LS, low-serum; MAG, monoacylglycerol ; MCAD, Medium-chain acyl-CoA
dehydrogenase; MCTs, multicellular tumor spheroids; MUFA, monounsaturated fatty acids; PBMCs, peripheral blood mononuclear cells; PC, Phosphatidylcholines;
PE, phosphatidylethanolamines; Pcho, propargyl-choline; PI, phosphatidylinositol; PS, phosphatidylserine; PUFA, polyunsaturated fatty acids; RCC, renal cell
carcinoma; SCD, stearoyl-CoA Desaturase; SFA, saturated fatty acids; SMEM, spinner minimum essential medium; SREBP, sterol regulatory element-binding
proteins; TG, triglycerides
Symbols: ↓, down regulated; ↑, up regulated; ↑↑, strongly up regulated; ↔, no effect; ×, low effect; ┤, gene knock down by siRNA; ╨, gene knock out; ╣,
pharmacological gene inhibition
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The Ability to Deal with Metabolic Stress
Correlates with Cell Proliferation Rates under
2D or 3D Cell Culture System
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ABSTRACT
Different cancer cell lines display altered–either decreased or increased– proliferation rates when cultivated
as 3D tumor spheroids. The presented work aimed to study the interplay between cell proliferation rates
and metabolic stress in 2D and 3D cell culture systems. Two cell line models (HepG2; liver cancer cell
line and HCT-116; colorectal cancer cell line) were selected that showed inverse proliferation trends
under 2D and 3D cell culture systems: HCT-116 displays decreased, while HepG2 displays increased
proliferation rates under 3D system. The presented data indicated that the proliferative capacity of the
given cell line was associated with its ability to deal with metabolic stress under 2D or 3D system. HCT116 cells coped better with metabolic stress in 2D system while HepG2 in 3D system.

O

ne of the most obvious differences in cells under 2D
or 3D cell culture systems is their altered proliferation
capacity. In 3D cell culture systems different cancer cell
lines displayed altered –either decreased or increased–
proliferation rates. Number of cell lines showed reduced
proliferation rates in 3D systems (Wong et al., 2007;
Gurski et al., 2010; Maria et al., 2011; Chitcholtan et
al., 2012; Fallica et al., 2012; Luca et al., 2013). The
underlying mechanisms for the differences in proliferation
rates of cancer cells in 2D and 3D cell culture systems are
not widely explored. 3D spheroids are known to possess
zones of differential proliferation. It has been shown that
cells at the periphery of tumor spheroid –that have better
access to nutrients and oxygen– divide more rapidly (Lin
and Chang, 2008). Cancer cells within in vivo tumors are
also exposed to oxygen- and nutrient-gradients depending
on their distance from the nearest blood vessels. Hence,
the cancer cells are often exposed to metabolically
challenging environment where oxygen and nutrient
supply is scarce.This metabolic stress induced by oxygen
and nutrient-deprivation is shown to have differential effect
on cell proliferation rates in different cancer cell lines.
The presented work was designed to study the interplay
between cell proliferation rates and metabolic stress in
2D and 3D cell culture systems. Two cell line models
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(HepG2; liver cancer cell line and HCT-116; colorectal
cancer cell line) were selected that show inverse
proliferation trends under 2D and 3D cell culture system.
In order to study the effects of metabolic stress –induced
by oxygen and nutrient– both 2D and 3D cultures were
exposed to different cell culture conditions.
Materials and methods
HCT-116 (Colon Adenocarcinoma Cell Line) and
HepG-2 (Liver Hepatocellular Carcinoma) cell lines were
purchased from the American Type Culture Collection
(ATCC). Cell lines were cultivated in standard cell
culture conditions according to the ATCC guidelines. For
low-serum culture conditions RPMI 1640 medium was
supplemented with 2%, 4% and 6% FBS. For inducing
hypoxia cell culture plates were sealed with paraffin
film and placed in anaerobic jar (Oxoid, HP0011) and
incubated at 37 °C. Monolayers of cells (2D) were cultured
in 24-wells culture plates. Multicellular tumor spheroids
(MCTS) were generated by liquid overlay method (Casey
et al., 2001) in flat bottom 96-wells plates.
DNA was extracted using Trizol reagent
according to manufacturer’s guidelines. For DNA
quantification absorbance was measured using Nanodrop
spectrophotometer (Thermo Scientific NanoDrop Lite
spectrophotometer). Protein was extracted using NP40
Abbreviations
2D, Two dimensional; 3D, Three dimensional.
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buffer and quantified by Bradford method (Merck Bradford
Kit, 110306) according to manufacturer’s guidelines.
For tracking of spheroid growth diameters of 3-6
spheroids were measured for each condition at alternate
days (Day 3, 5, and 7). Spheroids were imaged via
IRMECO IM-200 inverted light microscope and their
diameters were assessed by Scope image 9.0(X5) software.
For determination of triglyceride content Lipids were
extracted from cell pellets using a methanol/chloroform
extraction method (De Schrijver et al., 2003) and was
spectrophotometrically determined using commercially
available kit (Analyticon Biotechnologies AG, Catalogue
# 5052) against a calibration-curve generated using known
concentrations of triglyceride standard (SUPELCO,
17811-1AMP).
GraphPad Prism version 6 was used for statistical
analysis.
Results and discussion
Previous studies have shown that colorectal cancer
cells display decreased (Maria et al., 2011), while HepG2
cells display increased proliferation rates under 3D system
(Chang and Hughes-Fulford, 2008). In order to reconfirm
this phenomenon both HCT-116 and HepG2 cells were
cultured in 2D and 3D cell culture systems. In accordance
with previous studies, HCT-116 cells display decreased
proliferation rates in 3D than in 2D cell culture system
(Fig. 1a). Cell proliferation rates gave similar trends at
three different time-points (day 3, 5 and 7). Conversely,
HepG2 cells display increased proliferation rates under 3D
cell culture system (Fig. 1b).
Next, the impact of metabolic stress–induced by
oxygen- and serum-deprivation– on cell proliferation
rates in the selected cancer cell lines was assessed. The
cell proliferation rates in these metabolically stressed
conditions were compared to that in normoxic full-serum
(10%) growth conditions. Interestingly, HCT-116 cells
–that also displayed better proliferative capacity in 2D
system– were less sensitive to metabolic stress under
2D cell culture system (Fig. 2a). However, the growth
of HCT-116 tumor spheroids was significantly reduced
under serum-deprived conditions but not under hypoxic
conditions. HepG2 cells on the other hand were more
sensitive to metabolic stress under 2D cell culture system,
while the growth of HepG2 tumor spheroids was not
significantly affected by serum-deprivation or hypoxia
(Fig. 2b). In this study the impact of metabolic stress on
diameter of HCT-116 (Fig. 2c) and HepG2 cells (Fig.
2d) was also studied. The data on spheroids diameter
mostly followed the similar trends as above i.e. metabolic
stress induced reduced growth of HCT-116 spheroids
but not of HepG2 spheroids. This data indicated that the
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proliferation capacity of the given cell lines was associated
with the ability to deal with metabolic stress under 2D or
3D systems. HCT-116 coped better with metabolic stress
in 2D system while HepG2 in 3D system. It has been
previously reported that cancer cells cultivated under
nutrient-deprivation try to up-regulate their metabolic
pathways to compensate for reduced supply of nutrients
(Daniels et al., 2014; Noreen et al., 2018). Only the celltypes capable of sufficiently compensating for limited
nutrient supply–via de novo synthesis or activation of
alternate pathways– maintain their proliferation rates
under metabolic stress.
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Fig. 1. Comparison of proliferation rates in 2D and 3D
cell culture systems. (A) HCT-116 and (B) HepG2 cells
were cultivated (seeding density; 3x104 cells) in 2D and
3D cell culture systems for 3, 5 or 7 days. At each time
point DNA/protein quantification assays were performed
to determine cell number. Data were median normalized
and LOG2 transformed. Data are representative of three
independent experiments. Significance was determined by
unpaired t-test. *Significantly different (*p ≤ 0,05; **p ≤
0,01; ***p≤ 0,001), n.s not significant (p > 0,05).
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Fig. 2. Impact of metabolic stress on cell proliferation rates in 2D and 3D cell culture systems. (A) HCT-116 and (B) HepG2
cells were cultivated (seeding density; 3x104 cells) in 2D and 3D cell culture systems under normal growth conditions (10%
FBS; 20% Oxygen), hypoxia (10% FBS; 0% Oxygen) or low-serum growth conditions (2, 4, or 6% FBS; 20% Oxygen). DNA/
protein quantification assays were performed to determine cell number. Data were normalized to normal conditions and LOG2
transformed. Data are representative of three independent experiments. Representative microscopy images of (C) HCT-116
and (D) HepG2 spheroids generated in aforementioned culture conditions. The panels on the right compare diameters of the
corresponding cell line spheroids. Data were normalized with median of the normal condition.
(Abbreviations: Nor, normal growth conditions; Hyp, hypoxia; LS, low-serum growth conditions).

O

i
l
n

HepG2 cells are known to display high number of
lipid-droplets (LD) under normoxic conditions and are
frequently used as a model for studying LD biogenesis.
When compared to HCT-116 cells the baseline levels of
triglycerides –one of the major components of LDs– were
six-fold higher in HepG2 cells (Supplementary Fig. 1a).
This high lipid-load in HepG2 cells may also affect their
proliferation rates in 3D cell culture system. TG-content
in HepG2 cells cultivated under 3D and 2D cell culture
systems was compared. HepG2 cells in 3D spheroids
display significantly lower levels of TG in comparison
to 2D-cultured cells (Supplementary Fig. 1b). It has been
proposed that LDs support cancer-cell survival/tumor
progression under nutrient-deprivation and the nutrientdeprived cancer cells mobilize lipids from intracellular
stores (Baenke et al., 2013). Cancer cells across a 3D
spheroid have differential access to nutrients including

lipids –that are abundantly required for cancer cell
proliferation and progression. Hence, nutrient-deprived
cells within the core of spheroids would have been able
to mobilize the stored lipids in LD causing decrease in
lipid-deposits in 3D-cultured cells. HCT-116 cells–that
have lower baseline TGs–displayed higher TG-content
in 3D cultured cells in comparison to 2D-cultured cells
(Supplementary Fig. 1c). Previous research reports have
shown that cancer cells display increased lipid-load
under metabolic stress conditions (Daniëls et al., 2014;
Kamphorst et al., 2014). This increased lipid-load in HCT116 spheroids could be attributed to increase metabolic
stress in these cells under 3D system.
Conclusion
The presented work shows that cells’ capability to
deal with metabolic stress affects its proliferative capacity
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under 2D or 3D system. Further, studies are required
to understand the molecular mechanisms deriving cell
proliferation rates under 2D or 3D systems.
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Supplementary Fig. 1. Triglyceride levels in HepG2 and HCT-116 cells. (A) Comparison of baseline triglyceride-level between
HepG2 and HCT-116 cells. Cells were cultured under normal growth conditions for 10 days. (B) Comparison of TG-levels in
HepG2 cells cultivated under 2D vs. 3D cell Culture systems (C) Comparison of TG-levels in HCT-116 cells cultivated under 2D
vs. 3D cell Culture systems. Data were normalized to protein content. Significance was determined by unpaired t-test. *significantly
different (*p≤0,05; **p≤0,001; ***p≤0,001), n.s not significant (p > 0,05).
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REVIEW ARTICLE

Lipid metabolism in cancer cells under metabolic stress
Rimsha Munir1, Jan Lisec2, Johannes V. Swinnen3 and Nousheen Zaidi1
Cancer cells are often exposed to a metabolically challenging environment with scarce availability of oxygen and nutrients. This
metabolic stress leads to changes in the balance between the endogenous synthesis and exogenous uptake of fatty acids, which
are needed by cells for membrane biogenesis, energy production and protein modiﬁcation. Alterations in lipid metabolism and,
consequently, lipid composition have important therapeutic implications, as they affect the survival, membrane dynamics and
therapy response of cancer cells. In this article, we provide an overview of recent insights into the regulation of lipid metabolism in
cancer cells under metabolic stress and discuss how this metabolic adaptation helps cancer cells thrive in a harsh tumour
microenvironment.
British Journal of Cancer (2019) 120:1090–1098; https://doi.org/10.1038/s41416-019-0451-4

BACKGROUND
The development and progression of cancer is typically accompanied by marked changes in the tumour microenvironment. The
rapid growth and expansion of tumour tissue often leads to a poor
and aberrant blood supply, resulting in hypoxia and a limited
supply of nutrients. To thrive under these changing and
challenging conditions, cancer cells adapt their metabolism,
including that of lipids.1–3 One of the key features of this
metabolic adaptation is the elevated de novo synthesis of fatty
acids (FAs), which is observed in many different cancer types4–8
and is generally believed to be required to provide rapidly
proliferating cancer cells with a constant supply of FAs for
membrane biogenesis, energy production and protein modiﬁcation. Fatty acid synthase (FASN), the rate-limiting enzyme in the FA
synthesis pathway, has been widely reported to promote cancer
progression.3 However, studies have shown that cancer cells can
also acquire exogenous FAs by upregulating various FA-uptake
mechanisms.9–11
Several factors, including genetic mutations, play a signiﬁcant role
in determining the relative dependence of cancer cells on lipid
uptake versus endogenous synthesis. For instance, cells transformed
by oncogenic HRASG12V display elevated lipid uptake, whereas cells
transformed by constitutively active (myristoylated) AKT undergo
increased de novo synthesis.9 In addition, crosstalk between tumour
cells and the microenvironment affects the cellular lipid acquisition
mode. Oxygen and nutrient deprivation can each independently
induce metabolic stress, which affects the balance between FA
synthesis and uptake,3,9 and consequently the lipid composition of
cancer cells.12–14 This metabolic ﬂexibility is particularly important
for cancer cells within tumour tissues that are often exposed to
temporal ﬂuctuations in oxygen and nutrient availability.
This review discusses the effects of oxygen and nutrient
deprivation, as separate parameters and in combination, on
various aspects of lipid metabolism in cancer cells. We have
performed an extensive literature survey, and, through an in-depth
analysis of the results disseminated throughout the published

literature, tried to explain the inconsistencies in reports and to link
these inconsistencies to different experimental/analytical methods,
including differences in cell line models, cell culture conditions or
data presentation strategies. Therefore, in this review we have
focused not only on summarising the major ﬁndings but also on
detailing the methodological variations in previous reports, which
are provided as supplemental information. The ﬁndings discussed
in this review reveal that oxygen and nutrient deprivation limit
cancer cells’ metabolic ﬂexibility that otherwise allows these cells
to switch between different pathways of FA acquisition. Hence,
under such conditions the pathway currently adopted by the
cancer cell could be the preferred target of anti-neoplastic
strategies. Otherwise, therapeutic strategies simultaneously targeting several routes of lipid provision might be required.
Lipid metabolism under hypoxic conditions
Hypoxia is a common feature of many human tumours and is a
consequence of high cell proliferation rates, resulting in increased
oxygen consumption, and aberrant blood vessel development.
Hypoxia promotes aggressive malignancy and is associated with
poor prognosis in a wide range of cancer types.15–17 Oxygen
deprivation results in the expression of hypoxia-inducible factors
(HIFs), which mediate multiple protective mechanisms that help in
maintaining oxygen homoeostasis by reducing oxidative metabolism and oxygen consumption.18–21 One such inducible factor,
HIF-1α, is a key regulator of multiple cancer-related metabolic
pathways, including glycolysis, glycogenesis, the TCA cycle,
nucleotide metabolism, amino acid metabolism, leptin metabolism, lipid metabolism and others.22–25
FA synthesis under hypoxic conditions
Several groups have studied the effects of hypoxic stress on FA
synthesis in cancer cells, but the results of these studies appear to
be largely inconsistent. For instance, FASN expression has been
reported to be increased,26–28 decreased11,29 or unaffected30 in
hypoxic cancer cells (Table 1, Fig. 1; FA Synthesis). The most
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Table 1.

Regulation of lipid metabolism under metabolic stress

Stress

Cancer type

Observed effects on lipid metabolism

Reference

H

Breast

FASN expression upregulated via activation of Akt and SREBP-1

26

H

Liver, prostate

Expression of markers of FA synthesis (FASN), FA desaturation (SCD-1) and TG synthesis (LIPIN1)
upregulated; expression of markers of FA β-oxidation (ACADM and ACADL) and FA uptake
(FABP7) downregulated; cellular TG levels increased

27

H

Liver

FASN expression downregulated only in high-density cell cultures, where hypoxia induced
cytotoxic effects; FASN expression unaffected in low-density cell cultures

29

H

Brain

11

H

Colorectal

H

Liver, breast, prostate

Expression of markers of FA synthesis (FASN, ACACA and ACACB) and mevalonate synthesis
(HMGCR) downregulated; expression of markers of FA desaturation (SCD-1) and FA uptake
(FABP3 and 7) upregulated
Expression of FA synthesis (FASN and ACACA) markers either unaffected or downregulated;
expression of FA desaturation (SCD-1) markers upregulated
Under hypoxia, acetate also functions as an epigenetic metabolite that enhances H3 acetylation
levels in FASN and ACACA promoter regions, which upregulates FASN and ACACA expression,
and increases FA synthesis

H

Breast, brain

Cancer cells accumulated lipid droplets under hypoxia through FA uptake (via upregulated
FABP3/7), while de novo FA synthesis was repressed. Expression of perilipin 2 (a protein in lipid
droplet membranes) was also upregulated. Cellular TG levels increased and TG proﬁles were
differentially affected in different cancer cell lines

10

H

Breast, cervical, lung

Cancer cells showed increased FA [particularly of MUFA (C18:1)] uptake. Glutamine was the
primary carbon source for synthesis of acetyl-CoA

9

H

Renal, colorectal

Intracellular lipolysis suppressed due to inhibition of PNPLA2 by HIG2, causing increased TG
levels in hypoxic cells

32

H

Breast, cervical, lung

Cancer cells mainly reliant on glutamine and acetate for the synthesis of acetyl-CoA

34

H

Lung, breast, skin, colorectal

Under hypoxic conditions, reductive carboxylation of glutamine-derived α-ketoglutarate (α-KG)
helps in supplying citrate for de novo lipogenesis. This pathway uses mitochondrial and
cytosolic isoforms of isocitrate dehydrogenase

35

H

Liver, cervical, bronchial
smooth muscle

Hypoxia caused TG accumulation by HIF-1-mediated stimulation of LIPIN1 expression

43

H

Prostate

28

H

Cervical

Hypoxia-induced TG accumulation in extracellular vesicles (EVs) released from prostate cancer
cells; upregulated expression of markers for FA synthesis (ACLY, FASN and ACACA) and FA
desaturation (SCD-1); phospholipid and TG proﬁles both altered in cells and EVs; saturation
index of membrane phospholipids increased
Phosphatidylcholine proﬁles and the level of individual species were altered; relative
abundance of phospholipid species with acyl chains containing ≥3 double bonds not
signiﬁcantly different from those containing <3 double bonds

H

Leukaemia, colon, lung

Cancer cells maintain lipid class homoeostasis under hypoxic stress. The levels of individual
lipid moieties alter under hypoxia, but the robust averages of the broader lipid class remain
unchanged

69

H

Ovarian

FABP4 expression was increased

42

H

Clear cell renal cell carcinoma

Carnitine palmitoyltransferase 1A expression is repressed, reducing FA transport into the
mitochondria, and forcing FAs to accumulate lipid droplets for storage

49

LS

Breast

Cancer cells more dependent on de novo lipid synthesis

12

LS
LS

Breast, prostate
Lung, pharynx, lung

De novo FA synthesis upregulated; cellular levels of MUFA increased
SCD-1-mediated FA desaturation upregulated

60

LS

Leukaemia, colon, lung

In leukaemia cells neutral lipid compositions were markedly modiﬁed. Cellular level of TG
subspecies decreased with increasing number of double bonds in their fatty acyl chains. Colon
and lung cancer cells showed overall decrease in cholesterol ester under serum deprivation. A
similar trend was observed under LS + H conditions

69

LS

Kidney

Signiﬁcant reductions in TGs and cholesterol ester levels; decreases in the abundance of
unsaturated TGs and a shift towards TG saturation

70

LL

Brain

Expression of SREBPs upregulated

11

LL
LL

Prostate, lung, liver
Breast, prostate

Increased dependency on de novo FA synthesis for cell survival
Expression of ACSS2 upregulated

73

LL

Pharynx, lung

Expression of SCD-1 upregulated

50

LL

Prostate, lung, liver, renal

Expression of markers for de novo FA synthesis (ACLY and FASN) and mevalonate synthesis
(HMGCR) upregulated; expression of ACSS2 also upregulated

13

LL

Brain

Low effect on lipid droplet accumulation

10

LL

Haematopoietic

No effect on cellular cholesterol levels

74

LL

Haematopoietic

Cellular cholesterol levels unaffected; TG levels signiﬁcantly elevated

75

30

41

31

50

12
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Table 1 continued
Stress

Cancer type

Observed effects on lipid metabolism

Reference

MEM

Breast, prostate

Cancer cells primarily dependent on de novo FA synthesis; phosphatidylcholine and
phosphatidylethanolamine proﬁles altered: the levels of phosphatidylcholines and
phosphatidylethanolamines with shorter, more saturated fatty acyl chains increased

12

LS + H Breast, prostate

Increased acetate-dependent FA synthesis

12

LL + H Brain

Increased expression of markers for FA synthesis (FASN, ACACA, ACACB), desaturation (SCD-1)
and uptake (FABP3 and 7); expression of HMGCR also upregulated

11

LS + H Breast

Cancer cells utilised most of the acetate for synthesis of acetyl-CoA; ACSS2 mainly localised in
the nucleus, where it recaptures acetate released from histone deacetylation for recycling by
histone acetyl transferase

65

LL + H Brain

Low effect on lipid droplet accumulation

10

LS + H Kidney

Decrease in TGs harbouring unsaturated FAs and a shift towards increased TG saturation;
saturation of diacyglycerols also increased

70

Reference numbers also correspond to the reference numbers in Fig. 1
H hypoxia, LS low serum, LL low lipid, MEM minimum essential medium

obvious differences among these studies come from the selection
of cancer type or cell line models (Table 1), suggesting the
potential existence of a cell-type-speciﬁc regulation of FA
synthesis under hypoxia. However, detailed examination of the
previous reports revealed other subtle to substantial differences in
cell culture methods (Supplementary Table 1), which might also
induce variations in the results. For instance, in some studies, cells
were serum-starved prior to hypoxia induction,31 hypoxia was
applied in combination with nutrient deprivation,12 or full serum
media was supplemented with exogenous lipids.32 Indeed, Lewis
et al.11 reported that, in glial cancer cells, hypoxia alone led to the
decreased expression of FA synthesis markers, while hypoxia in
combination with low-serum conditions led to an increased
expression of these markers. Interestingly, hypoxic regions within
tumours growing in vivo display increased FASN expression
(Supplementary Table 1).26 Hence, we can speculate that cells in
these hypoxic cores are simultaneously deprived of oxygen and
nutrients. Further studies are required to prove this hypothesis
under in vivo settings. In addition, FASN expression under hypoxic
conditions seems to be dependent on cell seeding density. FASN
expression was downregulated in high-density HepG2 human
hepatoblastoma cultures, while it remained unaffected in lowdensity cell cultures.29
In hypoxic cancer cells, the expression of other enzymes that
are involved in de novo lipid synthesis often show similar trends
to those of FASN (Table 1). Most of these enzymes are under the
transcriptional control of sterol regulatory-element binding
protein-1 (SREBP-1). Hypoxia induces the activation of Akt and
HIF-1, which is followed by the increased expression and
activation of SREBP-1, which in turn induces the increased
expression of FASN, among other biosynthetic enzymes.26
Conversely, the studies that reported a hypoxia-induced reduction
in FASN expression showed that SREBP-1 expression is also
decreased or unaffected under such conditions.11,29
In normoxic cells, glucose is the main source of acetyl-CoA for
downstream lipid synthesis pathways (Fig. 1; FA synthesis and
mevalonate pathway). However, hypoxia inhibits the entry of
glucose-derived pyruvate into the TCA cycle,19,33 which consequently prevents glucose-based acetyl-CoA synthesis.19 To
compensate, cancer cells adopt different metabolic mechanisms
for FA synthesis—for instance, relying on glutamine or acetate
as alternative substrates.34–36 Hypoxic breast, prostate, cervical,
lung and colon cancer cells show increased acetate uptake,
which has been shown to support tumour growth.12,34,37 Recent
studies provide evidence that acetate is a fundamental nutrient
that can fuel cancer growth under metabolic stress. Acetate can
be endogenously generated through the removal of acetyl

groups from histones by histone deacetylases38 and through
hydrolysis of acetyl-CoA.39 It was recently shown that more than
80% of the intracellular acetate in cancer cells is generated de
novo through glycolysis.40 While the expression of acyl-CoA
synthetase short-chain family member 2 (ACSS2)—an enzyme
that produces acetyl-CoA using acetate as a substrate—was
found to be upregulated in hypoxic breast and prostate cancer
cells,12,37 it was downregulated in hypoxic liver cancer cells;41
however, acetate supplementation increased ACSS2 and ACSS1
expression.41 These contrasting observations were attributed to
the differences in cell culture methods. In addition, it has been
shown that in hypoxic HepG2 cells acetate also functions as an
epigenetic metabolite that enhances H3 acetylation levels at the
promoter regions of FASN and acetyl-CoA carboxylase α
(ACACA), resulting in increased expression of these genes, thus
enhancing FA synthesis (Fig. 1; Nucleus).41 Interestingly, ACSS1
and ACSS2 were found to be involved in this acetate-induced
epigenetic regulation of FA synthesis.41 Clinical samples of
hepatocellular carcinoma with high ACSS1 and ACSS2 expression exhibit increased histone H3 acetylation and FASN
expression.41 Thus, ACSS1 and ACSS2 were suggested to be
potential therapeutic targets for cancer. It has been shown that
co-silencing of FASN and ACSS2 induces cell death in
biologically diverse cancer cell lines.13
Exogenous FA uptake under hypoxic conditions
In addition to adjusting for different substrates, hypoxic cancer
cells might also use FA uptake pathways to compensate for
reduced glucose-based de novo FA synthesis.3,9,10 Hypoxia
increases FA uptake in breast cancer, ovarian cancer and
glioblastoma cells by inducing the expression of FA-binding
proteins (FABP3, FABP7 or FABP4), which are involved in the
uptake and subcellular trafﬁcking of FAs10,11,42 (Fig. 1, Table 1).
Hypoxic cancer cells are known to accumulate lipid droplets.43
Bensaad et al.10 reported that this hypoxic accumulation of lipid
droplets in breast cancer and glioblastoma cells is mediated by
FABP-dependent FA uptake, while de novo FA synthesis is
repressed. Gharpure et al.42 demonstrated that microRNA-409-3p
regulates the expression of FABP4 in ovarian cancer cells. Hypoxia
reduces the expression of microRNA-409-3p, thus potentially
removing its inhibitory effect on FABP4, which subsequently
results in increased FABP4 levels. These FABPs have been shown
to be involved in tumour progression.10,42 In murine models,
inhibition of FABP3,10 FABP710 and FABP442 impairs in vivo
tumorigenesis.10 Clinical data also show that high FABP4
expression is signiﬁcantly correlated with poor overall and
progression-free survival.42,44
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Fig. 1 Overview of the major lipid metabolism pathways shown to be affected by metabolic stress. The ﬁgure highlights all the key lipid
metabolism pathways activated in cancer cells. Major pathways are shown as boxes without outlines. The systematic names of these pathways
are given at the bottom-right corner of each box. The numbers shown superscripted to each protein/metabolite indicate the reference
number. For further details see the text and Supplementary Table 1. ACACA acetyl-CoA carboxylase 1, ACACB acetyl-CoA carboxylase 2, ACSS2
acyl Co-A synthetase-2, ADFP adipose differentiation protein, ATGL adipose triglyceride lipase, FA fatty acids, FABP3 fatty acid binding protein
3, FABP7 fatty acid binding protein 7, FFA free fatty acids, FASN fatty acid synthase, H hypoxia, HIF-1α hypoxia-inducible factor 1-α, HIF-2α
hypoxia-inducible factor 2α, HIG2 hypoxia-inducible gene 2 protein, HMGCR 3-hydroxy-3-methylglutaryl-CoA reductase, LD lipid droplet,
LCAD long-chain speciﬁc acyl-CoA dehydrogenase, MAG monoacylglycerol, MCAD medium-chain acyl-CoA dehydrogenase, MUFA
monounsaturated fatty acids, PBMCs peripheral blood mononuclear cells, PC phosphatidylcholines, PE phosphatidylethanolamines, Pcho
propargyl-choline, PI phosphatidylinositol, PS phosphatidylserine, PUFA polyunsaturated fatty acids, SCD stearoyl-CoA desaturase, SFA
saturated fatty acids, SREBP sterol regulatory element-binding proteins, TG triglycerides

Expression of CD36, an FA uptake channel, is known to be
upregulated under hypoxia in different non-transformed
cells.45,46 CD36 has been previously implicated in tumour
progression.7,8,47 Metastasis-initiating cells in human oral
carcinomas display high levels of the CD36.48 Clinical data show
that the presence of CD36+ metastasis-initiating cells correlates
with a poor prognosis for numerous types of carcinomas, and
inhibition of CD36 also impairs metastasis, at least in human
melanoma- and breast cancer-derived tumours.48 Nevertheless,
hypoxic regulation of CD36 in cancer cells is not studied in
detail. Du et al.49 showed that at least in RCC4 clear cell renal cell
carcinoma cells, hypoxic accumulation of lipid droplets was not
mediated by CD36. Further studies are required to study this
phenomenon in detail.

Hypoxia has been shown to increase FA uptake, mainly of
monounsaturated FAs (MUFAs), in diverse cancer cell lines (Fig. 1).9
The reason for this speciﬁc MUFA uptake is not clearly understood,
although it has been shown that cancer cells require MUFAs for
survival.50 A speciﬁc balance between saturated FAs (SFAs) and
unsaturated FAs is also critical for cancer cell progression.
Alteration in the ratio of SFAs to MUFAs in cellular FA pools
affects cell survival and proliferation via a number of interrelated
mechanisms, including perturbations in mitochondrial function,
heightened cellular reactive oxygen species (ROS), ER stress and
apoptosis.51–53 FAs synthesised de novo are initially fully
saturated; hence, a substantial fraction of de novo synthesised
FAs will require desaturation by the activity of stearoyl-CoA
desaturase-1 (SCD-1), a process that notably requires oxygen.
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Hypoxia therefore renders cells dependent on the uptake of
exogenous unsaturated FAs. Indeed, limiting the supply of
exogenous FAs to hypoxic cells leads to a critical deﬁciency in
unsaturated FAs and results in cell death induced by endoplasmic
reticulum stress.54 Thus, inhibiting FA uptake in hypoxic areas
within tumours could represent a promising target for anticancer
therapy. Indeed, a recent study has identiﬁed tamoxifen as a
potential drug of interest that could inhibit FABP4 and subsequently affect migration of ovarian cancer cells.42
Lipid droplets and hypoxia
FAs acquired by cancer cells, either by endogenous synthesis or by
exogenous uptake, are rapidly incorporated into cellular triglycerides (TGs), which form the core of lipid droplets in cells. Hypoxiamediated accumulation of TGs and lipid droplets is accompanied
by the increased expression of LIPIN1,43 an enzyme that catalyses
the conversion of phosphatidic acid into diacylglycerol in the
penultimate step of TG synthesis (Fig. 1; TG Synthesis). Hypoxia
also promotes the storage of lipids in lipid droplets through the
induction of perilipin 2 (PLIN2).10
Upon demand, fatty acyl moieties can be released from these
stored TG deposits in lipid droplets via an intracellular lipolytic
pathway (Fig. 1; Intracellular Lipolysis).55 Zechner et al.55 showed
that monoglyceride lipase (MGLL) provides, by de-esteriﬁcation, a
stream of intracellular free FAs that can fuel cancer cell
proliferation. Zhang et al.32 observed that intracellular lipolysis
mediated by patatin-like phospholipase domain containing 2
(PNPLA2) [commonly known as adipose triglyceride lipase (ATGL)]
is signiﬁcantly reduced under hypoxic conditions.32 This lipolytic
inhibition contributes to the accumulation of TGs and lipid
droplets and cancer cell survival. The expression of PNPLA2 in
hypoxic cancer cells remains unchanged; instead, PNPLA2 activity
is inhibited by the protein encoded by hypoxia-inducible gene 2
(HIG2), a HIF-1 target.32 Experiments with murine xenograft
models demonstrated that this inhibition of lipolysis by HIG2 is
critical for tumour growth in vivo.32 Moreover, an abundance of
HIG2 mRNA was observed in clinical samples collected from
patients with renal clear cell carcinoma, colorectal adenocarcinoma, lung squamous cell carcinoma, bladder urothelial carcinoma, and uterine corpus endometrial carcinoma,32 indicating
that PNPLA2 inhibition by HIG2 is a relevant mechanism for cancer
pathophysiology in humans. As the accumulation of excess FAs
can induce lipotoxicity, which might be especially important
during the periods of hypoxia when FA uptake is upregulated,
storage of excess FAs in lipid droplets through inhibition of
PNPLA2-mediated lipolysis would constitute a conceivable strategy for cancer cells to evade lipotoxicity during hypoxic
conditions.
FA oxidation under hypoxia
PNPLA2 also activates the FA oxidation pathway, leading to
energy production, in normoxic cells.55 The de novo synthesis of
FAs is considered an essential pathway for cancer cell survival and,
according to the classical view, FA synthesis and FA oxidation
cannot occur together. More recently, however, studies have
challenged this notion and suggest that both metabolic pathways
can be active simultaneously and independently of each other
(reviewed in ref. 56). Under normal conditions, PNPLA2 channels
excess FAs into the FA oxidation pathway by inducing the
expression and activity of peroxisome proliferator-activated
receptor-α (PPAR-α), a transcription factor and major regulator of
lipid metabolism. However, sustained FA oxidation often results in
increased generation of ROS, which may lead to oxidative stress
and cell death.32 To counteract the damaging effects of ROS,
PPARα also promotes the expression of various anti-oxidases, such
as catalase and superoxide dismutase.57,58 In normoxia, mechanisms balancing ROS generation and degradation may maintain a
steady-state redox environment. However, during hypoxia, a tilt

towards excessive ROS production can occur as a result of
increased electron leakage from the mitochondrial electron
transport chain, leading to oxidative stress. Hence, inhibition of
PNPLA2 activity by HIG2 under conditions of hypoxia also
promotes cancer cell survival by reducing FA oxidation, ROS
overproduction and oxidative damage. HIG2 is proposed to be a
novel metabolic oncogenic factor that exerts its function by
neutralizing the tumour suppressive role of PNPLA2. Development
of drugs that disrupt HIG2-PNPLA2 interaction would liberate
PNPLA2 and potentiate FA oxidation-driven ROS production to
toxic levels, resulting in apoptotic death of hypoxic cancer cells.
A recent study49 showed that hypoxia also represses the
expression of carnitine palmitoyltransferase 1A—a rate-limiting
enzyme in long-chain FA oxidation—in clear-cell renal cell
carcinoma. This reduces FA transport into the mitochondria and
forces FA transport into lipid droplets for storage.
Huang et al.27 have reported another mechanism suppressing
FA oxidation in hypoxia, by HIF-1α-mediated inhibition of acyl-CoA
dehydrogenase medium-chain (ACADM) and acyl-CoA dehydrogenase long-chain (ACADL) expression. ACADM and ACADL
catalyse the ﬁrst step of FA oxidation in mitochondria (Fig. 1; βOxidation) but differ in the chain length of their FA substrates.
Furthermore, ACADL is known to mediate unsaturated FA
oxidation, whereas ACDM prefers SFAs as substrates. Interestingly,
depletion of ACADL, but not ACADM, by HIF-1α promotes the
progression of cancer cells, potentially by mediating the
accumulation of unsaturated FAs. This observation was also found
to be relevant in clinical settings. ACADL expression is downregulated in clinical hepatocellular carcinoma (HCC) samples in
comparison to normal adjacent tissues.27 ACADL expression was
shown to further decrease as HCC progressed to a higher clinical
stage. ACADL expression in HCC patients was also linked to
survival time, with patients expressing high levels of ACADL in
their HCC lesions surviving much longer than those with low
expression levels.
Extracellular lipolysis
Different types of cancer cells also express lipoprotein lipase (LPL),
a lipolytic enzyme that is involved in the extracellular lipolysis of
TG-rich lipoproteins (TGRL). LPL—bound to a heparin-like heparan
sulfate proteoglycan motif either on the cancer cell surface or on
the luminal surface of the vascular epithelium—has been
speculated to release FAs from TGRLs (Fig. 1; Extracellular
Lipolysis).7,8 These FAs can then enter the cancer cells via CD36,
an FA uptake channel. In normal human preadipocytes, acute
hypoxia strongly inhibits LPL-mediated lipolysis.59 LPL-regulated
extracellular lipolysis in cancer cells may facilitate the hypoxiainduced FA uptake by rapidly releasing FAs from TGRLs in the
tumour microenvironment. However, hypoxia-mediated regulation of LPL-regulated extracellular lipolysis in cancer cells has not
been investigated in detail.
Lipid metabolism under conditions of nutrient deprivation
Poor blood perfusion in tumours reduces the availability of serumderived factors and nutrients to the cancer cells, which might
affect their lipid metabolism pathways. Regulation of the FA
synthesis pathway in cancer cells cultivated in low-serum
conditions has been studied (Table 1). Under such conditions,
the availability of FAs, among several other nutrients, is restricted,
making the cancer cells more reliant on endogenous synthesis for
FA acquisition.12,60 As discussed above, the proliferation of various
cancer cell types requires SCD1-mediated desaturation of
endogenously synthesised SFAs into MUFAs, and SCD1, in turn,
requires oxygen, so that, under oxygen-deprived conditions,
cancer cells rely on an exogenous supply of MUFAs. However, in
low-serum conditions, in which the exogenous supply of MUFAs is
restricted, cancer cells instead upregulate their expression of SCD1
to facilitate increased endogenous FA desaturation. It has been
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reported that SCD1 inhibition induces cytotoxic effects on cancer
cells in low-serum conditions, while it has little impact on cells
cultured in full-serum conditions.50,60
This increased dependence of cancer cells on de novo FA
synthesis and desaturation in low-serum conditions is thought to
be mainly caused by the decreased availability of lipids/FAs. To
further explore this hypothesis, we speciﬁcally investigated the
effects of lipid deprivation on FA synthesis in cancer cells (Table 1)
by cultivating cancer cells in media depleted of lipids or
lipoproteins. We observed that in such conditions cancer cells
differentially activated and thrived on endogenous lipid synthesis
pathways.13 As expected, the expression and activity of SCD1 were
also elevated.50 Therapeutic inhibition of SCD1 has been shown to
efﬁciently reduce cancer cell proliferation by selectively depleting
MUFAs.60–62 The inhibition of SCD1 increases the susceptibility of
cancer cells towards chemotherapeutic drugs and metabolic
inhibitors. Interestingly, it was shown that SCD inhibition is only
detrimental to prostate cancer cell survival (in vitro) in the absence
of exogenous lipids, particularly oleic acid.60 However, silencing of
SCD reduces tumour growth in xenograft models of lung,63
gastric50 and liver cancer64, and also inhibits orthotopic growth of
prostate cancer cells in vivo.60 Taken together, these studies
suggest that unsaturated lipids are indeed limited within the
tumour microenvironment. Further studies are required to
demonstrate the effects of serum and lipid deprivation on other
pathways involved in lipid metabolism.
Synergistic effects of hypoxia and nutrient deprivation on lipid
metabolism
The combinatorial effects of hypoxia and nutrient deprivation,
conditions that more closely mimic the in vivo tumour microenvironment, on de novo FA synthesis in cancer cells have been studied
(Table 1). In such conditions, cancer cells upregulate de novo FA
synthesis.11,12 As hypoxia also prevents glucose-based acetyl-CoA
generation, cancer cells depend on glutamine or acetate as an
alternative substrate for acetyl-CoA generation in conditions of
hypoxia combined with low serum growth, to fuel their elevated FA
synthesis pathway.12,35,65 Indeed, FA synthesis was shown to be
decreased under hypoxic conditions, but increased when cancer cells
were cultivated under hypoxia in combination with serum deprivation.11 As expected, expression of ACSS2 is elevated under conditions
of oxygen deprivation and serum deprivation, but is mainly localised
in the nucleus (Fig. 1; Acetate Metabolism).65 ACSS2 serves a dual
function when oxygen and serum are limited: it facilitates the
consumption of extracellular acetate as an alternative carbon source,
but the increased nuclear localisation also enables cells to retain
much of their endogenously produced acetate, which in turn allows
cells to maintain sufﬁcient acetylation of histones, to prevent
initiation of apoptosis, and to maintain growth.65 The speciﬁc role
of ACSS2 in cells that are hypoxic or metabolically stressed opens a
therapeutic window in which ACSS2 could be rendered speciﬁcally
toxic only to tumours. The therapeutic feasibility of pharmacologically targeting ACSS2 is currently being explored.
Effects of hypoxia and nutrient deprivation on lipid load and
lipidomic proﬁles in cancer cells
As discussed above, hypoxic cancer cells modify the balance
between FA synthesis and uptake, which leads to a signiﬁcant
accumulation of TGs and lipid droplets.43 Upon re-oxygenation,
cells then use the lipids stored in droplets for energy production
and antioxidant defence.10 However, the functional signiﬁcance of
the increased accumulation of lipid droplets during continued
hypoxia is contentious. Hypoxic stress also promotes glycogen
synthesis as a mechanism of storing glucose, while it is still
available for later use as an anaerobic source of energy. However,
as lipids can only produce energy through oxidative phosphorylation, a process drastically inhibited by hypoxia, a similar scenario
may not arise in the case of lipids. Mylonis et al.43 proposed that

TG storage by hypoxic cancer cells might help the cells to buffer
the lipotoxicity caused by free FAs, which arises because of the
suppressed respiratory-chain activity.66,67
Mammalian cells have a limited ability to synthesise polyunsaturated fatty acids (PUFAs) de novo, as they lack the Δ12
desaturase enzyme, and so cell membranes of lipogenic tumour
tissues, with highly active de novo FA synthesis, are enriched in
SFAs or MUFAs.68 As these FAs are less prone to lipid peroxidation
than PUFAs, they make cancer cells more resistant to oxidativestress-induced cell death68 and even to targeted therapies,
including clinically used BRAF inhibitors. Furthermore, SFAs are
packed more densely, and their increased levels are shown to alter
membrane dynamics and limit drug uptake.68 Depletion of SFAs
and MUFAs—by inhibiting FA synthesis—affects lateral and
transversal membrane dynamics in cancer cells. It was shown
that depletion of SFAs induces six-fold increase in the ﬂip-ﬂop rate
of doxorubicin, accompanied by a signiﬁcant increase in the
intracellular accumulation of doxorubicin in prostate cancer
cells.68 These ﬁndings suggest that tumour-associated FA synthesis protects the cancer cells against chemotherapeutic insults.
They also highlight the signiﬁcance of FA synthesis inhibitors as
antineoplastic agents and chemotherapeutic sensitizers. Although
several groups have studied the differential regulation of FA
metabolism under metabolic stress, only a few have investigated
lipidomic proﬁles10,28,30,31 (Table 1). It was reported that, under
hypoxia and low serum conditions, the phosphatidylcholine and
phosphatidylethanolamine proﬁles of breast cancer cells are
altered, with an increase in the number of shorter and more
saturated fatty acyl chains,12 indicating enhanced FA synthesis.
HeLa cells, on the other hand, showed decreased levels of monoand di-unsaturated, but increased levels of polyunsaturated,
phospholipids (PLs).31
Schlaepfer et al.28 reported that hypoxic prostate cancer cells,
and extracellular vesicles released by these cells, are signiﬁcantly
enriched in TGs due to the activation of the FA synthesis
pathway. In addition, the TG sub-species proﬁles of these cells
and the released extracellular vesicles were signiﬁcantly altered.
Cellular levels of myristic, palmitic and stearic FAs (all SFAs)
were increased. The levels of linoleic acid and its derivative
arachidonic acid, essential FAs implicated in tumour progression, were also signiﬁcantly increased in the TGs of hypoxic
cancer cells. Moreover, the levels of palmitic, stearic, linoleic and
arachidonic acid were elevated in extracellular vesicles compared to those under normoxic conditions. Upon reoxygenation
these cells break down the intracellularly stored lipids, and the
generated energy induces increase in cell proliferation and the
invasiveness potential of these cells. Interestingly, this increased
proliferation and invasiveness were compromised by blocking
the arachidonic acid pathway.28 Another study reported that,
under hypoxic conditions, cellular levels of TGs with three
double bonds signiﬁcantly decreased in MCF7 breast cancer
cells,10 but signiﬁcantly increased in U87 glioblastoma cells.10 A
recent study69 indicates that lipidomic proﬁles of leukaemia cells
are predominantly affected by serum deprivation. Neutral lipid
compositions are markedly modiﬁed under serum deprivation
and, strikingly, the cellular levels of TG subspecies decreased
with increasing number of double bonds in their fatty acyl
chains. In contrast, cancer cells maintained lipid class homoeostasis under hypoxic stress. It was shown that, although the
levels of individual lipid moieties alter under hypoxia, the robust
averages of the broader lipid class remain unchanged. Another
recent study70 also reported that low serum level affects TG
composition in renal cancer cells, with signiﬁcant decrease in
the abundance of unsaturated TGs and a shift towards TG
saturation. The authors also reported that hypoxia in combination with low serum induces decrease in levels of TGs
harbouring unsaturated FAs and a shift towards increased TG
saturation.
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Fig. 2 Effect of oxygen deprivation and/or nutrient deprivation on fatty acid (FA) metabolism in cancer cells. a Cancer cells with a sufﬁcient
supply of nutrients and oxygen mainly use glucose-derived acetyl-CoA for de novo FA synthesis to support rapid cell proliferation. They can
also acquire FAs from the environment. b Different types of hypoxic cancer cells differentially regulate FA synthesis depending on various
environmental factors—particularly, nutrient availability. Hypoxia inhibits the entry of glucose-derived pyruvate into the TCA cycle. Hence,
cells either switch to alternative carbon sources (i.e. glutamine or acetate) for FA synthesis or increase their FA uptake. FA desaturation is
impaired by oxygen deprivation; therefore, the uptake of unsaturated FAs is particularly enhanced. FAs are rapidly incorporated into cellular
triglycerides (TGs) that enhance TG and lipid droplet (LD) accumulation. c Under nutrient and lipid restriction cancer cells mainly rely on
endogenous FAs and desaturation. d When hypoxia is induced in combination with nutrient and lipid deprivation, cells cannot acquire FAs
from the environment. Hence, they switch back to de novo FA synthesis, but fully depend on glutamine or acetate as an alternative substrate.
Parts (b), (c) and (d) are drawn in comparison to the normoxic state depicted in (a). The line thickness represents the level of ﬂux through the
pathway. Dashed lines indicate biosynthetic pathways that are inactive due to lack of substrates or cofactors. The colours of the pathway
boxes in (b), (c) and (d) represent upregulation (green), downregulation (grey) or differential regulation (green/grey) of the corresponding
pathway in comparison to the normoxic state (with sufﬁcient nutrient supply) in (a)

Hypoxia induces changes in the saturation index of membrane
lipids in cancer cells that could affect cell membrane ﬂuidity,
dynamics and drug resistance. The role of hypoxia in drug resistance
has been well known for at least 60 years now.71,72 Lipidomic
analyses may also provide an explanation for the changes in
membrane ﬂuidity and dynamics observed in hypoxic cancer cells.
The signiﬁcance of alterations in TG subspecies proﬁle in the context
of tumour biology is being evaluated. Further studies, using broader
lipidomic assays and larger panels of cell lines, are required to get a
holistic view of lipidomic proﬁles in cancer cells under metabolic
stress. These studies will not only help in understanding the role of
lipids in cancer progression but also promote clinical applications of
lipidomic proﬁling, including identiﬁcation of potential therapeutic
targets and diagnostic markers.
CONCLUSIONS
Dysregulation of lipid metabolism pathways in cancer cells has
been widely reported. Multiple studies have indicated that such
alterations are modulated by various cancer cell-intrinsic

processes. However, emerging evidence suggests that these
modiﬁcations are also mediated by crosstalk between the tumour
microenvironment and metabolic circuits within cancer cells. The
tumour microenvironment is mostly hypoxic. Although a few
studies indicate that cancer cells might increase FA synthesis
under hypoxia, most recent studies suggest that hypoxic cancer
cells switch from endogenous FA synthesis to increased exogenous FA uptake because of the inhibition in glucose-based acetylCoA generation (Fig. 2). Alternatively, certain cancer cells, to
compensate for this downregulation of glucose-based acetyl-CoA
synthesis, switch to other carbon sources, such as glutamine or
acetate. Nevertheless, FA desaturation by SCD1 requires oxygen
and is therefore inhibited under hypoxic conditions, rendering
cancer cells dependent on exogenous unsaturated FAs. In addition
to the increased uptake of MUFAs, intracellular lipolysis and FA
oxidation are downregulated under hypoxia, which results in the
increased accumulation of TGs in lipid droplets. Increased TG
synthesis and decreased lipolysis are both suggested to be
strategies adopted by different cancer cells to evade lipotoxicity
during hypoxia.
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Nutrient and lipid deprivation renders cancer cells completely
dependent on endogenous FA synthesis and desaturation.
However, in conditions of hypoxia combined with nutrient and
lipid deprivation, exogenous lipids are also in short supply. Hence,
the cells switch back to de novo FA synthesis, but fully depend on
glutamine or acetate as an alternative substrate. Different cancer
cells may adopt different mechanisms to thrive under metabolic
stress. Nevertheless, therapeutic targeting of de novo FA synthesis
in cancer cells would be most effective under conditions that limit
metabolic ﬂexibility or, possibly, by concurrently targeting several
routes of lipid acquisition. With the advent of better molecular
techniques, including mass spectrometry imaging, to spatially
visualise lipids in intact tissues, it will be possible to address
several of the outstanding questions, to better correlate altered
lipid proﬁles with changing microenvironments and to better
explore the potential of lipid metabolism as an antineoplastic
approach.
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Abstract
Lipid droplets, the dynamic organelles that store triglycerides (TG) and cholesterol esters (CE), are
highly accumulated in colon cancer cells. This work studies the TG and CE subspecies profile in
colon carcinoma cells lines, SW480 derived from primary tumor, and SW620 derived from a
metastasis of the same tumor. It was previously reported that the total TG and CE content is
dramatically higher in SW620 cells; however, TG and CE subspecies profile has not been
investigated in detail. The presented work confirms that total TG and CE content is significantly
higher in SW620 cells. Moreover, the FA-composition of TGs is significantly altered in SW620 cells,
with significant decrease in the abundance of saturated triglycerides. This resulted in significantly
decreased TG saturation index in SW620 cells. The saturation index of CEs was also significantly
decreased in SW620 cells. The saturation indices of some other major lipid classes were either
similar or only moderately different between SW480 and SW620 cells. We also compared the
expression of metabolic genes that may regulate these changes in the lipidomic profiles.

Keywords: Cancer metabolism, colon cancer, fatty acid saturation, lipid droplets, lipidomics,
triglycerides.
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Introduction
Lipidomic landscape of colorectal cancer (CRC) cells is significantly modified in comparison to that
in their non-malignant counterparts (reviewed in [1]). Primary and metastatic colon cancer cells
also display differences in their lipidomic profiles [2]. Previous works have taken advantage of
SW480/SW620 cell line pair, which represents an accepted model to study metastatic progression
[3]. SW480 is derived from a primary tumor, and SW620 is derived from a metastasis of the same
tumor [4]. Multiple differences in the lipidomic profiles of these two cell lines have been noted [2].
For

instance;

increased

levels

of

plasmanylcholine,

while

decreased

levels

of

plasmenylethanolamine, C-16 containing sphingomyelin and ceramide were observed [2]. It has
been shown that , SW620 cells display dramatic increase in total triglyceride (TG) and cholesterol
ester (CE) levels [2]. However, the TG and CE subspecies profiles has not been explored in detail.
Studying the TG and CE profile CRC cells is particularly important because these neutral lipids from
hydrophobic core of lipid droplets (LDs) –that are highly accumulated in CRC cells [5]. Previous
works have shown that exposure to excessive poly unsaturated fatty acids (PUFAs) induces LD
formation in both SW480 and SW620 cells [6]. Interestingly, SW620 cells accumulate PUFAenriched CEs, while SW480 cells accumulates PUFA-enriched TGs [6]. This indicates differential
regulation of TG and CE content in SW480 and SW620 cells. Herein, we study the differences in TGand CE-subspecies profiles and saturation index (SI) between SW480 and SW620 cells. Moreover,
the expression of various metabolic genes that may bring about these lipidomic changes were also
analyzed.
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Materials and Methods
Cell culture
The SW480 and SW620, cell lines were purchased from American Type Culture Collection and were
maintained in DMEM (Gibco, 31966-021) supplemented with 10% fetal bovine serum (FBS) (Sigma,
F75240) and penicillin-streptomycin solution (Corning, 30-002-CI). Cell cultures were maintained
in the atmosphere of 5% CO2 and 37°C. Cell lines were commercially authenticated (Eurofins,
Germany) and mycoplasma tested prior to submission of this manuscript.

Gene Expression Analysis
For quantitative RT-PCR, total RNA was extracted from cell pellets using Quick-RNA™ MiniPrep Plus
(Zymo Research). All RNA samples were reverse-transcribed into cDNA using SuperScript™ III
Reverse Transcriptase (Thermo Scientific, 18080093) and Oligo(dT)18 Primers (Thermo Scientific,
SO131). Quantitative PCR was performed using a TaqMan™ Gene Expression Master Mix (4369016,
Applied Biosystems) via StepOne Real-Time PCR Systems (Applied Biosystems). The TaqMan Gene
Expression assays used were Hs01005622_m1 (fatty acid synthase, FASN), Hs00168352_m1 (3hydroxy-3-methylglutaryl-CoA reductase, HMGCR), Hs00996004_m1 (monoglyceride lipase,
MGLL), Hs00173425_m1 (lipoprotein lipase, LPL) and Hs00354519_m1 (CD36). The expression of
each gene was normalized to the expression of GADPH (Hs02786624_g1). Microarray data were
obtained

from

publicly

accessible

gene

expression

profile

database

GEO

(http://www.ncbi.nlm.nih.gov/geo/). Provenzani et al [7] performed a microarray study, analyzing
differential gene expression in SW480 and SW620 cells (data accessible at NCBI GEO database,
accession GSE2509)

Lipid Extractions
First, the cell pellets were washed with 0.5 mL 0.9% NaCl. For extraction of lipids the pellets were
resuspended in 1 ml ice-cold MMC (1:1:1 v/v/v methanol/MTBE/chloroform). Samples were
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incubated on an ultrasonic bath for two minutes. Phase separation was induced by adding 300 μL
MS-grade water. After 10 min incubation, the samples were centrifuged for 10 min at 1000 rpm and
the upper (organic) phase was collected. Then 200 μL of collected organic phase were dried in a
vacuum rotator and stored at –20 °C until analysis.

Determination of Total Triglyceride and Cholesterol Ester Contents
Total triglyceride content in the lipid extracts was spectrophotometrically determined using
commercially available kit (Analyticon Biotechnologies AG, Catalogue # 5052) against a calibrationcurve generated using known concentrations of triglyceride standard (SUPELCO, 17811-1AMP).
Cholesteryl esters were quantified using Cholesterol/ Cholesteryl Ester Quantitation Kit (Abcam,
ab65359) was used according to manufacturer’s guidelines.

Lipidomic Profiling and Data Analysis
Dried sample extracts were reconstituted in 100 µL 2:1:1 v/v/v isopropanol/acetonitrile/water. 5
µL aliquots were injected into an ACQUITY I-class ultra-performance liquid chromatography
(UPLC) system (Waters, Germany) coupled to an Impact II high-resolution quadrupole time-offlight mass spectrometer (Bruker Daltonik GmbH, Germany). Chromatographic separation was
achieved by gradient elution (%A: 0 min, 60; 1.2 min, 57; 1.26 min, 50; 7.2 min, 46; 7.26 min, 30;
10.8 min, 0; 12.96 min, 0; 13.02 min, 60; 14.4 min, 60) using a buffered solvent system (A: 60:40
v/v acetonitrile/water, B: 90:10 v/v isopropanol:water, both with 10 mM ammonium formate and
0.1% formic acid) and a 2.1 mm × 75 mm × 1.7 µm CSH-C18 column (Waters, Germany) equipped
with an 0.2 µm pre-column in-line filter. The flow rate was 0.5 mL min-1 and column temperature
was 55°C. Electrospray ionization (ESI) conditions were as follows: polarity (+), capillary voltage,
4500 V, end plate offset, 500 V, nebulizer pressure, 2.5 bar, dry gas (N2) flow, 8 L/min. Ion transfer
parameters were set to: Funnel 1 RF, 200 Vpp, Funnel 2 RF, 200 Vpp, Hexapole RF, 50 Vpp,
Quadrupole Ion Energy, 5 eV, Low Mass, 100 m/z, Collision Energy, 8.0 eV, Pre Pulse Storage, 6.0 µs,
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Stepping Mode, Basic, Collision RF, 500-1000 Vpp, Transfer Time, 60-100 µs, Timing, 50/50,
Collision Energy, 100-250%. Alternating MS and MS/MS scans were acquired using a Sequential
Windowed Acquisition of All Theoretical Fragment Ion Mass Spectra (SWATH) scheme (m/z 350975, width 25 Da). For internal calibration, Na formate clusters were spiked into the LC effluent at
the end of each run. After data acquisition, files were converted to Analysis Base File (ABF) format
using a publicly available converter (Reifycs, Japan) and imported into MS-DIAL (Tsugawa et al.
2015). MS-DIAL parameter settings were as follows: Soft Ionization, Data independent MS/MS,
Centroid data, Positive ion mode, Lipidomics. Detailed analysis settings were left at default, except
for Retention time end (10 min), Alignment Retention time tolerance (0.2 min), Identification
Retention time tolerance (3 min) and Identification score cut off (60%).
For each of 6 replicate samples per cell line we calculated within each major lipid class the relative
distribution of lipids containing none (SFA0), exactly one (SFA1) and two or more saturated fatty
acids (SFA2). To this end, the measured ion intensities for the groups (SFA0, 1 and 2) were summed
up and normalized to the total sum of this lipid class. Mean values and standard deviations for the
SFA distribution were calculated over the 6 replicates per cell line. Saturation indices were
calculated as a ratio of total saturated fatty acid content to total unsaturated fatty acid content [8]
within each major lipid class. Total content of saturated fatty acids was calculated by summing up
the intensities of all lipids multiplied by the number of saturated fatty acids present within each
lipid. Total content of un-saturated fatty acids in each individual lipid class was calculated by
summing up the intensities of all lipids multiplied by the number of un-saturated fatty acids present
within each lipid. To compare SI over lipid classes we normalized with respect to the SI value
obtained for SW480.

Statistical analysis
The differences between groups were analyzed by ANOVA or t-test (paired or unpaired), where
applicable. Statistical analyses and graphical representations for lipidomic data and quantitative
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RT-PCR data were performed using the R software environment 3.4.2 (http://cran.r-project.org/)
or MetaboAnalyst 3.5 (http://www.metaboanalyst.ca/faces/home.xhtml). P-values <0.05 were
considered statistically significant and indicated when different.

Results and Discussion
A previous study has shown a dramatic increase in abundance of total cholesterol esters (CEs) and
triglycerides (TGs) in SW620 cells in comparison to SW480 cells [2]. We also assessed the total TG
and CE content and observed that SW620 cells display 2.5-3 fold increase in the levels these storage
lipids (supplementary figure 1). Next, the fatty acid (FA) composition of TGs and CEs was
compared. We observed that in SW480 cells the triglycerides (TGs) with ≥2 saturated fatty acids
(SFA) were in the highest proportion (i.e. 61%). The proportion of TGs containing 1 or 0 SFA was
35% and 4%, respectively. These proportions were significantly altered in SW620 cells in which the
proportion of TGs with ≥2 saturated fatty acids was decreased to 40%, while the proportions of TGs
containing 1 or 0 SFA were respectively increased to 53% and 7%. In agreement to these results,
the TG saturation index (SI) was markedly higher in SW480 cells than in SW620 cells. On the other
hand, FA-composition and SI of diacylglycerols (DGs), the direct precursors to TGs, was only slightly
altered. The FA-composition of CEs also showed minor changes, with slight shift in the proportions
of CEs containing 0 or 1 SFA. However, the SI of CEs was also significantly decreased in SW620 cells.
We also compared the FA composition of the most abundant membrane lipids,
phosphatidylcholines (PCs) and phosphatidylethanolamine (PEs), in SW480 and SW620 cells. No
substantial differences were observed in fatty acid composition and SI of PCs and PEs (Figure 1).
Hence, TGs constitute the major lipid class that displays changes in FA composition in SW620 cells
when compared to SW480 cells.
To understand the molecular mechanisms regulating these changes in the lipidomic profiles, we
performed expression analyses and also used publicly accessible gene expression profile database
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GEO (http://www.ncbi.nlm.nih.gov/geo/). Figure 2 displays overview of the major cancerassociated lipid metabolism pathways. The fold-changes in the expression levels of various
genes/enzymes are indicated with a colored-box on

left-side

of the respective gene symbol. For

color-codes see color-key on top-left corner of Figure 2. As discussed above, the differences in the
FA composition of TGs was the most significant difference between lipidomic profiles of SW480 and
SW620 cells, with SW620 cells displaying significantly lower TG saturation-index. A recent study
has shown that gene silencing of diglyceride acyltransferases (DGATs) –enzymes that catalyze
formation of TGs from DGs and Acyl CoA– induces increase in TG saturation-index [9]. Hence,
increased expression of DGAT might induce decreased SI in TGs. Our analyses revealed that
expression of DGAT was slightly decreased (1-1.5 Fold) in SW620 cells (Figure 2, TG Synthesis).
Hence, DGAT expression might not be responsible for the changes in TG saturation-index of SW620
cells.
Next, we looked at other lipid metabolism pathways that have been implicated in regulation of lipid
saturation-indices. Highly active de novo FA synthesis induces increased SFAs or MUFAs levels in
cancer cell cells [10]. The expression of FA synthesis genes is up-regulated in SW620 cells, hence
this pathway is also not contributing in decreased SI in these cells (Figure 2, FA Synthesis).
Major genes of intracellular lipolytic pathway –including PNPLA2, HSL and MGLL– are all down
regulated in SW620 cells (Figure 2, Intracellular Lipolysis). This may explain the dramatic
increase in total triglyceride (TG) levels in SW620 cells. However, specific decrease in ≥2 SFA
containing TGs could not be explained by this mechanism.
The expression of ACADM and ACADL –the enzymes that catalyze the first step of FA oxidation in
mitochondria– is differentially regulated in SW620 cells. The expression of ACADM was up
regulated, while the expression of ACADL was down-regulated in SW620 in comparison to SW480
cells (Figure 2, FA Oxidation). This observation is of special interest in this context, because
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ACADL is known to mediate unsaturated FA oxidation, whereas ACDM prefers saturated FAs as
substrates. Hence, it is possible that in SW620 cells there is an increased oxidation of SFAs, while
decreased oxidation of unsaturated FAs. This may cause selective depletion of SFAs in the stored
lipids and induced decreased SI of TGs and CEs. Recent studies have shown that disruptions in lipid
metabolism or nutrient/oxygen supply also drastically affects FA-composition of TGs in cancer
cells, while the FA-composition of other lipid classes is not significantly affected [9,11]. Hence, FAcomposition of TGs is most markedly affected by the changes in cancer stage, tumor
microenvironment and de novo FA synthesis. Further studies are required to understand the
significance of fatty acid composition of TGs in cancer progression and survival.
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Figure Legends

Figure 1: Comparison of fatty acid composition and saturation indices in major lipid classes
in SW480 and SW620 cells. The figure is structured in five rows and three columns. Rows show
data for the major lipid classes Triglycerides (TG), Diglycerides (DG), Cholesterol Esters (CE),
Phosphatidylethanolamines (PE) and Phosphatidylcholines (PC), Left column displays lipid class ID
and a legend indicating the number of lipid-subspecies within each lipid class containing different
numbers of saturated fatty acids (0, 1 or ≥2SFAs). Center column shows the relative amount (in per
cent of summed ion intensity) of lipid subspecies within both SW cell lines. Numeric values for
mean and standard deviation calculated over 6 replicate samples per cell line are given within the
bars. Right column displays the saturation indices (cf. Method section) of the respective lipid class
normalized to SW480.

Figure 2: Fold-changes in expression levels of various genes in major lipid metabolism
pathways in SW620

vs.

SW480 cells. The figure highlights all the key lipid metabolism pathways

activated in cancer cells. Major pathways are shown as boxes without outlines. The systematic
names of these pathways are given in each box. The fold-changes in the expression levels of various
genes/enzymes in SW620 cells compared with SW480 cells are indicated with a colored-box on leftside of the respective gene symbol. For color-codes see color-key on top-left corner. The expression

data for these analyses were extracted from at NCBI GEO database, accession GSE2509. For some
markers gene expression analysis was performed (Supplementary Figure S2). The symbols within
fold-change boxes represent the data source (G; GEO database, S, Supplementary Figure S2).

Abbreviations: ACACA, acetyl-CoA carboxylase 1; ACACB, acetyl-CoA carboxylase 2; ACSS2, acyl
Co-A synthetase-2; ADFP, adipose differentiation protein; ATGL, adipose triglyceride lipase; FA,
fatty acids; FABP3, fatty acid binding protein 3; FABP7, fatty acid binding protein 7; FFA, free fatty
acids; FASN, fatty acid synthase; H, hypoxia; HIF-1α, hypoxia-inducible factor 1-alpha; HIF-2α,
hypoxia-inducible factor 2α; HIG2, hypoxia-inducible gene 2 protein; HMGCR, 3-hydroxy-3-
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methylglutaryl-CoA reductase; LD, lipid droplet; LCAD, long-Chain Specific acyl-CoA
dehydrogenase; MAG, monoacylglycerol ; MCAD, Medium-chain acyl-CoA dehydrogenase; MUFA,
monounsaturated

fatty

Phosphatidylcholines;

acids;
PE,

PBMCs,

peripheral

phosphatidylethanolamines;

blood
Pcho,

mononuclear

cells;

PC,

propargyl-choline;

PI,

phosphatidylinositol; PS, phosphatidylserine; PUFA, polyunsaturated fatty acids; SCD, stearoyl-CoA
Desaturase; SFA, saturated fatty acids; SREBP, sterol regulatory element-binding proteins; TG,
triglycerides.
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Abstract
Background: Cancer cells modify the balance between fatty acid (FA) synthesis and uptake under metabolic stress,
induced by oxygen/nutrient deprivation. These modifications were shown to alter the levels of individual
triglyceride (TG) or phospholipid sub-species. To attain a holistic overview of the lipidomic profiles of cancer cells
under stress we performed a broad lipidomic assay, comprising 244 lipids from six major classes. This assay allowed
us to perform robust analyses and assess the changes in averages of broader lipid-classes, stratified on the basis of
saturation index of their fatty-acyl side chains.
Methods: Global lipidomic profiling using Liquid Chromatography-Mass Spectrometry was performed to assess
lipidomic profiles of biologically diverse cancer cell lines cultivated under metabolically stressed conditions.
Results: Neutral lipid compositions were markedly modified under serum-deprived conditions and, strikingly, the
cellular level of triglyceride subspecies decreased with increasing number of double bonds in their fatty acyl chains.
In contrast and unexpectedly, no robust changes were observed in lipidomic profiles of hypoxic (2% O2) cancer
cells despite concurrent changes in proliferation rates and metabolic gene expression.
Conclusions: Serum-deprivation significantly affects lipidomic profiles of cancer cells. Although, the levels of
individual lipid moieties alter under hypoxia (2% O2), the robust averages of broader lipid classes remain
unchanged.
Keywords: Tumor metabolism, Fatty acid metabolism, Lipidomic profile, Metabolic stress

Background
Lipid metabolism has emerged as an important aspect of
cancer cell metabolism and is widely shown to be associated with various malignant processes [1–3]. Cancer
cells require a constant supply of lipids for membrane
biogenesis [4] and protein modifications [5]. In addition
to that, lipids are also involved in energy supply via β
oxidation of fatty acids and for the biosynthesis of various protumorigenic lipid-signaling molecules [6]. Several
studies have shown that, in order to cope with these increased demands, cancer cells activate de novo lipid synthesis pathways [4, 6–9]. Fatty acid synthase (FASN) –a
key-regulator of de novo fatty acid (FA) synthesis– has
been extensively shown to fuel cancer cell proliferation
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and malignant progression [3]. Expression of 3-hydroxy3-methylglutaryl-CoA reductase (HMGCR) –the ratecontrolling enzyme of the mevalonate pathway– is also
up-regulated in cancers [10]. Importantly, inhibition of
FA synthesis or cholesterol synthesis pathways results in
growth-arrest of lipogenic tumor cells rendering these
pathways interesting targets for antineoplastic therapy
[4, 11–17]. Although endogenous FA synthesis has historically been considered the principal source of fatty
acids (FAs) in cancer cells, lipolytic phenotypes are also
widely recognized (reviewed in) [6]. For example, it has
been reported that in addition to the markers of de novo
synthesis (FASN) different cancer cells also express
markers of lipolysis (lipoprotein lipase, LPL) and exogenous FA uptake (CD36) [9].
Cancer cells are often exposed to a metabolically challenging environment, with scarce availability of oxygen
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and nutrients. This metabolic stress leads to changes in
the balance between the endogenous synthesis, and the
exogenous uptake of fatty acids [3, 18, 19]. These alterations in FA acquisition mode may significantly affect
the lipidomic profiles of cancer cells. Mammalian cells
have a limited ability to synthesize polyunsaturated fatty
acids de novo, as they lack the Δ12 desaturase [20].
Therefore, enhanced de novo FA synthesis enriches the
cancer cell membranes with saturated and/or monounsaturated fatty acids [21].
Although several groups have studied regulation of FA
metabolism under metabolic stress, only a few have investigated their lipidomic profiles [22–25]. Moreover,
most studies on the impact of metabolic stress on lipidomic profiles of cancer cells are limited to specific lipid
classes. For instance, it was shown that under hypoxia
breast cancer cells display modified phospholipid profiles
mainly characterized by the presence of shorter and
more saturated acyl chains while other lipid classes were
not considered [26]. Another study reported that under
hypoxic conditions cellular levels of triglycerides with
three double bonds were significantly decreased in
MCF7 breast cancer cells [19], but significantly increased
in U87 glioblastoma cells, but data on membrane lipids
were not collected. A recent work by Ackerman et al
[27] studied the impact of serum/oxygen deprivation on
various lipid classes in renal cancer cells. They reported
that serum-deprivation with/without hypoxia affects triglyceride composition in these cells with significant decrease in the abundance of unsaturated triglycerides and
a shift toward triglyceride saturation.
Herein, to study the complex interplay between metabolic stress and lipid metabolism in cancer cells, we selected a biologically diverse panel of cancer cell lines –
three leukemia cell lines, two colon cancer cell lines and
one lung cancer cell line. We were mainly interested in
studying the impact of physiologically relevant metabolic
stress on lipidomic profiles of cancer cells. To achieve that
cancer cells were cultivated under nutrient-deprivation
and/or hypoxia [28, 29]. In order to gain more systematic
insight on the effects of metabolic stress on lipidomic profiles we performed a broad lipidomics assay comprising
244 lipids from six major classes. To this end we identified
multiple changes in lipidomic profiles of cancer cells cultivated under low-serum or lipid-deficient conditions. Interestingly, no robust changes were observed in lipidomic
profiles of hypoxic cancer cells indicating that the cells
maintain lipid class homeostasis.

Methods
Cell culture and treatments

The SW480, SW620, A549, KG1, KCL22 and KU812
cell lines were purchased from American Type Culture Collection and were maintained in DMEM
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(Gibco, 31,966–021) or RPMI 1640 medium (Gibco,
61,870–010) media supplemented with 10% fetal bovine serum (FBS) (Sigma, F75240) and penicillinstreptomycin solution (Corning, 30–002-CI). Cell cultures were maintained in the atmosphere of 5% CO2
and 37 °C. For all experiments cells were initially
seeded and cultivated in normal media for 24 h. Then
to induce metabolic stress media and/or growth conditions were respectively changed and cells were cultivated for additional 48 h under either one of the
following condition: lipoprotein deficient medium
(LPDS serum), low-serum (LS) medium (2% serum),
hypoxia (2% O2), or hypoxia in combination with LS
medium. For lipoprotein deficient conditions the
media were supplemented with lipoprotein deficient
serum (LPDS) that was purchased from Merck (LP4)
and used according to manufacturer’s guidelines. For
determining the cells number cells were stained with
trypan blue and counted using Countess® automated
cell counter (Invitrogen). Cell lines were commercially
authenticated (Eurofins, Germany) and mycoplasma
tested prior to submission of this manuscript.

Quantitative RT-PCR

For quantitative RT-PCR, total RNA was extracted from
cell pellets using Quick-RNA™ MiniPrep Plus (Zymo Research). All RNA samples were reverse-transcribed into
cDNA using SuperScript™ III Reverse Transcriptase
(Thermo Scientific, 18,080,093) and Oligo(dT)18 Primers
(Thermo Scientific, SO131). Quantitative PCR was performed using a TaqMan™ Gene Expression Master Mix (4,
369,016, Applied Biosystems) viaStepOne Real-Time PCR
Systems (Applied Biosystems). The TaqMan Gene Expression assays used were Hs01005622_m1 (fatty acid synthase,
FASN), Hs00168352_m1 (3-hydroxy-3-methylglutaryl-CoA
reductase, HMGCR), Hs00996004_m1 (monoglyceride lipase, MGLL), Hs00173425_m1 (lipoprotein lipase, LPL) and
Hs00354519_m1 (CD36). The expression of each gene was
normalized to the expression of GADPH (Hs02786624_g1).

Lipid extractions

First, the cell pellets were washed with 0.5 mL 0.9%
NaCl. For extraction of lipids the pellets were resuspended in 1 ml ice-cold MMC (1:1:1 v/v/v methanol/
MTBE/chloroform). Samples were incubated on an
ultrasonic bath for 2 min. Phase separation was induced by adding 300 μL MS-grade water. After 10
min incubation, the samples were centrifuged for 10
min at 1000 rpm and the upper (organic) phase was
collected. Then 200 μL of collected organic phase
were dried in a vacuum rotator and stored at − 20 °C
until analysis.
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Determination of Total triglyceride and cholesterol Ester
contents

Total triglyceride content in the lipid extracts was spectrophotometrically determined using commercially available kit (Analyticon Biotechnologies AG, Catalogue #
5052) against a calibration-curve generated using known
concentrations of triglyceride standard (SUPELCO,
17811-1AMP). Cholesteryl esters were quantified using
Cholesterol/ Cholesteryl Ester Quantitation Kit (Abcam,
ab65359) was used according to manufacturer’s
guidelines.

Lipidomic profiling and data processing

Dried sample extracts were reconstituted in 100 μL 2:1:1
v/v/v isopropanol/acetonitrile/water. 5 μL aliquots were
injected into an ACQUITY I-class ultra-performance liquid chromatography (UPLC) system (Waters, Germany)
coupled to an Impact II high-resolution quadrupole timeof-flight mass spectrometer (BrukerDaltonik GmbH,
Germany). Chromatographic separation was achieved by
gradient elution (%A: 0 min, 60; 1.2 min, 57; 1.26 min, 50;
7.2 min, 46; 7.26 min, 30; 10.8 min, 0; 12.96 min, 0; 13.02
min, 60; 14.4 min, 60) using a buffered solvent system (A:
60:40 v/v acetonitrile/water, B: 90:10 v/v isopropanol:water,
both with 10 mM ammonium formate and 0.1% formic
acid) and a 2.1 mm × 75 mm × 1.7 μm CSH-C18 column
(Waters, Germany) equipped with an 0.2 μm pre-column
in-line filter. The flow rate was 0.5 mL min− 1 and column
temperature was 55 °C. Electrospray ionization (ESI) conditions were as follows: polarity (+), capillary voltage,
4500 V, end plate offset, 500 V, nebulizer pressure, 2.5 bar,
dry gas (N2) flow, 8 L/min. Ion transfer parameters were
set to: Funnel 1 RF, 200 Vpp, Funnel 2 RF, 200 Vpp, Hexapole RF, 50 Vpp, Quadrupole Ion Energy, 5 eV, Low Mass,
100 m/z, Collision Energy, 8.0 eV, Pre Pulse Storage,
6.0 μs, Stepping Mode, Basic, Collision RF, 500–1000 Vpp,
Transfer Time, 60–100 μs, Timing, 50/50, Collision Energy, 100–250%. Alternating MS and MS/MS scans were
acquired using a Sequential Windowed Acquisition of All
Theoretical Fragment Ion Mass Spectra (SWATH)
scheme (m/z 350–975, width 25 Da). For internal calibration, Na formate clusters were spiked into the LC effluent
at the end of each run.
After data acquisition, files were converted to Analysis
Base File (ABF) format using a publicly available converter (Reifycs, Japan) and imported into MS-DIAL
(Tsugawa et al. 2015). MS-DIAL parameter settings were
as follows: Soft Ionization, Data independent MS/MS,
Centroid data, Positive ion mode, Lipidomics. Detailed
analysis settings were left at default, except for Retention
time end (10 min), Alignment Retention time tolerance
(0.2 min), Identification Retention time tolerance (3 min)
and Identification score cut off (60%). Identified peaks
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were exported to a text file and subjected to statistical
analysis.
Saturation indices were calculated as a ratio of total
saturated fatty acids to total unsaturated fatty acids
[27].The total level of saturated fatty acids in individual
lipid class was calculated by summing up the intensities
of each saturated fatty acid containing lipid multiplied
by the number of saturated fatty acids present in that
particular lipid moiety. The total level of un-saturated
fatty acids in individual lipid class was calculated by
summing up the intensities of each un-saturated fatty
acid containing lipid multiplied by the number of unsaturated fatty acids present in that particular lipid
moiety.
Statistical analysis

The differences between groups were analyzed by
ANOVA or t-test (paired or unpaired), where applicable.
Statistical analyses and graphical representations for lipidomic data and quantitative RT-PCR data were performed using the R software environment 3.4.2 (http://
cran.r-project.org/) or MetaboAnalyst 3.5 (http://www.
metaboanalyst.ca/faces/home.xhtml). P-values < 0.05
were considered statistically significant and indicated
when different.

Results
Comparison of baseline lipidomic profiles of cancer cell
lines

First, we compared the baseline lipidomic profiles of the
selected cell lines. Global lipidomic profiling using Liquid Chromatography-Mass Spectrometry (LC-MS)
followed by automatic annotation using MS-Dial (v.2.72
[30]) allowed to detect 244 lipid compounds each
present in at least 90% of all samples (Table 1). Majority
of the detected lipid molecules were either phospholipids (n = 136) or neutral lipids (n = 97). The major
phospholipid subclasses comprised Phosphatidylcholines
(PC,n = 45), Phosphatidylethanolamines (PE, n = 43),
Plasmenylphosphatidylethanolamines (PPE, n = 29) and
Plasmenylphosphatidylcholines (PPC, n = 8). The neutral
lipids included subclasses of Triacylglycerols (TG, n =
70), Cholesterol esters (CE, n = 19) and Diacylglycerols
(DG, n = 7). Inherent differences in the lipidomic profiles
were visualized using descriptive Principal Component Analysis (PCA) that showed a clear separation between different
cancer cell lines (Fig. 1a). As expected, lipidomic profiles of
cell lines from similar tissue of origin were more comparable
to one another. To further elucidate the individual compounds contributing predominantly to the variance observed
in lipidomic data from the selected cell lines a partial leastsquare-discrimination analysis (PLS-DA) model was
constructed. The PLS-DA score plots also showed clear separation between different cell lines (Fig. 1a). Variable
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Table 1 Identified lipid classes and numbers of detected lipid molecules
Lipid Type

Lipid Class

Phospholipids

Phosphatidylcholines (PC)

45

Lysophosphatidylcholines (lysoPC)

2

Lysophosphatidylethanolamines (lysoPE)

4

Phosphatidylglycerols (PG)

1

Neutral Lipids

Number of molecules

Plasmenylphosphatidylethanolamines (PPE)

29

Plasmenylphosphatidylcholines (PPC)

8

Phosphatidylethanolamines (PE)

43

Bis(monoacylglycero)phosphate (BMP)

4

Cholesterol ester (CE)

19

Monoacyglycerol (MG)

1

Diacylglycerol (DG)

7

Triacylglycerol (TG)

70

Sphingomyelines

Sphingomyelines (SM)

4

Acylcarnitine

Acylcarnitine

5

Lanosteryl oleate

Lanosteryl oleate

1

Lanosteryl palmitoleate

Lanosteryl palmitoleate

1

Total

importance in the projection (VIP) values were applied (VIP
values > 2.0) to identify 15 most important lipid molecules
which mainly contributed in differentiating the lipidomic
profiles of the cell lines (Fig. 1b). Ten of these lipid molecules
were phospholipids, whereas five were triglycerides.

Effect of metabolic stress on cell proliferation in cancer
cells

We have previously shown that cancer cells cultivated
under low-lipid conditions display differential growth
patterns [31]. Here, we studied the effect of different
metabolically-stressed culture conditions on cell proliferation in various cancer cell lines. To induce metabolic stress, cells were cultivated for 48 h under
following conditions: lipoprotein deficient medium
(LPDS serum), low-serum medium (2% serum), hypoxia (2% O2), or hypoxia in combination with lowserum medium. Figure 2 shows number of live cancer
cells cultivated under different conditions. We observed that metabolic stress significantly impacted
proliferation rates of most cell lines (Fig. 2). KU812,
SW480 and SW620 showed decreased proliferation
rates when cultivated in media containing lipoproteindeficient serum (LPDS). All cell lines except SW620
showed reduced proliferation rates under low-serum
environment. Hypoxic conditions induced decreased
proliferation rates in A549 and SW480. When cultivated under hypoxia in combination with low-serum
medium all cell lines except SW620 displayed reduced
proliferation rates.

244

Effect of metabolic stress on lipidomic profile of cancer
cells

Next, we studied the effects of metabolic stress on lipidomic profiles of cancer cells. Previous studies have
already shown various stress-related effects on individual
lipid-moieties. Our broad lipidomic assay allowed us to
assess the impact of metabolic stress on robust averages
of broader lipid-classes, providing a more holistic overview of cancer cell lipidomic profiles. To this end, we
only included lipid sub-groups with n > 6 to ensure statistical robustness (CEs, DGs, PCs PPCs, PEs and TGs).
To further increase robustness of the analysis, for each
of the analyzed lipid classes all subspecies containing
similar saturation status were averaged. Figure 3 summarizes the data on lipidomic profiles of all cell lines cultivated under different metabolically-stressed conditions.
To account for differences in cell number and hence
total amount used in analysis we expressed each lipid
peak intensity relative to the median peak intensity of
the sample. The data is expressed relative to the baseline
level (without stress) of the respective cell line. In each
panel the data-points spreading away from the medianplane display differences from the normal conditions,
color coded for lipid classes and stratified according to
saturation index of their fatty-acyl side chains (expressed
as the largest number of double bonds in any acyl side
chain) on the second dimension (see Additional file 1:
Supplementary Text Box 1 for explanation). We observed that cells cultivated under LPDS and LS containing media show multiple aberrations in their lipidomic
profiles (Fig. 3). Almost all cell lines showed significant
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a

b

Fig. 1 Baseline lipidomic profiles in selected cancer cell lines. a (Left- panel) Principal component analysis (PCA) of lipidomic profiles KCL22
(Leukemia), KG1 (Leukemia), KU812 (Leukemia), SW480 (Colon cancer), SW620 (Colon cancer) and A549 (Lung Cancer) cell lines at baseline level.
Percentage of the variance captured by each principal component (PC) is given close to each respective axis. (Right-panel) PLS-DA model analysis
of 244 common lipid molecules to differentiate six different cell lines (i.e. KG1, KCL22, KU812, SW480, SW620 and A549) (b) Potential
discriminatory lipid molecules identified through VIP scores (VIP values of > 2.0) derived from PLS-DA modeling of complete data matrix.
Resulting VIP scores for top 15 lipid molecules are shown in increasing order of VIP score values to highlight their discriminatory potential

decrease in cellular levels of CE under lipoprotein deficient conditions. Under LS medium all leukemic cells
displayed decreased levels of CE of polyunsaturated fatty
acyl chains. However, the cell lines derived from solid
tumors displayed overall decrease in CE under serumdeprivation. Colorimetric quantification of CE content
also displayed significant reduction in total CE levels
under LS and LPDS conditions (Additional file 2:
Figure S1).
Most striking alterations include changes in TG profiles of leukemia cell lines (KG1, KCL22 and KU812)
cultivated under LS medium. In leukemia cells under

serum-deprived conditions the cellular level of TG subspecies decreased with increasing number of double
bonds in their fatty acyl chains. A similar but slightly
less pronounced effect was observed in SW620 cells. In
other words, LS medium induced decreased levels of
polyunsaturated fatty acid-enriched TGs in selected cancer cell lines. We also checked the impact of metabolic
stress on total TG content in cancer cells. It was observed that all the leukemia cell lines and A549 cells display significant reductions in total TG content under LS
and Hyp + LS conditions (Additional file 3: Figure S2).
Levels of all DG sub-species were increased in leukemia
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Fig. 2 Effect of metabolic stress on cell proliferation in different cancer cell lines. KCL22 (Leukemia), KG1 (Leukemia), KU812 (Leukemia), SW480
(Colon cancer), SW620 (Colon cancer) and A549 (Lung Cancer) cells were cultivated under lipoprotein deficient medium (LPDS serum), low-serum
(LS) medium (2% serum), hypoxia (Hyp, 2% O2), or hypoxia in combination with LS medium (Hyp + LS). The number of live cells was counted
using a trypan blue dye exclusion method, after 48 h of culturing. The dashed line indicates the initial seeding density of cells.*Significantly
different (*p ≤ 0,05; **p ≤ 0,01; ***p ≤ 0,001), n.s not significant (p > 0,05)

cell lines under LS conditions (Fig. 3). Moreover, the
levels of highly saturated PPCs were also significantly increased under LS condition particularly in KG1, KCL22
and KU812 cells. Cellular levels of various PC subspecies
did not display marked changes or specific trends under
metabolic stress. Surprisingly, we did not observe any
robust changes in lipidomic profiles of cancer cells cultivated under hypoxia (Fig. 3). These results are strikingly
clear for all of the detected lipid classes.
Our analyses revealed that LS conditions induce most
pronounced changes in TG profiles of leukemia cells.
Recently, Ackerman et al [27] published that LS or Hyp
+ LS condition induces a loss of TGs harboring unsaturated FAs and a shift toward increased TG saturation in
renal cancer cells. In this paper, TGs were stratified according to the number of attached SFAs (i.e. 0 SFA, 1
SFA or ≥ 2 SFA). To further elucidate our findings we
also stratified TGs on these basis. We observed that
under low-serum (LS) condition the composition of TGs
was significantly altered and the proportion of TGs with
≥2 SFA was markedly increased in all leukemia cell lines
(Additional file 4: Figure S3). Under hypoxic condition
the FA composition of TGs did not significantly alter in
comparison to the normal condition. However, when
hypoxia was induced in combination with LS condition
(Hyp + LS) the proportion of TGs with ≥2 SFA was drastically increased together with a loss of TGs harboring
unsaturated FAs. This effect was more pronounced than
that observed under LS condition only. SW480, SW620

and A549 on the other hand, did not display such drastic
effects under LS condition. This stratification system
showed slight increase in TGs harboring ≥2 SFA in hypoxic SW480, SW620 and A549 cells. However, when TG
saturation-indices (SI) were compared no significant
changes were observed under hypoxia in any of the selected cell lines (Fig. 4). In line with our other analyses,
the SI of TGs were significantly increased under LS and
Hyp + LS condition in all leukemia cell lines (Fig. 4). LS
and Hyp + LS condition also induced significant increase
in SIs of DGs (Additional file 5: Figure S4) and CEs
(Fig. 5) in leukemia cells. No other significant changes in
SIs were observed for other lipid classes (Additional file 6:
Figure S5 and Additional file 7: Figure S6).
Most of the previous studies have separately compared
data for each lipid subspecies, whereas here we compared subgroups classified according to the number of
double bonds in their fatty acyl chains. When individual
lipid molecules were compared, indeed certain changes
in the cellular levels of various lipid subspecies could be
observed. Additional file 8: Table S1 compares levels of
various lipid subspecies in A549 cells cultivated under
normoxia vs. hypoxia. Here, we also observed significant
alterations in the levels of various lipid subspecies. Some
of these changes were in line with published data [25, 26].

Discussion
The major goal of the presented work was to study the
impact of nutrient and oxygen-deprivation on lipidomic
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Fig. 3 Effect of metabolic stress on lipidomic profiles of cancer cells: Each column shows changes in cellular levels of the six major lipid classes –
including CEs, DGs, PCs PPCs, PEs and TG– under a specific stress condition relative to control for KCL22 (Leukemia), KG1 (Leukemia), KU812
(Leukemia), SW480 (Colon cancer), SW620 (Colon cancer) and A549 (Lung Cancer) cells. For each lipid class the peak intensities of the subspecies
containing similar number of double bonds in their fatty acyl chains (chain containing highest number of double bonds) were summed up and
the data were log2 transformed and median normalized

profiles of cancer cells. The most profound alterations
were observed in TG compositions, particularly of
leukemia cells under LS environments, including a loss
of TGs harboring unsaturated FAs and a shift toward increased TG saturation. These results are in line with the
recently published work by Ackerman et al [27] that reported increase in TG saturation index under Hyp + LS
or LS conditions in renal cancer cells. It has been previously shown that cancer cells preferentially utilize exogenous unsaturated fatty acids available from the
culture media or tumor microenvironment, until they
become limiting [32].We hypothesize that under LS environment there is a toxic buildup of saturated lipids
due to limited supply of environmental PUFAs. To overcome that the unsaturated fatty acids bound to the
stored TGs are released and the cellular lipid

homeostasis is maintained. This escape mechanism of
releasing TG-bound unsaturated fatty acids to counteract toxic buildup of saturated lipids has also been observed in cancer cells in which de novo desaturation
pathway is inhibited [27]. However, LS-mediated induction of this effect is not observed in all cell lines, for instance, SW480 and A549 do not display any systematic
changes in their TG profiles under LS conditions.
SW480 cells display highest baseline TG saturation
index among the selected cell line (Additional file 9: Figure S7), in other words, the baseline TG-deposits in
SW480 may not have higher amounts of bound PUFAs
to counteract toxic buildup of saturated lipids under
serum-deprivation. Hence, these cells may use other
mechanisms to overcome the unsaturated fatty acids deficiency. For instance, Roongta et al. [32] have shown
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Fig. 4 Fatty acid saturation indices (FA-SI) of triglycerides (TGs) in KCL22 (Leukemia), KG1 (Leukemia), KU812 (Leukemia), SW480 (Colon cancer),
SW620 (Colon cancer) and A549 (Lung Cancer) cell lines under Nor, LPDS, LS, Hyp or Hyp + LS conditions

that A549 cells along with several cancer cell lines enables endogenous biogenesis of unsaturated fatty acids
under LS condition.
We observed that in addition to severe modification in
their TG profiles the cancer cells also display significant
reductions in cellular levels of all CE subspecies. TGs
along with CEs are the major constituents of lipid droplets (LD). Previous works have shown that serumdeprivation induces LD-depletion in different cancer cell
types [33–35]. It has been previously reported that under
restricted cholesterol-rich low-density lipoprotein (LDL)
supply cancer cells mobilize CEs [36]. Hence, it is possible that under LS conditions cancer cells rely on previously stored LD content for the release of free fatty acids
that subsequently caused decrease in CE and TG levels.
The most striking observation of this study was that
the lipidomic profiles of cancer cells remained robust
under hypoxia. This effect was consistent throughout
the selected cell line panel and for all the analyzed lipid
sub-groups. This effect was particularly interesting
because we observed changes in proliferation capacity,
expression of lipid synthesis/degradation markers (Additional file 10: Figure S8) and expression of hypoxia
markers (data not shown) in hypoxic cancer cells. Despite all these changes cancer cells maintained homeostasis for all lipid classes. Also, if stresses are combined (LS

+ Hyp) the observed pattern is similar to LS conditions
and not altered by hypoxia. Few previous studies reported that hypoxia induces changes in phospholipid/triglyceride profiles of cancer cells [25, 26]. Previous works
compared the levels of individual lipid moieties and observed significant changes in multiple TG and PC subspecies. We also observed changes in cellular levels of
various lipid subspecies when compared individually
(Additional file 8: Table S1). However, our broad lipidomic assay allowed us to focus on robust averages from
larger lipid-classes classified on the basis of saturationdensity of their fatty acyl chains. These analyses provide
a more holistic view of saturation status of various lipid
classes. A previous study by Yu et al. [25]–that reported
clear cut changes in PC profiles of Hela cells under hypoxia– also noted that changes in PC profiles are only
evident when individual PC species are analyzed. However, when the relative abundance for PL species with
acyl chains containing ≥3 double bonds were compared
with that containing <3double bonds no significant difference was observed between cells under normoxia and
hypoxia. Literature survey reveales differences in cell
culture methods among previous studies that may also
lead to contradictory evidence. For instance; cells were
serum-starved prior to hypoxia-induction [25], hypoxia
was applied in combination with nutrient-deprivation
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Fig. 5 Fatty acid saturation indices (FA-SI) of cholesterol esters (CEs) in KCL22 (Leukemia), KG1 (Leukemia), KU812 (Leukemia), SW480 (Colon
cancer), SW620 (Colon cancer) and A549 (Lung Cancer) cell lines under Nor, LPDS, LS, Hyp or Hyp + LS conditions

[26] or full serum media was supplemented with exogenous lipids [37]. Here, we also observed that the lipidomic
profiles of the selected cancer cell lines cultivated under
low-serum environment were similar to that cultivated
under hypoxia+low-serum environment. Hence, one can
speculate the altered lipidomic profiles are mainly regulated by nutrient-availability and not by hypoxia. Further
studies are required to understand the molecular mechanisms regulating lipidomic profiles of cancer cells under
metabolic stress.

Conclusions
The presented work aimed to determine the impact of
metabolic stress on lipidomic profiles in biologically diverse cancer cells. Our data showed that nutrient
deprivation leads to systematic changes in lipidomic profiles -particularly neutral lipid composition- of cancer
cells. Unexpectedly and in contrast to previously published data, we observe that low oxygen conditions do
not systematically affect cancer cell lipid composition
despite concurrent changes in proliferation rates and
metabolic gene expression. Most of the previous studies
have separately compared data for each lipid subspecies,
whereas here we compared subgroups classified

according to the number of double bonds in their fatty
acyl chains. We also observed certain changes in the cellular levels of various lipid subspecies when individual
lipid molecules were compared. We conclude that although the levels of individual lipid moieties alter under
hypoxia, the robust averages of broader lipid class remain unchanged.
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Additional file 2: Figure S1. Fold-changes in total cholesterol ester (CE)
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Additional file 6: Figure S5. Fatty acid saturation indices (FA-SI) of
phosphatidylcholine (PC) in (a) KCL22 (Leukemia) (b) KG1 (Leukemia) (c)
KU812 (Leukemia) (d) SW480 (Colon cancer) (e) SW620 (Colon cancer) (f)
A549 (Lung Cancer) cell lines under Nor, LPDS, LS, Hyp or Hyp+LS
conditions. (PPTX 71 kb)
Additional file 7: Figure S6. Fatty acid saturation indices (FA-SI) of
phosphatidylethanolamine (PE) in (a) KCL22 (Leukemia) (b) KG1
(Leukemia) (c) KU812 (Leukemia) (d) SW480 (Colon cancer) (e) SW620
(Colon cancer) (f) A549 (Lung Cancer) under Nor, LPDS, LS, Hyp or Hyp
+LS conditions. (PPTX 71 kb)
Additional file 8: Table S1. Changes in abundance of individual lipid
moieties under hypoxia in A549 cells. The data were analyzed by the
univariate ANOVA analysis for repeated measures (significant *p-value <
0.001). P-values for the lipid species significantly altered are indicated in
bold (red font). The left- most column indicates the lipid moieties
reported to be significantly altered (√) under hypoxic condition by
previous works (in different cell line models). (DOCX 41 kb)
Additional file 9: Figure S7. Baseline saturation indices of TGs in KCL22
(Leukemia), KG1 (Leukemia), KU812 (Leukemia), SW480 (Colon cancer),
SW620 (Colon cancer), A549 (Lung Cancer). (PPTX 99 kb)
Additional file 10: Figure S8. Effect of metabolic stress on expression
of selected genes from de novo lipid synthesis or lipid uptake/
degradation pathways in different cancer cell lines. Box plots showing
log2 transformed and median normalized values for (a) FASN (b) HMGCR
(c) MGLL expression levels in KCL22 (Leukemia), KG1 (Leukemia), KU812
(Leukemia), SW480 (Colon cancer), SW620 (Colon cancer) and A549 (Lung
Cancer). (d) LPL expression level in KU812 (Leukemia) and SW480 (Colon
cancer) cells. (e) CD36 expression level in KU812 (Leukemia) cells. Cells
were cultivated (48 hours) under lipoprotein deficient medium (LPDS
serum), low-serum (LS) medium (2% serum), hypoxia (2% O2), or hypoxia
in combination with LS medium. The levels of the different transcripts
were measured in 3 to 6 samples by qPCR. The results show the distribution of corresponding transcripts relative to GAPDH, with the box indicating the 25th–75th percentiles, with the median indicated. line. The
whiskers show the range. Data were normalized to the median expression level of the given transcript under normal conditions for the respective cell line. (PPTX 218 kb)
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Dyslipidemia in cancer patients is reported to be
linked with cancer risk and progression of the disease.
Previous research findings showed that low levels of serum cholesterol and elevated levels of serum triglycerides
are associated with risk of overall cancers. However, there
are several inconsistencies in the reports regarding the association of dyslipidemia with cancers. In this book chapter we will emphasize on dyslipidemia in relationship to
the cancer risk, diagnosis, prognosis and mortality incidents.
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Introduction
Research on the biochemistry and molecular biology of lipids and lipoproteins has experienced remarkable
growth in the past years, particularly with the realization
that different classes of lipoproteins play fundamental
roles in diseases such as cardiovascular diseases, obesity,
diabetes, cancer and several neurodegenerative disorders.

www.avidscience.com

3

Advances in Dyslipidemia

Advances in Dyslipidemia

Aberrant blood lipid profiles/dyslipidemia has long
been considered as the risk factor of cardiovascular diseases. More recently, various research findings revealed
that dyslipidemia is also associated with cancer [1-5]. It
has also been known that lipids play crucial role in tumor
development and progression [4,6]. The malignant cells
manipulate and up-regulate their lipogenic and lipolytic
pathways for acquisition of lipids [7,8]. As lipoproteins are
the distributors of both endogenous as well as exogenous
lipids across the tissues therefore it is suggested that deregulation of lipid metabolic pathways may also affect plasma
levels of lipoproteins. Previous studies have demonstrated
that almost all cancers are affected with aberrant serum/
plasma lipid levels. Serum/plasma lipids-total cholesterol
(TC), high-density lipoprotein cholesterol (HDL), lowdensity lipoprotein cholesterol (LDL), very low-density
lipoprotein cholesterol (VLDL) and triglycerides (TGs)
are suggested to be associated with cancer development
and progression [1-3]. However, there are several discrepancies in the reports regarding the association of dyslipidemia with cancers. The reasons for these inconsistencies
in previous research reports might be observed due to the
types of cancer or due to related confounding factors including, lifestyle, obesity [5] and effect of antineoplastic
therapies [9]. One of the reasons for these contradictory
reports could be the fact that various types of cancers exploit different modes for the acquisition of lipids that in
turn affect the serum/plasma lipid profiles.

4
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In this chapter we will review the association between
dyslipidemia and risk of developing various types of cancers including both hematopoietic malignancies and solid
tumors. In order to gain more insight into this complex interplay, some prospective underlying mechanisms will be
addressed. Moreover, the potential roles of serum/plasma
lipids in promoting carcinogenesis will also be conferred.

Solid Tumors
Previous works have demonstrated that cancer patients often display aberrant blood lipid profiles (Table 1).
Researchers have also reported association of plasma/serum lipids and lipoproteins with different types of cancers
(Table 1). In the subsequent sections we will discuss this
association between plasma lipid levels and solids cancers
in detail.

Breast Cancer
Breast cancer is a heterogeneous disease which is further subdivided into different tumor types on the basis of
molecular profile of tumors, patient prognosis and treatment options. Breast cancer is also associated with different cofactors which add up the disease burden such as age,
menopausal status, blood lipid profiles and obesity [10].
Abnormal lipid profiles or dyslipidemia are considered as
one of the major risk factor of breast cancer.

www.avidscience.com
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Many epidemiological studies revealed that breast
cancer patients display significantly elevated levels of
serum cholesterol [11]. But these observations are not
consistent, for example, few longitudinal studies showed
that high serum cholesterol levels were associated with increased risk of breast cancer [11]. While some breast cancer related studies showed no association between breast
cancer risk and cholesterol [11].

lipid profile. It has been shown that breast cancer patients
with advanced disease in comparison to the patients with
less advanced disease and controls display significantly
higher serum TGs and significantly lower serum cholesterol and HDL levels. Moreover, lower serum LDL levels
were observed in breast cancer patients with bony metastasis as compared to the patients with liver or liver bony
metastasis [11].

The most striking and frequent of these observations
is that; low levels of serum HDL are associated with increased risk of all cancers [11]. There are very few contradictory studies that showed that increased risk of cancer is
associated with high levels of serum HDL. For instance it
has been reported that women with breast cancer display
high levels of HDL in comparison to the healthy women
[11]. Although breast cancer patients display reverse relationship; here increased LDL levels are associated with
increased breast cancer risk [11].

Now question arises, how dyslipidemia is associated
with the risk of breast cancer? It has been well studied that
breast cancer cells have lipogenic phenotype (use de novo
fatty acid synthesis pathway). Also, it has been reported
that risk of breast cancer is 5 times higher in women of
western countries as compared to the Asian women [12].
Moreover, relocation and migrational studies have demonstrated that migration from a region with low incidence
to a region with high incidence increases breast cancer
incidence in the immigrant population [13]. These epidemiological studies strongly indicated that risk of breast
cancer is associated with the diet pattern of women. So,
it is hypothesized that dietary lipids might favor the occurrence and progression of breast cancer. Plasma lipoproteins are the major distributor of dietary lipids therefore; blood lipid profiles could be utilized for accessing the
early diagnosis and future outcome (prognosis) of disease.

Moreover, it has been reported that serum lipid profiles of the breast cancer patients with metabolic syndrome
are different from those without metabolic syndrome [11].
It has been shown that total cholesterol and triglyceride
content in breast cancer patients without metabolic syndrome lies within the normal range [11]. Besides higher
levels of serum HDL are shown to be inversely associated
with the risk of breast cancer in premenopausal women
[11]. Some of the previous works have also studied the
possible association of tumor stage or grade with serum

6
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Prostate Cancer
Several epidemiological studies have demonstrated
that risk of developing prostate cancer is closely associated
with dietary fat consumption [14,15]. In addition to this
fat intake also supports the progression of prostate cancer
[15]. Fat consumption directly affects the blood lipid profile of an individual therefore; it is suggest that blood lipid
profiles might be helpful in early diagnosis of malignant
disease.
Several recent research works support inverse association between the intake of statins and advanced stage
prostate cancer [11], whereas some reports negate these
findings. It has been proposed that the prostate cancer
cells exhibit cholesterol feedback dysregulation, hence
they might display increased sensitivity to statins [11].
To study the possible and direct role of cholesterol in
this observed inverse association between statin intake
and advanced stage prostate cancer, a nested case control
study was carried out. It was reported that men with low
plasma cholesterol had a lower-risk of high-grade prostate cancer and possibly advanced stage disease, but not
organ-confined or low-grade disease [11]. Exclusion of
the statin-users did not alter these results indicating a
direct role of cholesterol in mediating this inverse association between statin intake and advanced stage prostate
cancer. Another recent work where statin users were excluded from the study population suggests that men with
8
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low cholesterol have a reduced risk of high-grade prostate
cancer [11].

Gastrointestinal Cancers
As dyslipidemia is an established risk factor for the
other cancers, its role in gastrointestinal malignancies is
also well studied. The increasing prevalence of oesophageal, stomach, colon, and rectal cancers may be attributed
by plasma/serum lipids. The fat-rich diets, at quantities of
40 to 45% of the total calories ingested by the population,
have a close relationship with colorectal cancer incidence
[16]. There are several prospective and cohort studies that
show conflicting results about colorectal cancers. Here,
we present a review of most discrepant findings and their
possible explanations.
The main findings of a recent case–cohort study nested in an Italian multicentre cohort suggested that high levels of plasma total and LDL cholesterol increase colorectal cancer risk, particularly in men and postmenopausal
women [17]. Another Swedish Apolipoprotein Mortality
Risk (AMORIS) cohort study also showed parallel results
of total cholesterol (TC) with Italian multicentre cohort
study. According to this study, high TC levels were associated with an increased rectal cancer risk whereas high
glucose and TG levels were associated with an increased
colon cancer risk. An increased risk of oesophageal cancer was also observed in persons with high TG and low
LDL, LDL/HDL ratio, TC/HDL ratio, log (TG/HDL),
www.avidscience.com
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and apoB/apoAI ratio [18]. According to Wulaningsihet
al., 2012, the persistent link between TC and rectal cancer risk as well as between TG and colon and oesophageal
cancer risk in normoglycaemic individuals may imply
their substantiality in gastrointestinal carcinogenesis [18].
A large prospective study in Korea 2011- restricted to men
only-[19] and a study in Sweden 2009 [20] found modest positive association of serum TC with colon cancer.
Another study showed positive correlation of serum levels
of TC and LDL fraction with the appearance of colorectal
cancer [20]. Although the exact mechanisms that how the
high total cholesterol levels could lead to an increased risk
of colorectal cancers are unclear. McKeown-Eyssen (1994)
has also reported an association between high serum triglyceride and colon cancer [21].
In contrast, there are some reports that depict inverse
association between blood lipids and colorectal cancers.
For example, a study in 1974 [22] which pooled cohort
cases from six prospective cardiovascular studies on men,
found that the 90 colon cancer cases had lower mean serum cholesterol level than the overall cohort mean. A 1983
review also found an inverse relationship between blood
cholesterol and colon cancer [23] as did the Framingham
[24] and Honolulu Heart [25] studies. In a cross sectional
study, lowest serum TG levels were revealed in colorectal
cancers [26]. A large number of prospective studies generally do not support an association between cholesterol
and risk of colorectal cancer [19,20,27-31]. The1991 review of prospective studies found no long-term associa10
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tion of colorectal cancer with low cholesterol [32].
One of the major causes for these aberrant lipid patterns could be the metabolic syndrome; characterized by
three or more components among abdominal obesity, high
blood pressure, hyperglycemia, hypertriglyceridemia, and
low HDL cholesterol [17]. Some recent prospective studies have found that people with metabolic syndrome are at
an increased risk of developing colorectal cancer [15,16].
There are several possible mechanisms; mainly involving
abdominal obesity and insulin resistance that have been
proposed to link the syndrome with colorectal cancer
[18]. In particular, the dyslipidemia component of metabolic syndrome is linked to chronic low grade inflammation [19], oxidative stress [20] and insulin resistance [21]–
all of which may enhance carcinogenesis. However, some
prospective studies exploring the relation of alterations
in individual components of blood lipids with colorectal cancer have yielded conflicting results [17,31,33-39].
It is also possible that some genetic factors that affect the
metabolism of cholesterol also influence susceptibility to
cancer [40]. Hence, apolipoprotein E (apo E) - a multifunctional protein with a role in the transport and metabolism of lipids [40] - has also been considered in the
etiology of colorectal cancer [41-43]. In a Brazilian study,
the patients had statistically non-significant reduced levels (mean ± SD) of TC and LDL (180.4 ± 49.5 and 116.1 ±
43.1 mg/dL, respectively) compared to controls (204.2 ±
55.6, P = 0.135 and 134.7 ± 50.8 mg/dL; P = 0.330, respectively). The study concluded that presence of the ε4/ε4
www.avidscience.com
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genotype only in controls may serve as a protective against
colorectal cancers. Lower lipid profile values among patients, even those on lipid-rich diets associated with the
APOE*4 allele, suggest alterations in the lipid synthesis
and metabolism pathways in colorectal cancers [40].
Hence, on the basis of these studies no clear-cut association between colorectal cancer progression and changes in blood levels of lipids can be decisively stated. For
instance, some studies showed a decrease in plasma lipid
levels in patients with colorectal cancers, when compared
to controls. On the other hand, we have quite a number of
reports supporting the opposite association. This may be
a consequent upon an increased utilization of blood lipids
by malignant cells as a competing factor [44] or some other possible metabolic variability. To understand the role of
dyslipidemia in gastrointestinal malignancies, we need to
monitor several confounding factors such as classification
of cancers, gender, age and body mass index etc.

Liver cancers
Liver cancer is a major public health concern and was
considered as fifth common malignant tumor worldwide
[45]. It is well known for its poor prognosis. Many previous studies indicate that lower cholesterol levels might
increase the risk of cancers. However, this pattern is only
consistent in case of preclinical cancers not in all cancers
[46,47]. Following this pattern, the patients with severe
hepatitis or hepatic failure or chronic liver disease also
manifest decline in serum/plasma total cholesterol, TG,
12
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HDL, LDL and VLDL cholesterol levels in comparison to
the controls [48-61]. This phenomenon could be attributed to the decreased lipoprotein biosynthesis [62]. The
negative association between LDL and liver cancer mortality has also been observed in a previous report; showing that low LDL cholesterol may be a predictive marker
for death due to liver cancer [50]. Jiang et al., 2008 also
reported significantly decreased serum TG, apoAI, HDL
and Lp(a) in hepatocellular carcinoma (HCC) patients
than in controls, whereas plasma apoM levels were significantly increased in the HCC patients [63]. Moreover,
these above mentioned studies were done on a large group
of participants and were not gender restricted [46,50].
Though, this would be of prodigious significance to associate dyslipidemia in liver cancer patients with the severity
of the disease.
Liver is the main organ that is involved in lipid metabolism. Lipid accumulation in the liver is known as one
of the factors for HCC. Liver cancer is followed by liver
cirrhosis or chronic hepatitis that may significantly influence lipid and lipoprotein metabolism in vivo [64] and so
lowers serum cholesterol [28]. Serum/plasma lipid or lipoprotein levels in liver could be disordered due to cancer,
cirrhosis, blocked esterification and evacuation of cholesterol in liver [65-71].

www.avidscience.com
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The reduction of TG levels in liver cancers observed
by Motta et al. (2001), may be explained on the basis of
the relationship between cytokines and lipids [72]. Tumor
cells produce such as Tnf-α, IL-1, IL-6, and IFN-α [73,74]
that inhibit lipolysis [75]. Hepatic TG lipase activity was
also found significantly decreased in hepatocarcinogenesis [76].
Serum Lp(a) level in liver cancer patients decreased
strikingly as compared with that of the normal. Lp(a);
produced by the liver its malfunction in liver cells may decrease its levels in patients with chronic liver disease [77].
The cause may be involvement of hormones, cytokines,
genetics and nutrition in different ways because these influence serum Lp(a) levels in tumors by inducing cachexia
that may disorder lipid metabolism [73,78]. Nevertheless,
Lp(a) is synthesized and metabolized independently of
other plasma lipoproteins so it is not influenced by various
dietary manipulations [79]. Lp(a) is a substance involved
in both lipid and proteic metabolism, and can be a sensitive and early marker of liver malfunction. It is concluded
that Lp(a) might be useful in the follow-up of liver cancer
patients and can be used for evaluation of the liver function [66], but in another study the increased Lp(a) serum
level was found in hepatoma patients [80].
The quantitative and qualitative difference of lipids,
apolipoproteins, enzymes, and lipid transfer proteins
results due to various HDL subclasses, which are characterized by differences in shape, density, size, charge
14
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and antigenicity [81]. Cholesterol ester transfer protein
(CETP) - an important determinant of lipoprotein function especially HDL metabolism–regulates plasma HDL
levels [82]. Therefore, HDL plays a key role in the reverse
cholesterol transport pathway in liver [83,84]. The primary site of human HDL synthesis is believed to be in the
liver [85,86]. Ooiet al. (2005) analyzed lipids in liver diseases such as lower HDL-fraction and higher levels of all
other parameters in case of metastatic liver as compared
to HCC [67]. Slow α-HDL, abnormal LDL, Lp-X (lipoprotein X) and Lp-Y (lipoprotein Y) were found associated with liver diseases. Slow alpha HDL appeared during
slight bile stagnation and was accompanied by increase
in the apoE level and the HDL particle size [67]. Hepatic
lipase (HL) can adversely affect the HDL2 selectively; hydrolyze the TG and lipoprotein in it [87]. The transgenic
over expression of HL in either mice or rabbits decreased
HDL levels [88,89]. HL activity is suppressed by estradiol
and increased by testosterone [90,91], and when patients’
estradiol level with HCC was high, the secreting ability of
testosterone will be cut down, which decreases HDL level
too.
Moreover some findings showed virus induced hepatic carcinomas with lower serum cholesterol, TG, HDL
and LDL levels [54,92-94]. The possible mechanism behind significantly lower serum cholesterol levels in patients with liver cancer has been clearly explained by Jiang
et al., (2007). As liver cancer progresses, tumor cells intake
www.avidscience.com
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much exogenous cholesterol that affects endogenous cholesterol to its pathogenic extent [95], and then using this
for cytomembrane synthesis [96], duplication of DNA and
regulation of oncogene protein [97]. With the reduced
synthesis of hydroxy-methylglutarylcoenzyme A (HMGCoA) reductase, cholesterol synthesis in liver is also reduced and serum cholesterol content gradually depressed,
especially in liver cancer [65,67]. Additionally, HDL causes serum cholesterol level to significantly decrease in liver
cancer [66]. Moreover, the X protein of hepatitis B virus
(HBx)–over expressed in HCC-was shown to down-regulate the transcriptional level of microsomal triglyceride
transfer protein, which regulates the assembly and secretion of apoB. Apolipoprotein B (apoB) in the liver is an
important glycoprotein for transport of VLDL and LDL.
In liver cells hyper-express of HBx, but serum TG level
in liver cancer did not obviously decrease compared with
Lp(a), total cholesterol and HDL [67].
In most of these above findings, significant negative
association of liver cancer incidence and mortality with
lower levels of serum/plasma total cholesterol, HDL and
LDL was shown but not with TG levels [32,54,98]. Lower
HDL levels in Child-Pugh C than Child-Pugh B and in
Child-Pugh B than Child-Pugh A and apo-A levels were
also found to be the most affected factors in those with
liver damage [55].

16
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The study of the argument that there is an association
between dyslipidemia and liver cancer showed that condition of liver lipid and lipoprotein metabolism and hepatic
cell impairment are related, and will aid in determination
of pathogenetic condition, therapeutic effect and prognosis in liver cancer.

Hematopoietic Malignancies
Numerous studies have reported alterations in the
plasma lipid profiles in patients with hematopoietic malignancies. However, there are several inconsistencies in
these reports [99-104]. The underlying mechanisms for
these irregularities have not been clearly elucidated. In
general, lipids are known to play a crucial role in tumor
development and progression [6]. Lipoproteins are the
distributors of both endogenous as well as exogenous lipids across the tissues. Therefore, it is plausible that lipoproteins play a fundamental role in cancer progression
via supplying lipids to malignant cells and tumors. These
speculations are even more intriguing for the leukemic
cells that are in circulation and could attain more direct
benefit from the plasma lipoproteins.

Leukemia
Several prospective-cohort studies have previously
reported that lower levels of serum cholesterol are associated with high-risk of developing leukemia as well as
overall hematopoietic cancers [27,29,105-107] (Table 1).
www.avidscience.com
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Moreover, low plasma cholesterol levels were found to be
associated with increased risk of mortality in hematopoietic cancer patients [108]. On the contrary, there are few
studies that report no association between total serum
cholesterol levels and the risk of leukemia [28,109].
The exact cause of the abnormal lipid profiles in leukemia patients is not yet clearly elucidated. The possible
role of plasma lipids and lipoproteins in carcinogenesis is
also not very well-defined. However, researchers working
in this area have made number of suggestions to explain
the aberrant plasma lipid profile in leukemia patients [11].
The increased uptake and degradation of LDL cholesterolis widely reported in acute myeloid leukemia (AML) cells
[110,111]. Thus, it can be speculated that increased uptake
of LDL by cancer cells may affect its clearance from circulation and results in decreased serum LDL levels in the
cancer patients. Leukemia cells were also shown to display
higher uptake of HDL-cholesteryl esters [112]. It has also
been reported that the conversion of cholesterol to bile
acids is suppressed in the AML patients, a phenomenon
that may also result in a decreased intestinal absorption
of cholesterol and subsequent hypocholesterolemia [113].
The fatty acid analysis of the triglyceride esters in serum of leukemia patients revealed a high proportion of
stearic-acid (18:0) [114], which is associated with a slower
in vitro degradation of VLDL by (LPL). Hence, the abnormal composition of triglycerides renders VLDL a poor
substrate for lipoprotein lipase (LPL) that may also cause
18
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increased serum TG and VLDL levels in leukemia patients.
All of the above mentioned works indicate that the
aberrant lipid profiles in leukemia patients are possibly
a consequence of cancer. However, several studies have
clearly associated the risk of developing leukemia with
atypical serum lipoprotein levels (Table 2). Hence, a causative role of aberrant lipoprotein levels is also suggested
by previous reports, at least for the malignancies of nonhematopoietic origins. Some researchers have suggested
that peroxidation of plasma lipoproteins may also play a
key role in cancer development [115]. Lipoproteins are
susceptible to peroxidation triggered by reactive oxygen
species and reactive nitrogen species. It has been proposed that lipid peroxidation product malondialdehyde,
that form adducts with adenosine and cytosine, may contribute to mutagenicity and carcinogenicity in mammalian cells [116]. On the other hand, HDL that-due to its
lipid and apoprotein content - is less susceptible to peroxidation in comparison to LDL, counters the oxidative
damage caused by oxidized LDL [117]. Thereby, HDL prevents the generation of reactive oxygen species and acts as
an anti-carcinogen. These speculations provide a possible
explanation for the involvement of plasma lipoproteins in
carcinogenesis however; further studies are required for
the better understanding of this phenomenon.

www.avidscience.com
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Multiple Myeloma

Lymphoma

Myeloma is the cancer of the plasma cells-white blood
cells that produce antibodies. Myeloma cells are produced
in the bone marrow. Myeloma cells prevent the normal
production of antibodies that makes the immune system
weak. Hence the patient is susceptible to infections. The
multiplication of myeloma cells also hinders the normal
production and function of normal blood cells. In most
cases of myeloma there is an excessive production of Mproteins or paraproteins–abnormal antibodies that can
cause kidney damage. Additionally, the myeloma cells
normally produce substances that may cause bone destruction, leading to bone pain and/or fractures.
Like several solid tumors, hypocholestrolemia is also
observed in some types of hematological malignancies,
e.g. multiple myeloma (MM). As compared to healthy
individuals serum total cholesterol, HDL and LDL levels
were found to be significantly lowered in MM patients
(p<0.001). Whereas, no difference was observed when TG
and VLDL levels were compared between the both groups
[118]. Serum lipid levels are also shown to be affected by
the type and stage of multiple myeloma [118,119]. One of
the plausible reason for hypocholestrolemia in MM patients, could be the increased clearance of LDL and utilization of cholesterol by the myeloma cells [118].

20
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Lymphoma is a form of hematopoietic cancer of lymphoid origin. It involves lymph nodes and immune cellslymphocytes. The two major types are Hodgkin lymphoma
(HL) and Non-Hodgkin lymphoma (NHL). Like several
other types of blood cancers, lymphoma patients often
exhibit aberrant lipid metabolism. Previously Lim et al.
reported that decreased circulation of HDL particles may
take place during lymphomagenesis. However, no correlation for total and non-HDL cholesterol was observed in
NHL patients. The inverse association observed between
HDL and NHL changed during the follow-up period. It
wasn’t confounded by factors like obesity (a putative risk
factor for NHL) and physical activity but the gender of the
patient affected this association [120]. Further investigations should be conducted to evaluate the etiological role
of serum lipids in lymphomagenesis.

Conclusion
Dyslipidemia in cancer patients is reported to be associated with cancer risk, pathogenesis and progression
[121,122]. However, there are several discrepancies in the
previous reports. Hence the clinical usefulness of plasma/
serum lipid levels in risk stratification of a variety of cancers remains elusive. There are several environmental and
genetic factors that are known to influence human plasma
lipid profile [123]. It is quite possible that the divergent
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findings from the previous studies - regarding association
between plasma lipid levels and cancers - are due to the
fact that these confounding factors were overlooked during analyses. Moreover, these findings may help in outlining the prevalence and types of dyslipidemia in cancer
patients that may emerge as diagnostic/prognostic factors
for the management of cancer. This knowledge will lead us
to the new therapeutic strategies for treatment of cancer.
Further investigations are required to clarify this association.

Table 1: Overview of the previous studies aimed to evaluate the association between plasma/serum of various lipid
fractions and cancer.
Cancer
Type
Studied

Reference

Lipid Fraction
Studied

Cancer Subtype

Sample Size

[124]

Chl

-

N = 577,330

[125]

Chl and LDL

-

n = 100

[126]

Chl

-

n = 61

[127]

Chl

-

c = 103

c = 610
c(Stomach cancer) = 557

c(Colorectal cancer) = 506

c(Lung cancer) = 320

Results/Comments
Lower serum Chl levels were associated with highrisk of all cancers in females. This association is also
observed in males for several types of cancers.
Significantly lower levels of total serum Chl, esterified-Chl and LDL were observed in patients in comparison to the control population.
Lower levels of serum Chl were observed in patients
in comparison to the control population.

Lower levels of serum Chl were associated with
high-risk of all cancers analyzed, particularly, stomach and liver.

c(Breast cancer) = 178

Acknowledgements

c(Prostate cancer) = 164
c(Cervical cancer) =55

Overall/Several Cancers

This work from the author’s laboratory was supported/funded by Higher Education Commission, Pakistan.
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review of this chapter.

c(Liver cancer) =125

c(Leukemia) =50

c (Non-Survivors) = 290

[128]

Chl

-

[129]

Chl and TGs

-

n = 131

[130]

LDL

-

N = 6,107

[131]

Chl

-

N = 172,210

[132]

Chl, LDL and TGs

-

c (Survivors)= 2,173

c = 131

c(Lymphomas) = 18

c(Breast carcinomas) = 18

c(Small-cell lung carcinomas) = 14
c(Urothelial-cell carcinoma)= 7

Chl, HDL, LDL, TGs,
α-lipoproteins,
Phospholipids and
Total lipids

-

n = 60

Chl

-

c = 160,135

[135]

Chl, LDL and VLDL

-

c = 4,224

[136]

Chl, HDL, TGs and LDL -

[133]

[134]

c = 115

n = 415

There was no significant difference between plasma
Chl levels of the survivors and non-survivors. Nonetheless, increased mortality was associated with
low plasma Chl levels in lung cancer patients but not
in stomach, prostate or colon cancer patients.
In comparison to the control population male cancer
patients displayed lower whereas, female cancer
patients displayed higher plasma Chllevels. TG levels
were not significantly different between cancer patients and controls.

In type 2 diabetes patients the association between
LDL and cancer was V-shaped, whereby both low
and high levels of LDL were associated with elevated
risk of cancer.

High serum Chl levels were associated with lower
cancer risk.

In this study various cancer patients undergoing
chemotherapy were included. Patients that responded positively to chemotherapy demonstrated
a significant increase in serum Chl, TG and LDL
levels. While breast cancer patients responding positively to chemotherapy displayed a non- significant
decrease in Chl and LDL.

Serum Chl, HDL, LDL, total lipids, phospholipids and
α-lipoproteins levels were significantly lower in patients as compared to the control group, whereas TG
levels were found to be significantly elevated.
There was no strong or consistent association
between low serum Chl level and overall cancer
incidence. Lower serum Chl levels were only associated with elevated risks of cervical cancer and
lymphoma in males.
Significantly lower plasma Chl values were observed in colorectal and gastric carcinoma patients as
compared to the controls. While for other cancers
no significant difference in plasma lipid fractions
was observed.

Significantly lower serum Chl, LDL and HDL levels
were observed in all cancer patients in comparison
to the controls. The lowest values of Chl, LDL and
HDL were recorded in patients with hematological
malignancies. Multiple regression analysis showed
c(Cancer of upper digestive system) = 108 that cancer is also associated with high values of
serum TG levels.
c(Colon cancer) = 103
c(Hematological malignancies) = 97
c(Lung cancer) = 92

c(Breast cancer) = 32

c( Cancer of the genitourinary system) = 32
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Gastric cancer

c(Normal-HDL) =150

[138]

Chl

Colon cancer

c = 691

Bowel Cancers
Prostate Cancers

Chl

Colorectal cancer

c = 85

TGs, HDL, LDL, apoA1 and apoB

Colorectal adenoma c(With colorectal adenomas)=5,958

[141]

Chl

Colorectal adenoma c = 842

[142]

Chl, HDL and TGs

Colorectal adenoma n = 2,120

c( non-advanced adenomas) =5,504

c (With advanced adenomas) = 454

c(Tubular adenoma) = 333

c(Villous-rich tubulovillous/villous
=53
adenoma)
n = 120

[143]

α-linolenic acid

Prostate cancer

[144]

Chl, LDL, HDL, TGs,
apo A-1 and apo B

Newly diagnosed
and untreated
Prostate cancer

[145]

Chl, TGs, HDL, LDL,
apo A-I, A-II, E and
Lp(a)

Estrogen treated
Prostate cancer

c = 15

[146]

HDL

Lung cancer

N/A

[148]

Chland TGs

Squamous
cell n = 39
and small cell lung
c = 135
cancer

[149]

LDL

[150]

LDL

[147]

HDL

c = 120

c(without metastasis) = 73
c(with metastasis) = 30

Squamous
cell c = 135
and small cell lung
n = N/A
cancer

Small cell
cancer

lung n = 39

Liver cancer

c = 34

N =16,217

Liver cancers
Head and Neck Cancers

Low serum Chl levels were found to be associated
with high incidence of cancer.

n = 85

[140]

[151]

Chl, TGs, LDL and
Chl:HDL

Oral squamous cell n = 20
carcinoma
c = 30

[152]

HDL, LDL, Chl and
VLDL

Oral cancer and leu- n = 30
koplakia
c = 30

Chl, HDL, VLDL
and TGs

Oral cancer
(OC) and

Chl, HDL, TGs and
VLDL

Untreated Head
and neck cancer
and OPC

[153]

[154]
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In the low serum HDL group, lymphatic and vascular
invasion was significantly increased in comparison
to the normal serum HDL group.

c(Low-HDL) = 34

Oral pre-cancer
(OPC)

n = 70

c(OC) = 70

c(OPC) = 70
n = 52

c = 184

c (OPC) = 153

[155]

Serum Chl levels were significantly lower for the
colorectal cancer group than for the control group.

[156]

Higher levels of serum TG were significantly associated with increased prevalence of both advanced and
non-advanced colorectal adenomas. Higher levels
of serum apoA-1 and HDL were also significantly
associated with increased prevalence of non-advanced adenomas.
Serum Chl levels were significantly higher and positively associated with the incidence of colorectal
adenoma.

Higher serum TG levels were associated with high
risk of tubulovillous/villous adenoma in rectosigmoid colon as compared to the control group.
Lower α-linolenic acid levels in plasma were associated with reduced risk of prostate cancer as compared to the controls.

Reduced serum Chl levels and faster clearance of
LDL were observed in prostate cancer patients. No
difference was observed in HDL, TGs and apoA-1
and B levels in cancer patients as compared to the
controls.

[157]

Hematopoietic Cancers

HDL

Chl, TGs, HDL, LDL,VLDL, apo A1, apo B,
and Lp (a)

Childhood ALL

n =15

Chl, HDL, LDL, VLDL,
TGs, apo A-1, B
andLp (a)

Acute lymphocytic
leukemia (ALL)
patients before
and after induction
therapy

Before treatment (at diagnosis) lower serum Chl and
HDL levels were observed in the cancer patients. However, after induction treatment significant increase
in HDL and apo A-1 values was observed only in the
patients that achieved complete remission.

c(ALL at diagnosis) = 24

c(During consolidation therapy with
) = 16
L-asparaginase

[158]

Chl, HDL, TGs, LDL,
VLDL and apo B

[159]

Chl, TGs, HDL andLDL Acute leukemia
before and after
chemotherapy

[160]

There was no statistically significant difference in
serum LDL levels between small cell lung cancer
patients and the controls.

Acute non-lymphocytic leukemia
(ANLL) and ALL

Chl, HDL, LDL and TGs Breast cancer

= 15

Before treatment (at diagnosis) lower serum HDL,
ApoA1 and Lp(a) levels were observed in the cancer
patients in comparison to the controls. Significantly
reduced HDL and apoA1 were observed in children
with widespread but not localized solid tumors.
During combination therapy with L-asparaginase
extremely elevated TGs and a striking reduction
in Lp(a) levels were observed. However, it was
not the case during combination therapy without
L-asparaginase or in children during treatment for
solid tumors.

of cancer)

= 17

c (ANLL) = 25

c (ALL) = 18

c = 78

c = 83

Before treatment (at diagnosis) lower serum Chl,
LDL, HDL, VLDL and TG levels were observed in the
ANLL patients. However, in ALL patients’ serum
TG and VLDL levels at diagnosis were significantly
higher than in the normal population. After effective
chemotherapy significant increase in Chl, LDL and
apo B was observed.

Serum Chl, LDL and HDL levels were significantly
lower before chemotherapy than after; whereas TG
levels were higher before therapy than after.

Significantly higher serum TG levels and significantly lower serum Chl and HDL levels were observed
in patients as compared to the patients with less
advanced disease and controls.

However, lower serum LDL levels were observed
in patients with bony metastasis as compared to
the patients with liver or liver plus bony metastasis
and controls.

[161]

Phospholipids, TGs,
Chl, HDL and Free
fatty acids

Breast cancer

n = 50

[162]

Chl and TGs

Breast cancer

n =13

There was no significant difference in serum Chl and
TG levels between cancer patients and the control
subjects.

[163]

Chl, LDL and HDL

Untreated Breast
and Epithelial
Ovarian cancer

n = 30

Higher serum levels of Chl and LDL were observed in
breast cancer patients in comparison to the control
subjects. However, HDL levels were not different in
these patients when compared to controls.

[164]

n6-PUFA and
n3-PUFA

Breast cancer

Significantly lower serum Chl, HDL, VLDL, and TGs
were observed in OC group in comparison to the
controls. In the OPC group significant decrease in
Chl and HDL was also observed.

www.avidscience.com

c =10

c(Children with other forms

Low serum Chl levels were observed in all lung cancer patients in comparison to the controls. Whereas
low serum TG levels were observed only in squamous cell lung cancer patients when compared to
the controls.

Significantly lower plasma Chl and HDL levels were
observed in cancer and OPC patients in comparison
to the controls. VLDL and TG levels were significantly lower in cancer patients as compared to the
patients with OPC and controls.

Extremely low levels of plasma HDL, while, elevated
levels of plasma TG and VLDL were observed in the
cancer patients.

treated for leukemia)

All lung cancer patients had significantly lower serum HDL levels than the controls.

Significantly decreased serum Chl, HDL, and LDL levels were observed in cancer patients in comparison
to the controls.

c =25

c(During maintenance therapy without
= 18

Significantly lower levels of serum HDL were detected in patients in comparison to controls.

Significantly lower serum Chl and TG levels were
observed in cancer patients in comparison to the
controls.

Acute leukemia
and non-Hodgkin’s
lymphoma

L-asparaginase)

Estrogen treatment induced a significant increase
in serum TG, HDL and apolipoproteins A-I and A-II
levels in prostate cancer patients. Moreover, LDL,
apolipoprotein E and Lp(a) decreased in patients
after estrogen treatment.

Low serum LDL levels were associated with elevated risk of liver cancer mortality.

Chl, HDL, LDL,VLDL
and TGs

c(Children previously

Breast & Ovarian Cancers

[137]

[139]

Lung Cancers
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c = 48

c(Without metabolic syndrome) = 23
c (Breast Cancer) = 17

c (Ovarian Cancer) = 15
n = 235
c = 87

Higher plasma levels of lipids, phospholipids, TG, Chl
and free fatty acids were observed in cancer patients
in comparison to the control subjects. However, HDL
levels were significantly lower in these patients.

There was no significant difference in Chl, LDL or
HDL serum levels between ovarian cancer patients
and controls.
Low serum n6-PUFA linoleic acid levels indicated
higher risk of cancer.
No significant association between cancer risk and
serum n3-PUFA was observed.
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[182]
Chl, LDL, VLDL,
HDL, TGs and Free
fatty acids

Adjuvant tamoxifen
treated Breast
cancer

c = 45

[166]

HDL

Breast cancer

N = 7,575

[167]

Chl, HDL, LDL, VLDL,
Untreated Breast
HDL:LDL andChl:HDL cancer patients
ratio

n = 50

[168]

Chland TGs

c = 65

[169]

[170]
[171]

[172]
[173]
[174]
[175]
[176]
[177]
[178]
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Advanced Breast
cancer

Chl, HDL, LDL and TGs Breast cancer

Chl, TGs, LDL and
LDL:HDL

Chl, HDL, LDL, VLDL
and Chl:HDL

Chl

HDL

Chl and TGs
Chl, TGs, HDL
and LDL

Chl, HDL, LDL
and TGs
HDL
Chl

Breast cancer
Breast cancer

Breast cancer
Breast cancer
Breast cancer
Breast cancer
Breast cancer
Breast cancer

Ductal carcinoma
in situ (DCIS) of the
breast

Plasma levels of total Chl, free Chl and LDL were significantly lower in patients after tamoxifen therapy
(at 3 and 6 months’ evaluation); whereas plasma
levels of TG, VLDL, HDL and free fatty acids were
significantly higher.

Low plasma HDL levels among premenopausal
women might be a marker of increased breast
cancer risk.

Significantly high serum levels of Chl, LDL, HDL: LDL
and Chl:HDL were observed in patients as compared
to the control subjects. However, HDL and VLDL levels were not significantly different between these
two groups.

c = 100

Higher serum levels of TG and Chl could indicate
progression or recurrence of breast cancer.

n = 105

Higher plasma TG levels were observed in the patients as compared to the controls.

c = 58

c = 324

Higher levels of serum Chl, TG, LDL and LDL:HDL
were associated with high risk of cancer.

n = 60

Higher serum levels of Chl, LDL, and Chl:HDL were
observed in the patients as compared to the controls.

c = 120

Serum Chl levels were not associated with breast
cancer risk in postmenopausal women.

N = 206

Low serum HDL levels could serve as an additional
biomarker of breast cancer risk.

c = 520

Higher serum Chl levels were associated with breast
cancer recurrence; whereas serum TG levels were
not associated with breast cancer risk.

N = 31,209

No association between breast cancer risk and serum lipids was found in this study.

c = 310

Plasma TG levels were significantly higher in premenopausal breast cancer patients.

N = 38,823

c (DCIS) = 152

Low serum HDL level is associated with increased
postmenopausal cancer risk.

c (With benign surgical conditions)= 242

[179]

HDL

Breast cancer

n = 329

[180]

TGs, HDL and apo
A1:HDL

n = 30

[181]

Newly diagnosed
untreated Breast
cancer

Chl, HDL, LDL and TGs Breast cancer

c = 307
c = 30

n = 60
c = 60

There was no statistically significant difference
of the serum Chl levels in the patients of DCIS as
compared to the patients with benign surgical conditions. However, an elevated risk was observed
for DCIS in postmenopausal versus premenopausal
women, and in peri-menopausal versus premenopausal women.

Higher HDL levels were observed as a marker of
breast cancer risk.
An increase in plasma TG levels and apo A1: HDL and
a decrease in plasma HDL levels, especially in the
HDL-2 subfraction, were observed in the patients
with cancer as compared to the controls.
There was a significant increase in serum Chl, TG
and LDL levels in the patients as compared to the
controls while HDL remained unchanged.
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Breast cancer
Breast cancer

N = 46,570
n = 1,380
c = 690

Breast cancer

[186]

Chl, TGs, HDL and
Chl:HDL

Breast cancer and
Pancreatic cancer

Chl, LDL, HDL, VLDL
and TGs

Breast Cancer

n = 154

Chl, HDL, LDL and TGs Breast cancer

N = 24,329
N = 5,207

n = 44

c (Breast cancer) = 56

c (Pancreatic cancer) = 32

c (With early stage) = 249

[188]

Chl, TGs, HDL
and LDL

Untreated Breast
Cancer

n = 42

[189]

Chl, HDL, TGs, LDL,
apo-B, and apoA-I

Breast and Ovarian
cancer

N = 234,494

No statistically significant difference was observed
in HDL and VLDL levels between the patients and
the controls.

N = 79,994

HDL
Chl

[187]

There was no statistically significant difference observed in Chl, HDL and LDL between the patients
and controls.

Chl and β-lipoproteins

[184]

[185]

Endometrial
Cancers

[165]

[183]

c (Breast cancer) = 6,105
c (ovarian cancer) = 808

n = 100

[125]

Chl, LDL, TGs and
a-lipoproteins

[190]

Chl, TGs, HDL and LDL Endometrial Cancer N = 31,473

[191]

TGs, Chl,

HDL, LDL, TGs:HDL,
apo A-I and apo-B

Breast cancer

c = 54

Endometrial cancer

c = 103

N = 225,432

Low serum Chl and high β-lipoproteins levels were
associated with high risk of cancer.

Low serum HDL levels were associated with high
risk of cancer among premenopausal women.
High serum Chl levels were associated with increased risk of cancer.

Low levels of serum HDL were associated with
increased risk of cancer. Elevated serum TG levels
may be associated with high risk of cancer but the
trend was not significant. There was no relationship
between serum Chl or LDL levels and risk of cancer.

An increase in serum TG and a decrease in HDL
levels especially in the HDL-2 subfraction, were
observed in the cancer patients as compared to the
controls. Breast cancer patients had significantly
higher Chl: HDL as compared to the controls and the
patients with pancreatic cancer.

High serum levels of TG, LDL and VLDL were associated with high risk of cancer.

Plasma Chl, LDL and TG levels were found to be significantly elevated among cancer patients as compared to the controls. However, significantly decreased
plasma HDL levels were observed in the patients
than in the controls.

Low serum Chl, and apo-B levels might be associated
with high risk of breast cancer. However, low levels
of serum HDL were associated with increased risk
of ovarian cancer.
No otherassociationsbetween other lipid components and risk of breast cancer or ovarian cancer
showed statistical significance.

Increased serum total Chl, free Chl, LDL, TG and a-lipoprotein levels were observed in cancer patients as
compared to non-cancer patients.

High serum TG levels were associated with high
risk of cancer.

There was no association between Chl, LDL and HDL
and endometrial cancer risk.
Elevated serum levels of Chl, TG and TG:HDL were
associated with high risk of cancer but no association was found for the other lipid components
studied.

Abbreviations: Chl, cholesterol; TGs, triglycerides; HDL,
high density lipoprotein cholesterol; LDL, low density lipoprotein cholesterol; VLDL, very low density lipoprotein
cholesterol; apo, apolipoprotein; Lp, lipoprotein; PUFA,
Polyunsaturated fatty acid; CMF, combination of cyclophosphamidmethotroxate and 5-fluorouracil; N, total
population studied; n, number of controls; c, number of
patients; N/A, not available; OPC, oral precancerous conditions.
www.avidscience.com
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Table 2: Association between plasma lipids and risk of hematological cancers: Overview of the data obtained from
different prospective-cohort studies.
Follow-up
Period

Sample
Size(n)

1990-2004

n =33,368

1971-1984

n = 12488

1985-2003

n = 172210

1972-2005

n = 577330

1995-2005

n = 6107

1985-2003

n = 29,093

1968-1980

n = 39,268

1960-1976

n = 3102

1965-1968

n = 7716
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Lipid-load in peripheral blood mononuclear cells (PBMCs) has recently gained attention of the researchers working on nutritional regulation of metabolic health. Previous works have indicated that the
metabolic circuitries in the circulating PBMCs are inﬂuenced by dietary-intake and macronutrient
composition of diet. In the present work, we analyzed the impact of diet and dietary macronutrients on
PBMCs' lipid-load. The overall analyses revealed that dietary carbohydrates and fats combinatorially
induce triglyceride accumulation in PBMCs. On the other hand, dietary fats were shown to induce signiﬁcant decrease in PBMCs' cholesterol-load. The effects of various demographic factors eincluding age,
gender and body-weighte on PBMCs' lipid-load were also examined. Body-weight and age were both
shown to affect PBMC's lipid-load. Our study fails to provide any direct association between extracellular
lipid availability and cholesterol-load in both, freshly isolated and cultured PBMCs. The presented work
signiﬁcantly contributes to the current understanding of the impact of food-consumption, dietary
macronutrients, extracellular lipid availability and demographic factors on lipid-load in PBMCs.
© 2017 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
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1. Introduction
Molecular effects of the dietary macronutrients are ideally
studied in the major organs involved in nutrient regulation
eincluding brain, liver, adipose tissue, pancreas and muscles.
However, often in the studies with healthy human volunteers the
availability of these tissues is the major constraint. Several works
have shown that peripheral blood mononuclear cells (PBMCs)
could serve as a less invasive and direct alternative to the corresponding tissue biopsies, for studying the potential effects of dietary macronutrients on gene-expression [1,2]. PBMCs travel
through the body and respond to various external and internal
stimuli. These cells are exposed to various metabolically-relevant
tissues/organs eincluding liver, adipose tissue, and endotheliume
and are also known to cross-talk with these organs [3]. Previous
studies have shown that PBMCs and hepatic cells share similarities
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in terms of cholesterol homeostasis [4]. Dietary cholesterol induces
similar effects, on the expression of multiple metabolism-related
genes, in PBMCs and hepatic cells [5e7]. In addition to that, gene
expression proﬁle of PBMCs was shown to reﬂect that of the skeletal muscle [8]. Therefore, previous works have recommended and
utilized PBMCs as a model-system for studying diet-induced
changes in expression of various genes in the metabolic tissues
[7]. Several studies have shown that dietary-intake mainly affects
the expression of inﬂammation- and metabolism-related genes in
PBMCs [1,2,4,9,10]. These studies have also highlighted the interactions between metabolism and inﬂammation, within the
context of metabolic health and nutrition [11]. The role of lipids in
metabolism and activation of immune cells is also recently discussed in detail [12].
Most of the previous works, focused on nutritional regulation of
metabolic pathways in PBMCs, mainly studied the diet-induced
alterations in expression of lipid metabolism related genes
[9,10,13,14]. However, only few studies have explored the effect of
diet on lipid proﬁle of these cells [15e18]. Nevertheless, anomalies
in PBMCs' lipid-load have been reported in various pathological
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conditions [19e22]. Few studies explored the nutritional regulation
of PBMCs' lipid-load and reported that postprandial triglyceriderich lipoproteins induce lipid accumulation in these cells [23,24].
Interestingly, triglyceride-rich lipoproteins are also shown to be
involved in activation of leukocytes [24e26]. This triglyceridemediated leukocyte activation has been shown to result in the
secretion of pro-inﬂammatory mediators that promote the inﬁltration of inﬂammatory-cells and lipoproteins into the subendothelium, thus contributing to the development of
atherosclerotic plaques [25,27].
Some of the studies on diet-induced changes in lipid proﬁle of
PBMCs focused on fatty acid proﬁle of PBMCs' phospholipids
[17,18,28]. Nevertheless, only limited data is available regarding the
effects of diet on lipid-load in circulating PBMCs.
In the present study we explored in detail the effects of diet and
macronutrient composition of diet on lipid-load in PBMCs from
healthy volunteers. We also studied the inter- and intra-individual
differences in PBMCs’ lipid deposits. The effects of various demographic factors including age, gender and body-weight on
PBMCs’ lipid deposits were also examined. We also compared
PBMCs' lipid-load between dyslipidemic and non-dyslipidemic
participants. In addition to that, the effect of extracellular lipid
availability on lipid-load in PBMCs was examined both in vivo and
ex vivo. The present work adds to the current understanding of
nutrition-induced metabolic alterations in PBMCs.
2. Materials and methods
2.1. Human sample collection, study protocols and ethics
For the present work different experimental protocols were
designed to address different research questions. The study protocols for human subjects were approved by the Ethics Committee of
School of Biological Sciences or Biosafety and Bio-resource Committee,
University of the Punjab. Informed written consent was obtained
from each study-subject before sample collection. In order to obtain
the basic personal information and medical history each participant
was interviewed and completed a structured questionnaire.
For the experiments aimed to demonstrate the intra/interindividual differences or diet-induced changes in PBMCs' lipidload, the studies were designed as single-blind, randomized,
within subject-crossover, for which the participants were recruited
from University of the Punjab, Lahore. Exclusion criteria were as
follows: body mass index (BMI; in kg/m2), <18 or >30, fasting blood
glucose outside the normal range, tobacco smoking, regular use of
prescribed medication, diagnosis of long-term medical condition
(e.g., diabetes, hemophilia, cardiovascular disease, anemia, or
gastrointestinal disease), symptoms of allergy or vegetarianism.
For studying the inter- and intra-individual differences in
cellular cholesterol and triglyceride content in PBMCs, 3 fasting
peripheral blood samples were obtained from nine study subjects,
with each sampling event separated by at least 1 week (Fig. 1a).
For all diet-based experiments the subjects came to the University in a fasted condition (10e12 h) on morning of the study-day.
First, intravenous blood (3 ml) was collected from all the subjects in
vials containing EDTA-anticoagulant agent (BD Biosciences).
Immediately after the ﬁrst blood sampling, study-subjects
consumed the experimental-diet within 15 min. Subsequently,
the second blood sample (3 ml) was drawn 4 h after consumption of
the respective diet (Fig. 1bec).
To study the impact of diet-intake on PBMCs' lipid-load, fourteen healthy volunteers were recruited. For these initial experiments we used typical cafeteria-diet that included highly palatable
and energy dense food-items with high-carb and -fat and content
(see Supplementary Table 1 for relative distribution of macro-

105

nutrients and caloric values). Fig. 1b displays the design of this
experiment.
For studying the impact of macronutrient composition of diet on
lipid load in PBMCs 5 volunteers were recruited for 3 separate experiments (Fig. 1c). Here, the participants were provided with
different experimental-diets that varied by emphasis on carbohydrate (High-Carb), fat (High-Fat), or protein (High-Protein) but had
similar energy densities (Supplementary Table 1). Each experiment
was separated by at least 1 week.
For studying the combinatorial effect of high-carbohydrates and
-fats, we designed another experimental-diet namely, the High-FatHigh-Carb (HFHC) diet. This diet combined the fat and carbohydrates contents of the High-Fat and High-Carb diets, respectively
(Supplementary Table 1). For this experiment ten healthy volunteers were recruited.
For studying the impact of various demographic factors and
dyslipidemia on PBMCs' lipid content, fasting (10e12 h) blood
samples were collected from different participants. Except for the
BMI range, the exclusion criteria were same as mentioned above for
the experiments aimed at studying intra/inter-individual differences or diet-induced changes in PBMC's lipid-load. For BMI-based
analysis the study groups were categorized into two major BMI
groups; Normal weight (BMI; 18e24.9) and Over-weight (BMI25),
according to the current National Institutes of Health (NIH) guidelines [29].
Blood samples were used for plasma collection and peripheral
blood mononuclear cells (PBMCs) isolation. All samples were processed within 30 min of collection. Plasma was promptly separated.
PBMCs were isolated from whole blood using Ficoll-based
Lymphocyte Separation Medium (Biowest, L0560). PBMCs were
pelleted for further processing.
2.2. Cell culture and treatments
The human non-adherent monocytic THP-1 cell line was purchased from the American Type Culture Collection (ATCC). THP-1 or
peripheral blood mononuclear cells (PBMCs) were cultivated in
RPMI 1640 (ATCC, 30e2001) supplemented with 10% FBS (ATCC,
30e2021) and penicillin-streptomycin solution (ATCC, 30e2300).
PBMCs were stimulated with 10 mg/ml phytohaemagglutinin (PHA)
(HiMedia, TC209) for 24e48 h, where stated. Lipoprotein deﬁcient
serum (LPDS) was purchased from Merck (LP4) and used according
to the manufacturer's guidelines. For different experiments, cells
were cultivated in LPDS containing media for 24e48 h. Cell cultures
were maintained in the atmosphere of 5% CO2 and 37  C.
2.3. Determination of cellular cholesterol and triglyceride content
Lipids were extracted from cell pellets using a methanol/chloroform extraction method [30]. Total cholesterol content in the
lipid extracts was spectrophotometrically determined using
commercially available kit (Analyticon Biotechnologies AG, 4046)
against a calibration-curve generated using known concentrations
of cholesterol standard (SUPELCO, 47127-U). Total triglyceride
content in the lipid extracts was spectrophotometrically determined using commercially available kit (Analyticon Biotechnologies AG, Catalogue # 5052) against a calibration-curve
generated using known concentrations of triglyceride standard
(SUPELCO, 17811-1AMP).
2.4. Determination of plasma lipid levels
Plasma total cholesterol levels were spectrophotometrically
determined using commercially available kit (Analyticon Biotechnologies AG, 4046). For the estimation of high-density
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Fig. 1. Experimental strategies devised to address different research questions in the presented study. (a) To study intra- and inter individual differences in PMBCs' lipid
content, 3 fasting peripheral blood samples were obtained from the same group of healthy volunteers (n ¼ 9), with each sampling event separated by at least 1 week. (b) To study
the effect of the cafeteria-diet on cellular lipid content in PBMCs, blood samples were obtained from healthy volunteers (n ¼ 14) in fasting state (10e12 h) and 4 h after diet-intake.
(c) To study the effect of dietary macronutrients on cellular lipid the participants were provided with different experimental diets that varied by emphasis on carbohydrate (highcarb, HC), protein (high-protein, HP), or fat (high-fat, HF), but had similar energy densities. These experiments were conducted on the same group of participants (n ¼ 5), with each
experiment separated by at least 1 week.

lipoprotein cholesterol (HDL), other lipoprotein fractions were
precipitated using HDL precipitation reagent (Analyticon Biotechnologies AG, 410). HDL was then estimated using aforementioned Analyticon kit for the quantitative determination of
cholesterol. Plasma triglyceride (TG) levels were determined using
commercially available kit for quantitative determination of TGs in
human serum/plasma (Analyticon Biotechnologies AG, Catalogue #
5052). For estimation of LDL we used the method described by
Martin et al. [31].
2.5. Statistical analysis
The differences between groups were analyzed by ANOVA or ttest (paired or unpaired), where applicable. Results were analyzed
by GraphPad Prism Software, Version VI. P-values <0.05 were
considered statistically signiﬁcant and indicated when different.
3. Results
3.1. Effects of diet-intake and dietary-macronutrients on lipid-load
in peripheral blood mononuclear cells
We ﬁrst examined the extent of intra- and inter-individual differences in cholesterol- and triglyceride-load within PBMCs from
the participants in fasting-state. Basal PBMCs' triglyceride-load
displayed signiﬁcant inter-individual differences (Fig. 2a). No
other signiﬁcant differences were observed in these analyses.
Next, we assessed the effect of diet-intake on lipid-deposits in
PBMCs. Fig. 2b depicts fold-changes in lipid-load within PBMCs

after consumption of (fat- and carb-rich) cafeteria-diet
(Supplementary Table 1). PBMCs' cholesterol-load was signiﬁcantly
decreased (1e6 folds), whereas PBMCs' triglyceride-load was
signiﬁcantly increased (1e14 folds) after the consumption of the
cafeteria-diet (Fig. 2b).
Next, we sought to determine the effects of macronutrient
composition of diet on lipid-load in PBMCs. We designed experimental diets that varied by emphasis on different macronutrients
but had similar energy densities (see materials and methods).
Fig. 2c shows the fold-change in cholesterol-load within PBMCs in
response to the High-Carb, High-Protein or High-Fat diets
(Supplementary Table 1). PBMCs-cholesterol-load was decreased
(1e2.5 folds) after consumption of the High-Fat diet. No speciﬁc
trend was observed in PBMCs' cholesterol-load in response to the
High-Carb or High-Protein diets. Triglyceride-load was mostly
decreased after consumption of the High-Fat diet (Fig. 2d). Effects of
the High-Carb and High-Protein diets on cellular triglyceride levels
varied for different participants.
Taken together these data indicated that the higher contents of
both carbohydrates and fats might be required to induce triglyceride accumulation in PBMCs eas observed after consumption of
the cafeteria-diet. To validate this hypothesis we designed another
High-Fat-High-Carb (HFHC) that combined the fat and carbohydrates contents of the High-Fat and High-Carb diets, respectively
(Supplementary Table 1). As expected, the HFHC-diet intake
induced similar changes in PBMCs' lipid-load as did the cafeteriadiet: PBMCs' cholesterol-load was signiﬁcantly decreased,
whereas PBMCs' triglyceride-load was signiﬁcantly increased
(Fig. 2e).
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Fig. 2. Lipid-load in peripheral blood mononuclear cells. Intra- and inter-individual differences in (a) cholesterol- (left panel) and triglyceride-content (right panel) of PBMCs
isolated from healthy volunteers (n ¼ 9) in fasting-state. Signiﬁcance for intra- and inter-individual differences in cholesterol-content (intra-individual, F ¼ 0.06989, p ¼ 0.9328;
inter-individual, F ¼ 1.374, p ¼ 0.2795) and triglyceride-content (intra-individual, F ¼ 2.841, p ¼ 0.0922; inter-individual, F ¼ 10.50, p ¼ 0.0001) was determined by ordinary twoway ANOVA. ns; not signiﬁcant (p > 0.05), *Signiﬁcant difference (*p ¼ 0.0001). Fold-changes in (b) cholesterol- (left panel) and triglyceride-content (right panel) in PBMCs from
healthy volunteers (n ¼ 14) in response to the cafeteria-diet. Fold-changes in (c) cholesterol- (d) triglycerides-content in PBMCs from healthy volunteers (n ¼ 5) in response to the
High-Carb, High-Protein or High-Fat diets. Fold-changes in (e) cholesterol- (left panel) and triglyceride-content (right panel) in PBMCs from healthy volunteers (n ¼ 10) in response
to the High-Fat-High-Carb (HFHC). For ﬁgures bee fold-change in lipid-content was separately calculated for each individual by comparing lipid-load in PBMCs isolated in fasting-state
(10-12 h) vs. postprandial state (4 h after consumption of different diets). Numbers: 1, 2, 3 etc. denote the identiﬁcation numbers assigned to the study-participants for different experiments.

3.2. Effects of plasma lipid abnormalities and extracellular lipid
availability on lipid-load in peripheral blood mononuclear cells
Irregular plasma lipid proﬁles and elevated lipid-load in PBMCs
are concurrently observed in different pathological conditions
[19,22]. Therefore, we examined the association between plasma
lipid abnormalities and lipid-load in PBMCs. Blood samples were
collected from individuals with higher or normal plasma LDL levels.
These two groups were classiﬁed according to the ATP III guidelines
(Supplementary Table S2) and displayed signiﬁcant differences in
their plasma LDL levels (Supplementary Fig. S1). We did not
observe any signiﬁcant difference between cholesterol-load in
PBMCs from these two groups (Fig. 3a).
Next, we compared PBMCs' triglyceride-load between the participants with higher or normal plasma triglyceride levels
eclassiﬁed according to the ATP III guidelines (Supplementary
Table S2). The two groups displayed signiﬁcant differences in
their plasma triglyceride levels (Supplementary Fig. S2). However,
PBMCs' triglyceride-load did not display any signiﬁcant difference
between the two groups (Fig. 3b). To further investigate the association between plasma lipid levels and PBMCs' lipid-content we
performed correlation analyses. As shown in Fig. 3ced, no direct

correlation was observed between plasma lipid levels and PBMCs'
lipid-load.
Some of the previous studies efocused at determining the
impact of postprandial lipids on cellular lipid-loade have reported
that postprandial plasma lipids induce intracellular lipid accumulation in monocytic cell line THP-1 or PBMCs [23,32]. Here, we also
determined the effect of extracellular lipid availability on cellular
lipid-load in cultured PBMCs and THP-1 cells. The cells were
cultivated in lipoprotein rich (LPR) or lipoprotein deﬁcient (LPD)
media prior to determination of cellular lipid-load. No signiﬁcant
difference was observed in cellular cholesterol content of PBMCs
cultured in LPR versus LPD media (Fig. 3e). However, we observed
that PBMCs cultured in LPD media displayed signiﬁcant increase in
cellular triglyceride content (Fig. 3f). Similar trends were observed
in THP-1 cells when cultivated under LPR or LPD media (Fig. 3geh).
3.3. Effects of body-weight, gender, and age on lipid-load in
peripheral blood mononuclear cells
Age, gender and body-weight are all reported to affect lipoprotein metabolism and plasma lipid proﬁles [33e35]. Here, we
studied the association of all of these factors with lipid content in
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Fig. 3. Effect of extracellular lipid availability on lipid-load in peripheral blood mononuclear cells. (a) Scatter-plot represents comparison of cholesterol-load in PBMCs isolated
from participants with high (n ¼ 7) and normal (n ¼ 9) plasma LDL levels (see Supplementary Table 2 and Supplementary Fig. 1). (b) Scatter-plot represents comparison of
triglyceride-load in PBMCs isolated from participants with high (n ¼ 13) and normal (n ¼ 8) plasma triglyceride (TG) levels (see Supplementary Table 2 and Supplementary Fig. 2).
For (a) and (b) signiﬁcance was determined by unpaired t-test. ns; not signiﬁcant (p > 0.05). (c) Plasma cholesterol levels (bottom x-axis, stacked line with markers) and PBMCs'
cholesterol-load (upper x-axis, bars) from healthy participants (n ¼ 38). The y-axis represents the participant number. (d) Plasma triglyceride levels (bottom x-axis, stacked line with
markers) and PBMCs' triglyceride-load (upper x-axis, bars) from healthy participants (n ¼ 33). The y-axis represents the participant number. For (c) and (d) the Pearson's correlation
coefﬁcient (r) was calculated to measure the strength of association between plasma lipids and PBMCs' lipid-load. (e) and (f) respectively display cholesterol- and triglycerides-load
in PBMCs; comparisons were made between cells cultivated in lipoprotein-rich (LPR) versus lipoprotein-deﬁcient (LPD) medium. For ﬁgures (e) and (f) signiﬁcance was determined
by paired t-test. (g) and (h) respectively display cholesterol- and triglycerides-load in THP-1; comparisons were made between cells cultivated in LPR versus LPD medium. For ﬁgures
(g) and (h) signiﬁcance was determined by unpaired t-test. *Signiﬁcant difference (*p < 0.05), ns; not signiﬁcant (p > 0.05). Symbols: P1, P2, etc. denote identiﬁcation numbers assigned
to the study-participants from which the PBMCs samples were obtained for the respective experiments.

PBMCs. We ﬁrst studied the effect of body-mass-index (BMI) on
PBMCs' cholesterol and triglyceride deposits in fasting samples. It
was observed that the PBMCs from over-weight participants
display signiﬁcantly lower levels of cholesterol, whereas signiﬁcantly higher levels of triglycerides in comparison to the normalweight participants (Fig. 4a). However, gender does not seem to
have an effect on PBMCs' lipid-load (Fig. 4b). No statistically signiﬁcant difference was observed in PBMCs cholesterol content
between the participants classiﬁed into two age-categories e<40
and  40 years. However, the participant in the <40 age-category
displayed lower values for PBMCs-triglyceride-load (Fig. 4c).
4. Discussion
Previous studies have indicated that in PBMCs the expression of
genes, regulating the lipid metabolism, is inﬂuenced by food-intake
and dietary macronutrient composition [1,5e7]. However, very few

studies have focused on the effects of diet on lipid-load in PBMCs
[15e18,24]. In the presented work, we studied the effects of foodconsumption and dietary macronutrient composition on PBMCs'
lipid-deposits. Moreover, the effects of various demographic factors
and extracellular lipid availability on PBMCs' lipid-load were
examined.
We observed that the PBMCs displayed signiﬁcant decrease in
cholesterol-load and signiﬁcant increase in triglyceride-load after
consumption of the cafeteria-diet. This diet included highly palatable and energy dense food-items with high-carb and -fat content.
In the subsequent experiments the study-participants consumed
other experimental-diets that varied by emphasis on different
macronutrients. These experiments were designed to study the
impact of macronutrient composition of diet on the lipid-load. We
observed that in line with the cafeteria-diet, the High-Fat diet also
induced decrease in PBMCs' cholesterol-load however, the foldchanges were less pronounced in case of the High-Fat diet. After
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Fig. 4. Effect of demographic factors on cellular lipid content in peripheral blood mononuclear cells. Scatter-plots represent the comparisons of (a) normal-weight (n ¼ 22)
versus over-weight (n ¼ 14) participants (b) male (n ¼ 22) versus female (n ¼ 17) participants (c) Participants classiﬁed into two age-groups e<40 years (n ¼ 31) versus 40 years
(n ¼ 8). Signiﬁcance was determined by unpaired t-test. *Signiﬁcant difference (*p < 0.05), ns; not signiﬁcant (p > 0.05).

consumption of the high-fat meals, the circulating mononuclear
cells are previously shown to display decreased activity of lowdensity lipoprotein receptor ethat mediates the endocytosis of
LDL [36]. However, the expression of 3-hydroxy-3-methylglutarylCoA reductase ethe rate limiting enzyme of the de novo cholesterol
synthesis pathwaye remains unchanged in response to high-fat
diets [36]. This information corresponds with our observation and
could explain the decline in cellular cholesterol content in PBMCs
after consumption of cafeteria- or high-fat diets.
In contrast to the cafeteria-diet, the High-Fat diet caused
decrease in PBMCs' triglyceride-load. The High-Carb diet also failed
to provide any consistent trend in lipid-content of PBMCs. These
data led us to hypothesize that both, high-dietary-carbs and -fats,
were required to induce triglyceride accumulation in PBMCs eas
observed after consumption of the cafeteria-diet. Hence, we performed an additional experiment in which the participants
consumed another experimental-diet namely, the High-Fat-HighCarb (HFHC) diet. This diet combined the fat and carbohydrates
contents of the High-Fat and High-Carb diets, respectively. Here,
again we observed the similar effects as that of the cafeteria-diet.
Hence, these data clearly indicate that combinatorial effect of dietetic fats and carbohydrates induce accumulation of triglycerides
in circulating PBMCs. Varela et al. has previously compared the
effects of high-fat and no-fat diets on accumulation of cytoplasmic
lipid droplets in circulating monocytes [24]. They reported that
cytoplasmic lipid droplets are virtually not present in monocytes in
fasting state or after the consumption of no-fat diet. In contrast to
our data, they reported that the high-fat diet induces lipid droplet
accumulation in freshly isolated monocytes [24]. This apparent
contrast in the results might be mainly due to the overall macronutrient composition of the experimental diets used in the two
studies. The high-fat diet used in the previous work [24] had higher
carbohydrate-content than the High-Fat diet used in the presented
study. It again indicates the combinatorial-effect of fats and carbohydrates on lipid-load in monocytes.
Number of previous studies ethat examined the impact of
postprandial lipids on lipid-load in circulating monocytese used
THP-1 as an in vitro model [23,32]. Postprandial triglyceride-rich

lipoproteins were shown to increase intracellular lipid accumulation (31e106%) in these cells [23]. We also performed in vitro analyses to study the impact of exogenous lipid availability on lipidload in cultured PBMCs and THP-1 cells. In contrast to the previous reports, we observed that the cells cultured in lipoprotein-rich
media display signiﬁcantly lower triglyceride-load. The difference
between our data and previous observations could be attributed to
the type of lipids utilized for these in vitro experiments. We used
commercially available cell culture speciﬁc media supplements;
whereas the previous studies have isolated postprandial
triglyceride-rich lipoproteins from fresh plasma samples collected
after consumption of the test-meals [23,32]. In future we are
planning further studies to examine this phenomenon in detail.
Our study failed to observe any direct association between
plasma lipid levels and PBMCs' lipid-load. Hence, the changes in
lipid-load observed in initial diet-based studies might not be a
direct impact of exogenous lipids. Plasma lipid abnormalities were
also not observed to be linked with PBMCs' lipid proﬁles. We have
previously shown that leukemia patients display irregularities in
both plasma lipid levels and PBMCs' lipid content nevertheless;
direct association between the two anomalies was not observed
[22]. Hence, it is possible the abnormalities in both plasma lipid
levels and PBMCs' lipid content are either not linked or the missing
link/s have yet to be discovered.
Previous studies have shown that lipoprotein metabolism and
plasma lipid proﬁles are affected by multiple demographic factors
eincluding age, gender and body-weight [33e35]. Here, we also
observed that age and body-weight, do have an effect on PBMCs'
lipid-load. However, we did not observe any difference in PBMCs'
lipid-load between the male and female participants. Previous
data clearly indicates that the lipid metabolism and plasma lipid
proﬁle is signiﬁcantly different between males and females [37].
Gender-based differences in gene-expression proﬁles of PBMCs
have also been identiﬁed [38,39]. However, a recent study reported that there are no statistically signiﬁcant gender-based
differences in metabolic proﬁles of PBMCs [18]. Our laboratory is
currently working on ex vivo and in vivo studies to examine this
phenomenon in detail.

110

F. Ameer et al. / Biochimie 135 (2017) 104e110

Conﬂicts of interest
None.

[16]

Funding source

[17]

This work was supported by the Higher Education Commission,
Pakistan (Project # 20-2505/NRPU/R&D/HEC/12-5395), COMSTECHTWAS (Research Grant Award: 15-291 RG/PHA/AS_C) and University
of the Punjab (Annual Research Grant-2016).

[18]

Appendix A. Supplementary data

[19]

[20]
[21]

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.biochi.2017.01.015.

[22]

References
[23]
[1] V.D. de Mello, et al., Gene expression of peripheral blood mononuclear cells as
a tool in dietary intervention studies: what do we know so far? Mol. Nutr.
Food Res. 56 (7) (2012) 1160e1172.
[2] V.D. de Mello, et al., The effect of fatty or lean ﬁsh intake on inﬂammatory
gene expression in peripheral blood mononuclear cells of patients with coronary heart disease, Eur. J. Nutr. 48 (8) (2009) 447e455.
[3] G.S. Hotamisligil, Inﬂammation and metabolic disorders, Nature 444 (7121)
(2006) 860e867.
[4] M. Bouwens, L.A. Afman, M. Muller, Fasting induces changes in peripheral
blood mononuclear cell gene expression proﬁles related to increases in fatty
acid beta-oxidation: functional role of peroxisome proliferator activated receptor alpha in human peripheral blood mononuclear cells, Am. J. Clin. Nutr.
86 (5) (2007) 1515e1523.
[5] P. Boucher, et al., Effect of dietary cholesterol on low density lipoproteinreceptor, 3-hydroxy-3-methylglutaryl-CoA reductase, and low density lipoprotein receptor-related protein mRNA expression in healthy humans, Lipids
33 (12) (1998) 1177e1186.
[6] P. Boucher, et al., Dietary lipids affect human ethanol-inducible CYP2E1 gene
expression in vivo in mononuclear cells, Life Sci. 67 (11) (2000) 1307e1316.
[7] G. Mutungi, et al., Carbohydrate restriction and dietary cholesterol modulate
the expression of HMG-CoA reductase and the LDL receptor in mononuclear
cells from adult men, Lipids Health Dis. 6 (2007) 34.
[8] I. Rudkowska, et al., Validation of the use of peripheral blood mononuclear
cells as surrogate model for skeletal muscle tissue in nutrigenomic studies,
OMICS 15 (1e2) (2011) 1e7.
[9] M.J. van Erk, et al., High-protein and high-carbohydrate breakfasts differentially change the transcriptome of human blood cells, Am. J. Clin. Nutr. 84 (5)
(2006) 1233e1241.
[10] M. Bouwens, et al., Postprandial dietary lipid-speciﬁc effects on human peripheral blood mononuclear cell gene expression proﬁles, Am. J. Clin. Nutr. 91
(1) (2010) 208e217.
[11] L. Afman, D. Milenkovic, H.M. Roche, Nutritional aspects of metabolic
inﬂammation in relation to healtheinsights from transcriptomic biomarkers
in PBMC of fatty acids and polyphenols, Mol. Nutr. Food Res. 58 (8) (2014)
1708e1720.
[12] M.J. Hubler, A.J. Kennedy, Role of lipids in the metabolism and activation of
immune cells, J. Nutr. Biochem. 34 (2016) 1e7.
[13] M. Bouwens, L.A. Afman, M. Muller, Activation of peroxisome proliferatoractivated receptor alpha in human peripheral blood mononuclear cells reveals an individual gene expression proﬁle response, BMC Genomics 9 (2008)
262.
[14] S.J. van Dijk, et al., Consumption of a high monounsaturated fat diet reduces
oxidative phosphorylation gene expression in peripheral blood mononuclear
cells of abdominally overweight men and women, J. Nutr. 142 (7) (2012)
1219e1225.
[15] C.T. Damsgaard, et al., Fish oil in combination with high or low intakes of

[24]

[25]
[26]

[27]
[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]
[36]

[37]

[38]

[39]

linoleic acid lowers plasma triacylglycerols but does not affect other cardiovascular risk markers in healthy men, J. Nutr. 138 (6) (2008) 1061e1066.
S. Kew, et al., Relation between the fatty acid composition of peripheral blood
mononuclear cells and measures of immune cell function in healthy, freeliving subjects aged 25-72 y, Am. J. Clin. Nutr. 77 (5) (2003) 1278e1286.
P. Yaqoob, et al., Encapsulated ﬁsh oil enriched in alpha-tocopherol alters
plasma phospholipid and mononuclear cell fatty acid compositions but not
mononuclear cell functions, Eur. J. Clin. Investig. 30 (3) (2000) 260e274.
M. Stepien, A.P. Nugent, L. Brennan, Metabolic proﬁling of human peripheral
blood mononuclear cells: inﬂuence of vitamin d status and gender, Metabolites 4 (2) (2014) 248e259.
A. Pani, et al., Accumulation of neutral lipids in peripheral blood mononuclear
cells as a distinctive trait of Alzheimer patients and asymptomatic subjects at
risk of disease, BMC Med. 7 (2009) 66.
R. Higgs, Alzheimer disease: neutral lipid accumulation in PBMCs[mdash]a
biomarker for AD? Nat. Rev. Neurol. 6 (1) (2010), 6e6.
A. Mandas, et al., Changes in cholesterol metabolism-related gene expression
in peripheral blood mononuclear cells from Alzheimer patients, Lipids Health
Dis. 11 (2012) 39.
H. Usman, et al., Leukemia cells display lower levels of intracellular cholesterol irrespective of the exogenous cholesterol availability, Clin. Chim. Acta
457 (2016) 12e17.
S. Lopez, et al., p38 MAPK protects human monocytes from postprandial
triglyceride-rich lipoprotein-induced toxicity, J. Nutr. 143 (5) (2013) 620e626.
L.M. Varela, et al., A high-fat meal promotes lipid-load and apolipoprotein B48 receptor transcriptional activity in circulating monocytes, Am. J. Clin. Nutr.
93 (5) (2011) 918e925.
A. Alipour, et al., Leukocyte activation by triglyceride-rich lipoproteins, Arterioscler. Thromb. Vasc. Biol. 28 (4) (2008) 792e797.
G.V. Dedoussis, et al., Adipokine expression in adipose tissue and in peripheral
blood mononuclear cells in children Correlation with BMI and fatty acid
content, Clin. Chim. Acta 410 (1e2) (2009) 85e89.
A. Zernecke, C. Weber, Chemokines in the vascular inﬂammatory response of
atherosclerosis, Cardiovasc Res. 86 (2) (2010) 192e201.
M.J. Gibney, B. Hunter, The effects of short- and long-term supplementation
with ﬁsh oil on the incorporation of n-3 polyunsaturated fatty acids into cells
of the immune system in healthy volunteers, Eur. J. Clin. Nutr. 47 (4) (1993)
255e259.
I. Janssen, P.T. Katzmarzyk, R. Ross, Body mass index, waist circumference, and
health risk: evidence in support of current National Institutes of Health
guidelines, Arch. Intern. Med. 162 (18) (2002) 2074e2079.
E. De Schrijver, et al., RNA interference-mediated silencing of the fatty acid
synthase gene attenuates growth and induces morphological changes and
apoptosis of LNCaP prostate cancer cells, Cancer Res. 63 (13) (2003)
3799e3804.
S.S. Martin, et al., Comparison of a novel method vs the Friedewald equation
for estimating low-density lipoprotein cholesterol levels from the standard
lipid proﬁle, JAMA 310 (19) (2013) 2061e2068.
L.J. den Hartigh, et al., Fatty acids from very low-density lipoprotein lipolysis
products induce lipid droplet accumulation in human monocytes, J. Immunol.
184 (7) (2010) 3927e3936.
E. Edmunds, G. Lip, Cardiovascular risk in women: the cardiologist's
perspective, QJM 93 (3) (2000) 135e145.
A.R. Schroeder, R.F. Redberg, Cholesterol screening and management in children and young adults should start earlydNO!, Clin. Cardiol. 35 (11) (2012)
665e668.
J. Steinberger, A.S. Kelly, Challenges of existing pediatric dyslipidemia
guidelines call for reappraisal, Circulation 117 (1) (2008) 9e10.
A. Pocathikorn, et al., LDL-receptor mRNA expression in men is downregulated within an hour of an acute fat load and is inﬂuenced by genetic
polymorphism, J. Nutr. 137 (9) (2007) 2062e2067.
V.H. Goh, et al., Differential impact of aging and gender on lipid and lipoprotein proﬁles in a cohort of healthy Chinese Singaporeans, Asian J. Androl. 9
(6) (2007) 787e794.
Q. Xu, et al., Investigation of variation in gene expression proﬁling of human
blood by extended principle component analysis, PLoS One 6 (10) (2011)
e26905.
A.R. Whitney, et al., Individuality and variation in gene expression patterns in
human blood, Proc. Natl. Acad. Sci. U. S. A. 100 (4) (2003) 1896e1901.

Zaid et al. Journal of Physiological Anthropology (2017) 36:19
DOI 10.1186/s40101-017-0134-x

ORIGINAL ARTICLE

Open Access

Anthropometric and metabolic indices in
assessment of type and severity of
dyslipidemia
Muhammad Zaid†, Fatima Ameer†, Rimsha Munir, Rida Rashid, Nimrah Farooq, Shahida Hasnain
and Nousheen Zaidi*

Abstract
Background: It has been shown that obesity is associated with increased rates of dyslipidemia. The present work
revisits the association between plasma lipid levels and classical indicators of obesity including body mass index
(BMI). The significance of various anthropometric/metabolic variables in clinical assessment of type and severity of
dyslipidemia was also determined. Recently described body indices, a body shape index (ABSI) and body roundness
index (BRI), were also assessed in this context.
Methods: For the present cross-sectional analytical study, the participants (n = 275) were recruited from the patients
visiting different health camps. Participants were anthropometrically measured and interviewed, and their fasting
intravenous blood was collected. Plasma lipid levels were accordingly determined.
Results: The values for different anthropometric parameters are significantly different between dyslipidemic and
non-dyslipidemic participants. Receiver operating characteristics curve analyses revealed that all the tested variables
gave the highest area under the curve (AUC) values for predicting hypertriglyceridemia in comparison to other plasma
lipid abnormalities. BRI gave slightly higher AUC values in predicting different forms of dyslipidemia in comparison to
BMI, whereas ABSI gave very low values.
Conclusions: Several anthropometric/metabolic indices display increased predictive capabilities for detecting
hypertriglyceridemia in comparison to any other form of plasma lipid disorders. The capacity of BRI to predict
dyslipidemia was comparable but not superior to the classical indicators of obesity, whereas ABSI could not
detect dyslipidemia.
Keywords: Dyslipidemia, Plasma lipids, Body indices

Introduction
Obesity is previously shown to be associated with
increased rates of dyslipidemia and other cardiovascular
risk factors [1]. Most of the previous works studied the
association of dyslipidemia with body mass index (BMI)
and waist circumference (WC) [2–6], which are commonly considered as the valid measures of obesity [7].
Nevertheless, several previous works have doubted the
reliability of BMI as an indicator of obesity [8, 9]. It was
reported that BMI may provide a false diagnosis of body
* Correspondence: nzzaidi@yahoo.com
†
Equal contributors
Microbiology and Molecular Genetics, University of the Punjab, Lahore 54590,
Pakistan

fatness [8, 9], and it cannot distinguish between adipose
tissue and lean body mass [10–14]. Moreover, it is
observed that in young healthy adults, BMI and other
surrogate indices of fatness (e.g., waist-to-height ratio,
body adiposity index) provide poor prognosis of fat mass
since they reflect mostly skeletal muscle mass [15, 16].
WC was shown to be a good predictor for abdominal
adipose tissue [17, 18]. Nevertheless, it is unclear that to
what extent the range of WC depends on body size [19].
Therefore, it was suggested that more appropriate body
indices should be designed that will also take body shape
into account and may serve as improved indicators of
obesity [20–23]. These indices were suggested to be designed by combining traditional anthropometric measures,
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e.g., height, weight, BMI, or WC. In accordance with that,
at least two new body indices have been developed—a
body shape index (ABSI) [21] and body roundness index
(BRI) [22].
ABSI is an index of body composition based on waist
circumference, BMI, and height [21]. It has been suggested that high ABSI relates to a greater fraction of abdominal adipose tissue and appears to be a significant
risk factor for premature death [21]. It has also been reported that ABSI could be used to evaluate physical
health status of adolescents [24]. Previous studies indicated that ABSI is able to predict the new onset or presence of diabetes mellitus [25, 26]. However, the
predictive capability of ABSI for diabetes mellitus was
not better than that of WC and BMI. Moreover, ABSI is
reported to be a weaker predictor of cardiovascular diseases (CVD) when compared to BMI [27].
Body roundness index (BRI), developed by Thomas et
al. in 2013 [22], combines height and waist circumference to predict the percentage of body fat. This approach allows estimation of the shape of the human
body figure as an ellipse or oval. The values for BRI
range from 1 to 16, and rounder individuals tend to have
larger values. Only few studies have determined the significance of BRI as an indicator of obesity. It has been
reported that BRI could predict the presence of cardiovascular diseases (CVD) [27]. However, the predictive
capability of BRI for CVD was not better than the established anthropometric indices like BMI and WC. In
addition, the predictive capability of BRI for diabetes
mellitus was comparable to that of BMI [25].
Several studies provide inconclusive data on association of plasma lipid levels with classical indicators of
obesity including BMI. Few studies have shown that
overweight and obese adolescents display higher levels
of serum cholesterol, low-density lipoprotein cholesterol
(LDL), and triglycerides (TGs) in comparison to the subjects with normal weight [28]. It has been previously reported that BMI and WC are positively correlated with
serum cholesterol, LDL, and TG levels [2–6], whereas
negatively correlated with serum high-density lipoprotein cholesterol (HDL) levels [2–6]. The present work
aims to revisit the association between plasma lipid
levels and various anthropometric/metabolic variables in
a group of participants from urban and rural population
of Punjab, Pakistan. This study examines in detail the
significance of various anthropometric/metabolic variables in assessment of dyslipidemia. We have also compared the significance of the recently described body
indices, ABSI and BRI, with the classical indicators of
obesity. In addition to that, the effects of patterns and
severity of dyslipidemia on various anthropometric and
metabolic variables were determined. The predictive
capabilities of the anthropometric/metabolic parameters
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for identification of various forms of dyslipidemias were
also assessed.

Materials and methods
Participants, study protocols, and ethics

For the present cross-sectional analytical study, the participants (n = 275) were recruited from the individuals
that visited 1-day free health camps organized by the
Metabolism Group, Department of Microbiology and
Molecular Genetics, University of the Punjab, Lahore.
These free health camps were organized at the University of the Punjab and Nishat Colony Lahore; Jhokan village, Jhang; and Chack 306 Botala, Gojra during a period
of 6 months from March 2015 to September 2015. The
residents of the respective localities were invited for a
free health examination. Informed consent was obtained
from each participant before the sample collection. In
order to obtain the basic personal information and medical history, each participant was interviewed and completed a structured questionnaire. The study was
performed according to the Helsinki Declaration. The
study protocol was approved by the Ethics Committee of
School of Biological Sciences, University of the Punjab.
The subjects with the following conditions were excluded: severe viral/bacterial infection, on anticoagulation therapy, suffering from bleeding disorder (e.g.,
hemophilia, low platelets), and aplastic anemia. In
addition to that, participants that had history of diabetes
mellitus, cardiovascular disease, or any cancer were also
not included in the study population because these conditions could also interfere with plasma lipid levels [29].
The statin-users were also excluded from the study on
the same grounds. For the final analysis, we included
149 dyslipidemic and 89 non-dyslipidemic participants
(Additional file 1: Figure S1).
Assessment of different anthropometric and metabolic
parameters

Body weight was measured using standard analog weighing
scale to the nearest kilogram. The measurements for
height, waist circumference, hip girth, and wrist circumference were taken to the nearest 0.5 cm using a nonstretchable measuring tape. All of these measurements
were taken without shoes, sweater, and jackets. The waist
circumference (WC) was measured in the midway section
between the iliac crests and costal margins at minimal respiration. The hip girth measurements were taken at the
level of the greatest protrusion of the buttock muscles
while the wrist circumference was measured around the
widest point. The height, waist circumference, and hip
girth measurements were used to calculate waist-to-hip
and waist-to-height ratios. Systolic and diastolic blood
pressure was measured according to the recommended
techniques using digital sphygmomanometer. Fasting
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plasma glucose levels were spectrophotometrically determined using commercially available kit (Glucose-Liquizyme GOD-PAP Spectrum). Resting metabolic rate (RMR)
was calculated using Mifflin-St. Jeor equations. Body fat
percentage (BF %), total body fat mass, BMI, ABSI, and
BRI were calculated according to standardized formulas as:
.
Body Mass Index ¼ Weight Height2 [30]
body fat percentage (BF %) = (1.2 × BMI) + (0.23 × age) ‐
5.4 [31]
total body fat mass = BF %/100 × body weight (Kg) [31]
ðWCÞ
[21]
ABSI ¼ Waist Circumference
2
1
BMI3  Height2
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

ﬃ
ðWC=ð2πÞ2 Þ
BRI ¼ 364:2365:5  1 ð0:5HeightÞ2 [22]
Clinical and metabolic characteristics of the study
population are depicted in Additional file 2: Table S1.
Significant differences were observed between dyslipidemic and non-dyslipidemic participants for multiple anthropometric/metabolic indices.
Blood sample collection

Intravenous blood was collected from all the subjects
after 10 ± 2 h of fasting according to the guidelines of
the National Committee for Clinical Laboratory Standards
(H18-A4) [32] in vials containing EDTA. All samples
were processed within 30 min of collection. Plasma was
promptly separated.
Determination of plasma lipid levels

Plasma total cholesterol (TC) and triglyceride levels
were spectrophotometrically determined using commercially available kits (Analyticon Biotechnologies
AG, 4046 and 5052, respectively). For the estimation
of high-density lipoprotein cholesterol, other lipoprotein fractions were precipitated using HDL precipitation
reagent (Analyticon Biotechnologies AG, 410). HDL was
then estimated using the aforementioned Analyticon kit
for the quantitative determination of cholesterol. For the
estimation of low-density lipoprotein cholesterol, we used
the recently described method by Martin et al. [33]. Lipoprotein abnormality status was determined by NCEP,
Adult Treatment Panel III (ATP III) guidelines (Additional
file 2: Table S2). Dyslipidemia was defined as irregularity
in the plasma levels of at least one of the major lipoprotein fractions. Additional file 1: Figure S2 shows a VennDiagram that displays the overlaps between prevalence of
high-LDL, TG, and low-HDL levels in our dyslipidemic
population.
Statistical analysis

The results were analyzed by Student’s t test using
Graph-Pad Prism VI Software. P values <0.05 were
considered statistically significant. Correlation between
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plasma lipid levels and multiple anthropometric and
metabolic parameters was assessed by Pearson’s correlation coefficients. To examine the discriminative
power and accuracy of any anthropometric parameter
for dyslipidemia, the area under receiver operating
characteristics (ROC) curves were calculated. All these
statistical analysis were performed using SPSS 20.0
(IBM Corp. 2011).

Results
Plasma lipids levels are correlated with various
anthropometric and metabolic parameters

We first determined the correlation between different
anthropometric/metabolic variables and plasma lipid
levels (Table 1). Plasma HDL levels showed very weak/
weak negative but statistically significant correlation
with multiple variables including body weight, BMI,
body fat percentage, total body fat mass, waist circumference, wrist circumference, waist-to-height ratio, BRI,
RMR, and systolic and diastolic blood pressure. On the
other hand, plasma LDL levels displayed very weak/weak
positive and statistically significant correlation with body
weight, BMI, body fat percentage, total body fat mass,
waist circumference, wrist circumference, waist-toheight ratio, and BRI.
Nevertheless, plasma TG levels showed weak positive
and statistically significant correlation with all the
anthropometric/metabolic variables studied for the
present work (Table 1). Here, the values for the correlation
Table 1 Pearson’s correlation coefficients between plasma lipid
levels and various anthropometric/metabolic parameters
Anthropometric/metabolic parameter

HDL

LDL

TG

Body weight

−0.220**

0.160*

0.316**

BMI

−0.183**

0.248**

0.240**

Body fat

−0.163*

0.235**

0.339**

Total body fat mass

−0.192**

0.195**

0.327**

Waist circumference

−0.191**

0.207**

0.350**

Wrist circumference

−0.187**

0.140*

0.364**

Waist-to-hip ratio

−0.047

0.082

0.252**

Waist-to-height ratio

−0.169**

0.246**

0.302**

ABSI

−0.44

0.021

0.205**

BRI

−0.170**

0.241**

0.271**

Age

−0.048

0.105

0.345**

RMR

−0.215**

0.030

0.155*

Fasting glucose

−0.084

0.091

0.303**

Systolic BP

−0.152*

0.014

0.200**

0.062

0.172**

Diastolic BP

0.175**

*Correlation is significant at the 0.05 level; **correlation is significant at the
0.01 level. Abbreviations: BMI Body mass index, ABSI a body shape index, BRI
body roundness index, RMR resting metabolic rate, BP blood pressure
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coefficient were slightly higher than that in the aforementioned LDL and HDL analyses.
Multiple anthropometric and metabolic parameters
significantly vary with severity and patterns of dyslipidemia

We compared various anthropometric and metabolic parameters between dyslipidemic and non-dyslipidemic
participants. As shown in Fig. 1, the dyslipidemic participants display significantly higher values for all anthropometric and metabolic variables analyzed in the present
study except ABSI.
Next, we sought to determine the effect of type and
severity of dyslipidemia on various anthropometric and
metabolic parameters. Figure 2 displays the variations
in multiple parameters in different subgroups of the
study population classified according to plasma HDL
levels, i.e., average, low-, and high-HDL group. The
low-HDL group displays significantly higher values for
various parameters—including body weight, waist circumference, wrist circumference, body fat percentage,
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total body fat mass, waist-to-height ratio, diastolic blood
pressure, and RMR—in comparison to the average or
high-HDL groups. Moreover, the low-HDL group displays
significantly higher values for BRI and systolic blood
pressure only in comparison to the average HDL group,
but not the high-HDL group. No significant difference
was observed between the average and high-HDL
groups for any of the tested parameters.
Next, we compared various anthropometric and
metabolic parameters in the different subgroups of the
study population categorized according to plasma LDL
levels. It was observed that the values for age, waist
circumference, BMI, body fat percentage, total body fat
mass, waist-to-height ratio, and BRI were significantly
higher in the borderline high-LDL group than in the
normal-LDL group (Fig. 3). Systolic blood pressure
displayed significant difference only between the borderline high- and high-LDL groups.
Next, we assessed the differences in various anthropometric and metabolic parameters between the different

Fig. 1 Comparison of various anthropometric and metabolic parameters in dyslipidemic versus non-dyslipidemic participants. Box-plot representation
of the values for different anthropometric/metabolic parameters in dyslipidemic and non-dyslipidemic participants. Dyslipidemia was defined
as irregularity in the plasma levels of HDL, LDL, or Triglycerides. Boxes represent median and interquartile range; whiskers represent minimum
and maximum. Significance was determined by unpaired t test. *Significant difference (p < 0.01)
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Fig. 2 Effects of occurrence and severity of plasma HDL aberrations on various anthropometric/metabolic parameters. Box-plot representation of
the values for different anthropometric/metabolic parameters in different subgroups of the study population classified according to plasma HDL
levels—i.e., low-, average, and high-HDL group (Additional file 2: Table S2). Boxes represent median and interquartile range; whiskers represent
minimum and maximum. Significance was determined by unpaired t test. Symbol of statistical significance (*) refers to the comparison of
low-HDL vs. average-HDL and low-HDL vs. high-HDL (p < 0.01)

TG subgroups within our study population, i.e., normal-,
borderline high-, and high-TG groups. The borderline
high- and high-TG group displayed significantly high
values for all the tested variables in comparison to
normal-TG group, except RMR, that only displayed a
significant increase in the high-TG group than in the
normal-TG group (Fig. 4). No significant difference was
observed between the borderline high- and high-TG
group for any of the parameters analyzed for the presented study.
Predictive capabilities of multiple anthropometric/metabolic
parameters fluctuate for different types of dyslipidemias

We performed receiver operating characteristic (ROC)
curve analysis to check the predictive capability of
different anthropometric/metabolic parameters for
distinguishing between dyslipidemic and non-dyslipidemic
individuals. Waist circumference, waist-to-height ratio,
and BRI gave the highest and similar values (~0.71) for
area under the curve (AUC) to predict dyslipidemia (Fig. 5,

Additional file 1: Figure S3 and Additional file 2: Table
S3). Moreover, the AUC values of body weight, BMI, body
fat percentage, total body fat mass, wrist circumference,
waist-to-hip ratio, and age were also moderately high
(0.61–0.68).
The predictive capabilities of the corresponding
parameters in distinguishing the participants with high
HDL from that with low/average HDL were also
analyzed. It was observed that various parameters—
including body weight, BMI, body fat percentage, total
body fat mass, waist circumference, wrist circumference, waist-to-height ratio, BRI, RMR, and systolic and
diastolic BP—showed moderately high and similar
(0.61–0.64) AUC values in predicting low/average HDL
levels (Fig. 5, Additional file 1: Figure S3 and Additional
file 2: Table S3). Nevertheless, systolic and diastolic BP
gave the highest AUC values in these analyses.
Comparatively fewer parameters showed moderate
discriminatory power in distinguishing the participants
with normal-LDL levels from that with borderline high-/
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Fig. 3 Effects of occurrence and severity of plasma LDL aberrations on various anthropometric/metabolic parameters. Box-plot representation of
the values for different anthropometric/metabolic parameters in different subgroups of the study population classified according to plasma LDL
levels—i.e., normal-, borderline high-, and high-LDL group (Additional file 2: Table S2). Boxes represent median and interquartile range; whiskers
represent minimum and maximum. Significance was determined by unpaired t test. Symbol of statistical significance (*) and (#) refer to the
comparison of normal-LDL vs. borderline high-LDL and borderline high- vs. high-LDL group, respectively (p < 0.01)

high-LDL levels. These parameters included BMI, body
fat percentage, total body fat mass, waist-to-height ratio,
and BRI (AUC ~0.61–0.64). Here, BMI showed the highest
AUC value (0.645) (Fig. 5, Additional file 1: Figure S3
and Additional file 2: Table S3).
All the tested parameters showed the highest predictive
capabilities for detecting borderline/high-TG levels. Bodyweight, BMI, body fat percentage, total body fat mass,
waist circumference, wrist circumference, waist-to-hip
ratio, waist-to-height ratio, BRI, and age gave high-AUC
values (0.70–0.78) in predicting borderline/high-TG levels.
Moreover, RMR, fasting glucose levels, and systolic and
diastolic BP also gave moderately high-AUC values
(0.60–0.65) (Fig. 5, Additional file 1: Figure S3 and
Additional file 2: Table S3). ABSI, which gave very low
AUC values in predicting any of the aforementioned
dyslipidemias, also gave a moderately high-AUC value
(0.64) in predicting borderline/high-TG levels. These
ROC curve analyses revealed that the discriminatory

power of the most of tested anthropometric and
metabolic parameters were the highest for detecting
hypertriglyceridemia.

Discussion
The major goal of the presented work was to examine the
relationship between different anthropometric indices and
dyslipidemia. We first studied the correlation between
plasma lipid levels and different anthropometric and
metabolic indices. In accordance with the previous studies
[2–6], various body indices including the classical indicators of obesity—BMI and waist circumference—showed a
statistically significant but weak positive correlation with
serum cholesterol, LDL and TG levels [2–6], whereas a
weak negative correlation with serum HDL levels.
A previous study investigated the effects of severity of
hypercholesterolemia (high plasma LDL levels) on BMI
[34]. They reported that higher BMI category was associated with higher LDL levels in school children [34].
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Fig. 4 Effects of occurrence and severity of hypertriglyceridemia on various anthropometric/metabolic parameters. Box-plot representation of the
values for different anthropometric/metabolic parameters in different subgroups of the study population classified according to plasma triglyceride
(TG) levels—i.e., normal-, borderline high-, and high-TG group (Additional file 2: Table S2). Boxes represent median and interquartile range;
whiskers represent minimum and maximum. Significance was determined by unpaired t test. Symbol of statistical significance (*) refers to the
comparison of normal-TG vs. borderline high TG and normal-TG vs. high-TG (p < 0.01)

Here, we performed detailed analyses for demonstrating
the impact of incidence and type and severity of dyslipidemia on multiple anthropometric and metabolic
indices. For these analyses, the study population was
classified into different subgroups that included subgroups of the participants with normal lipid profiles or
with different degrees of dyslipidemia. When dyslipidemic
participants (displaying irregularity in the plasma levels of
at least one of the major lipoprotein fractions) were
compared with non-dyslipidemic participants, significant
differences were observed for almost all of the studied
anthropometric parameters. Next, we determined the
effect of different types and degrees of dyslipidemia on
corresponding parameters. It was observed that the lowHDL group displays significantly higher values for various
anthropometric parameters in comparison to average or
high-HDL groups. In the subgroups categorized according
to plasma LDL levels, the major differences were observed
between the borderline high- and normal-LDL groups.

Nevertheless, borderline high- and high-TG group displayed significantly high values for almost all the tested
variables in comparison to the normal-TG group. These
data indicate that the major differences were observed
between subgroups with or without the different forms of
dyslipidemia. Conversely, the anthropometric variables
may not give sharp distinction among subgroups with different degrees of dyslipidemia.
It is noteworthy that the correlation analyses between
plasma TG levels and various anthropometric parameters
gave the highest values for Pearson’s correlation coefficients. Moreover, the subgroups categorized according to
plasma TG levels gave significant differences for all the
tested anthropometric variables. Further, analyses revealed
that several anthropometric/metabolic indices display
increased predictive capabilities for detecting hypertriglyceridemia in comparison to detecting any other form
of plasma lipid disorders. This observation is also in
accordance with a previous study that gave higher
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Fig. 5 The capability of various anthropometric/metabolic variables to predict the absence or presence of different forms of dyslipidemia. Bar
graphs represent the values for area under the curves from receiver operating characteristic (ROC) curve analysis to determine the predictive
capability of different anthropometric/metabolic parameters for identification of a overall dyslipidemia (irregularity in the plasma levels of HDL,
LDL, or Triglycerides), b low-HDL levels, c high-LDL, and d high-TG. Abbreviations: BW Body weight, Ht Height, WC waist circumference, WrC Wrist
circumference, BMI Body mass index, BF% Body fat percentage, TBF Total body fat mass, WhpR Waist-to-hip ratio, WhtR Waist-to-height ratio, ABSI
A body shape index, BRI Body roundness index, SBP Systolic blood pressure, DBP Diastolic blood pressure, RMR Resting metabolic rate, and FG
Fasting glucose

predictive capabilities of BMI, waist-to-hip ratio, and
waist circumference for hypertriglyceridemia [35].
In the present study, we also evaluated the significance of recently described body indices, ABSI and BRI,
in assessment of incidence and type and severity of dyslipidemia. We observed that the capacity of BRI to predict dyslipidemia was comparable but not superior to
the classical indicators of obesity—including BMI, body
fat percentage, and waist circumference—whereas ABSI
could not detect the presence or absence of dyslipidemia.
Previous reports provide contradictory data on significance of ABSI in determining the health status of adolescents. ABSI was initially reported to predict premature
mortality better than BMI or WC [21]. However, recent
study showed that ABSI cannot distinguish between
individuals with and without CVD or CVD risk factors,
including dyslipidemia [27]. The same study also reported
that the capacity of BRI as a novel body index to identify
CVD was not superior in comparison to the established
anthropometric indices such as BMI and WC. Our data
also confirms these previous observations.

Conclusions
The present work revisits the association between
plasma lipid levels and different anthropometric indices.
The significance of these body indices in clinical assessment of type and severity of dyslipidemia was also
determined. We observed significant changes in anthropometric measurements with incidence and severity
of dyslipidemia. The predictive capabilities of various

anthropometric/metabolic indices for different forms of
dyslipidemia were also compared. It was observed that all
the body indices display the highest predictive capabilities
for detecting hypertriglyceridemia in comparison to any
other form of plasma lipid disorders. We also studied the
significance of recently described body indices, ABSI and
BRI, in assessment of dyslipidemia. The capacity of BRI to
predict dyslipidemia was comparable but not superior to
the classical indicators of obesity, whereas ABSI could not
detect dyslipidemia. The presented study contributes to
the existing knowledge on association between anthropometric/metabolic variables and plasma lipid levels. This data
may have implications in the diagnosis and characterization
of dyslipidemia as well as for the assessment of related
disease risks.

Additional files
Additional file 1: Figure S1. Enrolment flowchart of the study
population. Two hundred seventy-five participants visited the free health
camps. Thirty-seven participants were excluded because of HCV diagnosis
(n=5), Postprandial state (n=30) and diabetes (n=2). The final group sample
consisted of 238 participants. Figure S2: Venn-Diagram displays overlaps
between prevalence of TG, high-LDL, and low-HDL levels in the dyslipidemic
population. Figure S3: Receiver operating characteristic (ROC) curve analysis
to determine the predictive capability of different anthropometric/metabolic
parameters for identification of (a) overall dyslipidemia (irregularity in the
plasma levels of HDL, LDL, or triglycerides, (b) low-HDL levels, (c) high-LDL,
and (d) high-TG. (PPT 370 kb)
Additional file 2: Table S1. Clinical and metabolic characteristics of
the study population. Table S2: Criteria for the determination of plasma
lipoprotein/ lipid abnormality status. Table S3: Areas under ROC curves
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(AUC) and 95% confidence intervals (CI) for various anthropometric/
metabolic parameters in predicting the incidence of overall dyslipidemia
or different types of dyslipidemias. Results are represented as AUC (95% CI).
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a b s t r a c t
Numerous studies have reported alterations in the plasma lipid proﬁles of leukemia patients. However, there are
several inconsistencies in these reports. The present review highlights and compiles ﬁndings from different research groups regarding association of plasma lipoprotein levels with the risk of developing leukemia. We
have also discussed the clinical signiﬁcance of plasma lipid proﬁles in management of leukemia. Furthermore,
the potential role of plasma lipids in promoting leukemogenesis is also highlighted.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction
Abnormalities in the plasma lipid proﬁles of leukemia patients are
frequently reported [1–6]. However, the underlying mechanisms for
these irregularities have not been clearly elucidated. In general, lipids
are known to play a crucial role in tumor development and progression
[7]. Rapidly proliferating cancer cells require a constant supply of lipids
for membrane biogenesis and protein modiﬁcation. Moreover, cancer

Abbreviations: TG, triglyceride; TC, total cholesterol; VLDL, very low density
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lipoprotein.
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cells not rapidly proliferating also require increased lipids for enhanced
signaling and resistance against apoptosis [8]. Endogenous lipogenesis
has historically been considered as the principal source of fatty acids
(FAs) in cancer cells [9]. However, recent reports suggest that certain
types of cancer cells also exploit lipolytic pathways for obtaining FAs
[10,11]. Lipoproteins are distributors of endogenous as well as exogenous lipids across the tissues. Therefore, it is plausible that lipoproteins
play a fundamental role in cancer progression via supplying lipids to
malignant cells and tumors. These speculations are even more intriguing for leukemic cells and could attain more direct beneﬁt from plasma
lipoproteins.
The present review focuses on the association of serum/plasma lipoproteins with the risk of developing leukemia. Moreover, the prospective clinical usefulness of plasma/serum lipoprotein in diagnosis or
management of leukemia is highlighted.
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2. Plasma lipid proﬁles and the risk of developing leukemia
Several prospective-cohort studies have previously reported that
lower serum cholesterol was associated with increased risk of developing leukemia as well as other hematopoietic cancers [12–16] (Table 1).
Moreover, low plasma cholesterol was associated with increased risk of
mortality in hematopoietic cancer [17]. In contrast, there are few studies
that report no association between total serum cholesterol and leukemia risk [18,19].
Previous studies have shown a negative association between serum
cholesterol and risk of leukemia is only observed within initial ﬁve [20]
to twelve [13] months after the plasma cholesterol assessments. Nevertheless, follow-up for longer time-periods ﬁnds no signiﬁcant association [20] or slightly positive association [13] between cholesterol
levels and leukemia-risk. During the course of leukemia the patients
are shown to display hypocholesterolemia. Therefore, it has been suggested that this short-term negative association, between serum cholesterol levels and leukemia-risk, which is observed in the initial follow-up
period could be due to the presence of preclinical cancer [13,20].
Furthermore, lower plasma levels of high density lipoprotein cholesterol (HDL) have also been shown to be associated with the risk of developing leukemia [16]. Interestingly, Yang et al. showed that in type 2
diabetes patients the association between low density lipoprotein cholesterol (LDL) and leukemia is V-shaped, whereby both low and high
levels of LDL were associated with elevated risk of cancer [21]. Moreover, few studies have indicated that inverse association between total
serum cholesterol levels and leukemia is more pronounced in male participants than the female participants [12,13].
3. Plasma lipids as potential diagnostic biomarkers for leukemia
The irregularities in plasma lipid proﬁles of leukemia patients are
highlighted by several previous works. Potential clinical signiﬁcance of
the plasma lipids in management of leukemia has also been pointed
out by the previous studies. Most of the previous works have reported
decrease in total cholesterol [1–6] and various lipoprotein subfractions, particularly, HDL [1–6,22,23]. Some studies reported that signiﬁcant decrease in serum levels of LDL is also prevalent in leukemia patients [2–4,24,25]. Increase in the serum triglyceride (TG) levels of the
leukemia patients is also a frequently observed phenomenon [1,3,4,6,
22,23]. In addition to the elevated TG levels in the leukemia patients a
concurrent elevation in very low density lipoprotein cholesterol

(VLDL) levels is also reported by the previous works [6,23,26,27]. This
observation is in accordance with the fact that plasma VLDL and TG
levels are observed to be highly correlated, at least in the healthy subjects [28,29]. Also, the plasma TG levels are known to reﬂect plasma
VLDL levels, regardless of the fasting and postprandial states [28].
Nevertheless, there are several inconsistencies in the previous reports [30]. For instance it has been reported that though the TC levels
in leukemia patients are higher than the control group, this difference
is not statistically signiﬁcant [1]. A number of studies indicated no
change or even decrease in plasma TG levels [2,5,24]. Moreover, some
of the previous reports showed either no change or a non-signiﬁcant decrease in plasma HDL [27,31], LDL [5,27,31] and VLDL levels [5] in the
leukemia patients. Table 2 gives an overview of the cross-sectional
data in which plasma lipid proﬁles of leukemia patients have been studied at the time of diagnosis and compared with age- and BMI-matched
healthy controls. Due to the apparent discrepancies in literature the
clinical usefulness of plasma/serum lipoprotein levels in diagnosis of
leukemia remains elusive. These inconsistencies in the literature are
often attributed to various limitations of the previous works [30].
Most of the studies have overlooked the confounding effects of related
risk-factors including gender, age and BMI [1–6,22,23], whereas, some
of these studies ignored the effect of other comorbidities on plasma
lipid proﬁle of the leukemia patients [1,3–5].
4. Prognostic signiﬁcance of plasma lipid proﬁles in leukemia
patients under therapy
The prognostic signiﬁcance of plasma lipid proﬁle in management of
leukemia has also been proposed by the previous studies. This prognostic value was underscored by the reports that indicated normalization of
plasma lipid proﬁle after effective chemotherapy [22,32,33]. As
discussed above, serum levels of total cholesterol (TC), LDL and HDL
are signiﬁcantly lower in leukemia patients in comparison to the normal
individuals. Several studies indicated that effective chemotherapy results in signiﬁcant increase in the serum levels of these lipid subfractions [5,6]. Moreover, plasma levels of TG and VLDL, which are signiﬁcantly higher in leukemia patients, tend to decrease after effective
chemotherapy [6,27,33]. On the other hand, the non-remission groups
in various antineoplastic treatments-based studies do not display
these changes in the lipid levels [26,33]. However, it is very important
to consider that during various chemotherapeutic treatments several
abrupt changes in plasma lipid patterns are observed [34–36].

Table 1
Association between plasma lipids and risk of hematological cancers: overview of the data obtained from different prospective-cohort studies.
Follow-up
period

Sample
size

Major ﬁndings

References

1990–2004

n = 33,368

[19]

1971–1984

n = 12,488

1985–2003

n = 172,210

1972–2005
1995–2005

n = 577,330
n = 6107

1985–2003

n = 29,093

1968–1980

n = 39,268

1960–1976

n = 3102

1965–1968

n = 7716

No association was observed between total serum cholesterol
levels and the risk of leukemia.
Inverse association between total serum cholesterol levels and
risk of leukemia was observed.
Risk of hematopoietic cancer was signiﬁcantly decreased for participants
in the highest total serum cholesterol tertile (N235.0 mg/dl in men and
N229.0 mg/dl in women). However, this association was short-term and
was only observed for the malignancies diagnosed within 5 months of plasma
cholesterol assessments. For the malignances that were diagnosed after 5 months
cancer risk was not signiﬁcantly associated with total serum cholesterol.
Inverse association between total serum cholesterol levels and hematopoietic cancers was observed.
In type 2 diabetes patients the association between LDL and leukemia was V-shaped,
whereby both low and high levels of LDL were associated with elevated risk of cancer.
Inverse association of total serum cholesterol and HDL levels with hematopoietic
cancers was observed.
Statistically signiﬁcant inverse association between total serum cholesterol levels and
leukemia was observed during the ﬁrst years of follow-up, especially for rapidly developing
cancers. However, in female participants this association was weaker in comparison to the male counterparts.
Statistically signiﬁcant inverse association between total serum cholesterol levels and
leukemia was observed. However, in female participants this association was
weaker in comparison to the male counterparts.
No signiﬁcant association was observed between total serum cholesterol levels and the risk of leukemia.

[14]
[20]

[15]
[21]
[16]
[13]

[12]

[18]
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Table 2
Plasma lipid levels in leukemia patients at diagnosis: overview of the cross-sectional data.
Type of leukemia/s

Lipid fractions studied

Observed alterations in lipid levels of leukemia patients

Sample size

Age range

References

Leukemia

TC
TG
HDL
LDL
TC
TG
HDL
LDL
VLDL
TC
TG
HDL
LDL
Apo-A1
Apo-B
VLDL
Lpa
TC
HDL
Apo-A
TC
TG
HDL
LDL
TC
TG
HDL
LDL
TC
TG
HDL
LDL
TC
TG
HDL
LDL
Apo-A1
Apo-B
VLDL
Lpa
TC
TG
HDL
LDL
Apo-A1
Apo-B
VLDL
Lpa
TC
TG
LDL
TC
TG
HDL
LDL
VLDL
Chylomicron
TG
Apo-A1
Apo-B
TG
HDL
LDL
TC
HDL
LDL
Lpa
TC
TC
TG
HDL
LDL
VLDL
Non-HDL

TC ↓*
TG ↓*
HDL ↓*
LDL ↓*
HDL ↓
TG ↑
VLDL ↑

n = 90
c = 90

NA

[50]

n = 10

3–28 years

[23]

TC ↓*
TG ↑*
HDL ↓*
LDL ↓*
Apo-A1 ↓*
VLDL ↑*

n = 25
c = 25

NA

[6]

TC ↓*
HDL ↓*
Apo-A ↓*
TC ↓*
TG ↑*
HDL ↓*
LDL ↓*
TC ↓*
TG ↑*
HDL ↓*
LDL ↓*
TC ↓*
TG ↑*
HDL ↓*
LDL ↓*
TC ↓*
TG ↔
HDL ↓*
LDL ↔
VLDL ↔

n = 10

NA

[51]

n = 86

NA

[25]

Acute leukemia

ALL

AML

Lymphocytic leukemia

n = 50
c = 20

Patients: 11–58 years
[2]
Controls: 18–58 years

n = 84
c = 110

Patients: 20–80 years
Controls: 25–76 years

[3]

n = 10
c = 10

NA

[5]

TC ↓*
TG ↑*
HDL ↓*
LDL ↓*
Apo-A1 ↓
VLDL ↑*

n = 18

NA

[26]

TC ↓*
TG ↑*
LDL ↓*
TC ↔
TG ↑
HDL ↔
LDL ↔
VLDL ↑
Chylomicron ↔
TG ↑
Apo-A1 ↓
Apo-B ↑
TG ↑
HDL ↓
LDL ↑
TC ↓
HDL ↓
LDL ↓
Lpa ↑*
TC ↓

n=6
c = 45

NA

[52]

n = 13

NA

[27]

n=9

NA

[46]

n = 64

NA

[53]

n = 22

NA

[31]

n = 85

NA

[54]

n = 30
c = 15

CLL: 45–65 years
ALL: 40–60 years

[1]

TC ↑
TG ↑
HDL ↓*
PL ↑

(continued on next page)
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Table 2 (continued)
Type of leukemia/s

CML
Childhood leukemia

Childhood ALL

Lipid fractions studied
PL
TC
HDL
Apo-A
TG
TC
TG
HDL
LDL
TC
TG
HDL
LDL
Apo-A1
VLDL
Lpa
TC
TG
HDL

Observed alterations in lipid levels of leukemia patients

Sample size

Age range

References

TC ↓*
HDL ↓*
Apo-A ↓*
TG ↑
TC ↓*
TG ↑*
HDL ↓*
LDL ↓*
TG ↑*
HDL ↓*
Apo-A1↓*

n=5

NA

[51]

n = 11
n = 55
c = 52

NA
Patient: 1–17 years

[55]
[4]

n = 24
c = 15

ALL: 2–16 years

[22]

n = 24

NA

[56]

TC ↓*
TG ↑*
HDL ↓*

Symbols: n, patient population size; c, control population size; ↑, increase; ↓, decrease; ↔, no change; ↑*, signiﬁcantly increase; ↓*,signiﬁcantly decrease.
Abbreviations: ALL, acute lymphocytic leukemia; AML, acute myeloid leukemia; TC, total cholesterol; TG, triglyceride; HDL, high density lipoprotein cholesterol; LDL, low density lipoprotein cholesterol; VLDL, very low density lipoprotein cholesterol; PL, phospholipids; Apo A, apolipoprotein A; Lpa, lipoprotein a; Apo A1, apolipoprotein A1; Apo B, apolipoprotein B; NA, not
available.

These changes are usually due to profound toxic effects of the drugs. For
instance L-asparaginase is almost always associated with hypertriglyceridemia [37–39] and the patients undergoing Nilotinib therapy may
show marked increase in plasma cholesterol levels [35,36,40]. Nevertheless, these changes are mostly transient and at the end of therapy
lipid levels go back to the actual values that were noted before the treatment was started [22,26,41]. Hence, more stable changes and normalization of lipid levels are mainly observed in the remission groups of
various antineoplastic treatments-based studies. These observations
corroborate the correlation between abnormal serum lipid proﬁle and
disease activity.
5. Plausible underlying causes of aberrant plasma lipid proﬁles in
leukemia patients

peroxidation of plasma lipoproteins may also play a key role in cancer
development [47]. Lipoproteins are susceptible to peroxidation triggered by reactive oxygen species and reactive nitrogen species. It has
been proposed that lipid peroxidation product malondialdehyde, that
form adducts with adenosine and cytosine, may contribute to mutagenicity and carcinogenicity in mammalian cells [48]. On the other hand,
HDL that – due to its lipid and apoprotein content – is less susceptible
to peroxidation in comparison to LDL, counters the oxidative damage
caused by oxidized LDL [49]. Thereby, HDL prevents the generation of
reactive oxygen species and acts as an anti-carcinogen. These speculations provide a possible explanation for the involvement of plasma lipoproteins in carcinogenesis however; further studies are required for the
better understanding of this phenomenon.
Disclosure statement

The exact cause of the abnormal lipid proﬁles in leukemia patients is
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Leukemia cells were also shown to display higher uptake of HDLcholesteryl esters [44]. It has also been reported that the conversion of
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The fatty acid analysis of the triglyceride esters in serum of leukemia
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of non-hematopoietic origins. Some researchers have suggested that

The authors have no conﬂict of interest.
Acknowledgments
The work was supported by the National Research Program for Universities of the Higher Education Commission Pakistan (Project #-2505/
R&D/11-2670) (PI; N. Zaidi), DAAD-Re-invitation Program for Former
Scholarship Holders, 2015 (50068612), Personal ref. no. 91563417 and
University of the Punjab (Notiﬁcation No.: R/184/MMG Dated: 26-022015) Annual Grant (2015) (PI; N. Zaidi).
References
[1] M.F. Mulas, et al., Cholesterol esters as growth regulators of lymphocytic leukaemia
cells, Cell Prolif. 44 (4) (2011) 360–371.
[2] A.S. Zubaidy, A.S. Aqabi, M.H.A. Maini, Hypolipoproteinemia as biological marker in
acute leukemia, Iraqi Postgrad. Med. J. 10 (4) (2011).
[3] M. Kuliszkiewicz-Janus, R. Malecki, A.S. Mohamed, Lipid changes occurring in the
course of hematological cancers, Cell. Mol. Biol. Lett. 13 (3) (2008) 465–474.
[4] P.P. Naik, M.S. Ghadge, A.S. Raste, Lipid proﬁle in leukemia and Hodgkin's disease,
Indian J. Clin. Biochem. 21 (2) (2006) 100–102.
[5] S. Baroni, et al., Lipids and lipoproteins in acute lymphoblastic leukaemia (ALL),
Leuk. Res. 18 (8) (1994) 643–644.
[6] D. Scribano, et al., Return to normal values of lipid pattern after effective chemotherapy in acute lymphoblastic leukemia, Haematologica 81 (4) (1996) 343–345.
[7] P.P. Hsu, D.M. Sabatini, Cancer cell metabolism: Warburg and beyond, Cell 134 (5)
(2008) 703–707.
[8] E. Rysman, et al., De novo lipogenesis protects cancer cells from free radicals and
chemotherapeutics by promoting membrane lipid saturation, Cancer Res. 70 (20)
(2010) 8117–8126.

A. Iqbal et al. / Clinica Chimica Acta 452 (2016) 129–133
[9] J.A. Menendez, R. Lupu, Fatty acid synthase and the lipogenic phenotype in cancer
pathogenesis, Nat. Rev. Cancer 7 (10) (2007) 763–777.
[10] N.B. Kuemmerle, et al., Lipoprotein lipase links dietary fat to solid tumor cell proliferation, Mol. Cancer Ther. 10 (3) (2011) 427–436.
[11] N. Zaidi, et al., Lipogenesis and lipolysis: the pathways exploited by the cancer cells
to acquire fatty acids, Prog. Lipid Res. (2013).
[12] J. Kark, A. Smith, C. Hames, The relationship of serum cholesterol to the incidence of
cancer in Evans County, Georgia, J. Chron. Dis. 33 (5) (1980) 311–322.
[13] P. Knekt, et al., Serum cholesterol and risk of cancer in a cohort of 39,000 men and
women, J. Clin. Epidemiol. 41 (6) (1988) 519–530.
[14] A. Schatzkin, et al., Site-speciﬁc analysis of total serum cholesterol and incident cancer in the National Health and Nutrition Examination Survey I epidemiologic followup study, Cancer Res. 48 (2) (1988) 452–458.
[15] S. Strohmaier, et al., Total serum cholesterol and cancer incidence in the Metabolic
syndrome and Cancer Project (Me-Can), PLoS One 8 (1) (2013) e54242.
[16] J. Ahn, et al., Prediagnostic total and high-density lipoprotein cholesterol and risk of
cancer, Cancer Epidemiol. Biomark. Prev. 18 (11) (2009) 2814–2821.
[17] C. Iribarren, et al., Low serum cholesterol and mortality. Which is the cause and
which is the effect? Circulation 92 (9) (1995) 2396–2403.
[18] P.H. Chyou, et al., Prospective study of serum cholesterol and site-speciﬁc cancers, J.
Clin. Epidemiol. 45 (3) (1992) 287–292.
[19] H. Iso, et al., Serum cholesterol levels in relation to the incidence of cancer: the JPHC
study cohorts, Int. J. Cancer 125 (11) (2009) 2679–2686.
[20] A.M. Strasak, et al., Time-dependent association of total serum cholesterol and cancer incidence in a cohort of 172,210 men and women: a prospective 19-year followup study, Ann. Oncol. 20 (6) (2009) 1113–1120.
[21] X. Yang, et al., Independent associations between low-density lipoprotein cholesterol and cancer among patients with type 2 diabetes mellitus, CMAJ 179 (5) (2008)
427–437.
[22] J.M. Halton, et al., Blood lipid proﬁles in children with acute lymphoblastic leukemia,
Cancer 83 (2) (1998) 379–384.
[23] R.J. Spiegel, et al., Plasma lipid alterations in leukemia and lymphoma, Am. J. Med. 72
(5) (1982) 775–782.
[24] M.I. Qadir, et al., Plasma lipid alterations in leukemia patients, Lipids 7 (2011) 9.
[25] L.J. Tao, Y.Q. Qin, Alteration of serum lipids in patients with acute leukemia and its
clinical signiﬁcance, Zhongguo Shi Yan Xue Ye Xue Za Zhi 10 (4) (2002) 371–372.
[26] S. Baroni, et al., Prognostic relevance of lipoprotein cholesterol levels in acute lymphocytic and nonlymphocytic leukemia, Acta Haematol. 96 (1) (1996) 24–28.
[27] M.C. Favrot, C. Dellamonica, G. Souillet, Study of blood lipids in 30 children with a
malignant hematological disease or carcinoma, Biomed. Pharmacother. 38 (1)
(1984) 55–59.
[28] K. Nakajima, et al., The correlation between TG vs remnant lipoproteins in the
fasting and postprandial plasma of 23 volunteers, Clin. Chim. Acta 404 (2) (2009)
124–127.
[29] N. Rifai, J.R. Merrill, R.G. Holly, Postprandial effect of a high fat meal on plasma lipid,
lipoprotein cholesterol and apolipoprotein measurements, Ann. Clin. Biochem. 27
(Pt 5) (1990) 489–493.
[30] R. Munir, et al., Atypical plasma lipid proﬁle in cancer patients: cause or consequence? Biochimie 102 (2014) 9–18.
[31] A. Niendorf, et al., Elevated lipoprotein(a) levels in patients with acute myeloblastic
leukaemia decrease after successful chemotherapeutic treatment, Clin. Investigator
70 (8) (1992) 683–685.
[32] N. Einollahi, et al., Serum lipid proﬁle alterations in acute leukemia before and after
chemotherapy, Iran. J. Blood Cancer 6 (1) (2013) 3–9.
[33] V.S. Ghalaut, et al., Alteration in lipid proﬁle in patients of chronic myeloid leukemia
before and after chemotherapy, Clin. Chim. Acta 366 (1–2) (2006) 239–242.
[34] T. Singh, et al., Turbid serum in a patient of acute lymphoblastic leukemia on
treatment—what to look for? J. Cancer Res. Ther. 5 (3) (2009) 219–220.

133

[35] D.K. Hiwase, et al., Hypercholesterolemia in imatinib intolerant/resistant CML-CP
patients treated with nilotinib: a retrospective analysis, Blood 122 (21) (2013)
1503-1503.
[36] R. Zdenek, P. Cetkovsky, E. Faber, H. Klamova, M. Ludmila, T. Sacha, V. Jaroslava, D.
Zackova, P. Zak, J. Mayer, comparison of glucose and lipid metabolism abnormality
during nilotinib, imatinib and dasatinib therapy — results of enigma 2 study, 56th
ASH Annual Meeting and Exposition, American Society of Hematology, San
Francisco, CA, 2014.
[37] A. Hinson, D. Newbern, C.M. Linardic, Asparaginase-induced hypertriglyceridemia
presenting as pseudohyponatremia during leukemia treatment, Case Rep. Pediatr.
2014 (2014) 635740.
[38] E.B. Lawson, M. Gottschalk, D.E. Schiff, Insulin infusion to treat severe hypertriglyceridemia associated with pegaspargase therapy: a case report, J. Pediatr. Hematol.
Oncol. 33 (2) (2011) e83–e86.
[39] H.M. Nesheli, et al., L-asparaginase induced hyperlipidaemia in acute lymphoblastic
leukaemia, J. Pak. Med. Assoc. 63 (3) (2013) 324–326.
[40] D. Rea, et al., Early onset hypercholesterolemia induced by the 2nd-generation tyrosine kinase inhibitor nilotinib in patients with chronic phase-chronic myeloid leukemia, Haematologica 99 (7) (2014) 1197–1203.
[41] J.G. Hasan, Lipid proﬁles in children with acute lymphoblastic leukemia on Lasparaginase therapy, Med. J. Basrah Univ. 28 (2) (2010) 51–58.
[42] M. Rudling, et al., Lipoprotein receptors in acute myelogenous leukemia: failure to
detect increased low-density lipoprotein (LDL) receptor numbers in cell membranes despite increased cellular LDL degradation, Am. J. Pathol. 153 (6) (1998)
1923–1935.
[43] S. Vitols, et al., Multilevel regulation of low-density lipoprotein receptor and 3hydroxy-3-methylglutaryl coenzyme A reductase gene expression in normal and
leukemic cells, Blood 84 (8) (1994) 2689–2698.
[44] R.P. Goncalves, D.G. Rodrigues, R.C. Maranhao, Uptake of high density lipoprotein
(HDL) cholesteryl esters by human acute leukemia cells, Leuk. Res. 29 (8) (2005)
955–959.
[45] L. Tatidis, et al., Cholesterol catabolism in patients with acute myelogenous leukemia
and hypocholesterolemia: suppressed levels of a circulating marker for bile acid
synthesis, Cancer Lett. 170 (2) (2001) 169–175.
[46] P.R. Blackett, et al., Hyperlipidemia in acute lymphoblastic leukemia, Ann. Clin. Lab.
Sci. 14 (2) (1984) 123–129.
[47] G. Ray, S.A. Husain, Role of lipids, lipoproteins and vitamins in women with breast
cancer, Clin. Biochem. 34 (1) (2001) 71–76.
[48] L.J. Marnett, M.A. Tuttle, Comparison of the mutagenicities of malondialdehyde and
the side products formed during its chemical synthesis, Cancer Res. 40 (2) (1980)
276–282.
[49] I. Delimaris, et al., Oxidized LDL, serum oxidizability and serum lipid levels in patients with breast or ovarian cancer, Clin. Biochem. 40 (15) (2007) 1129–1134.
[50] M.I. Qadir, et al., Plasma lipid alterations in leukemia patients, J. Appl. Pharmacol. 1
(3) (2011) 159–164.
[51] C. Musolino, et al., Lipid proﬁle in hematologic neoplasms, Recenti Prog. Med. 93 (5)
(2002) 298–301.
[52] C. Omoti, E. Idogun, Serum lipid and lipoprotein proﬁle in Nigerian patients with
haematological malignancies, Int. J. Health Res. 2 (3) (2009) 267–272.
[53] M. Moschovi, et al., Serum lipid alterations in acute lymphoblastic leukemia of childhood, J. Pediatr. Hematol. Oncol. 26 (5) (2004) 289–293.
[54] J.C. Reverter, et al., Hypocholesterolemia in acute myelogenous leukemia, Eur. J.
Haematol. 41 (4) (1988) 317–320.
[55] M.J. Peñarrubia, et al., Hypertriglyceridemia may be severe in CML patients treated
with interferon-α, Am. J. Hematol. 49 (3) (1995) 240–241.
[56] B. Zalewska-Szewczyk, et al., Changes in the lipid proﬁle in children with acute lymphoblastic leukaemia — the inﬂuence of the disease and its treatment, Med Wieku
Rozwoj 12 (4 Pt 2) (2008) 1035–1040.

Clinica Chimica Acta 457 (2016) 12–17

Contents lists available at ScienceDirect

Clinica Chimica Acta
journal homepage: www.elsevier.com/locate/clinchim

Leukemia cells display lower levels of intracellular cholesterol
irrespective of the exogenous cholesterol availability
Hina Usman a, Fatima Ameer a, Rimsha Munir a, Areeb Iqbal a, Muhammad Zaid a, Shahida Hasnain a,
Lisa Scandiuzzi b, Nousheen Zaidi a,⁎
a
b

Microbiology and Molecular Genetics, University of the Punjab, Lahore‐54590, Pakistan
Department of Radiation Oncology, 1300 Morris Park Avenue, 10461, Bronx, NY, USA

a r t i c l e

i n f o

Article history:
Received 10 November 2015
Received in revised form 3 March 2016
Accepted 18 March 2016
Available online 22 March 2016
Keywords:
Lipids
Leukemia
Cholesterol
Metabolism
LDL-C
HDL-C

a b s t r a c t
Background: Different types of cancer cells are previously shown to accumulate intracellular cholesterol. However, the data on intracellular cholesterol levels in leukemia cells provide contradictory evidence. Various previous
works indicate either increase, decrease or no difference in total cholesterol levels between leukemia cells and
healthy peripheral blood mononuclear cells (PBMCs).
Methods: We studied the intracellular cholesterol levels in acute myeloid leukemia (AML) and acute lymphocytic
leukemia (ALL) cells and compared with that in PBMCs from the healthy subjects.
Results: We observed that the PBMCs from AML (n = 7) and ALL (n = 7) patients displayed signiﬁcantly lower
intracellular levels of total cholesterol in comparison to PBMCs from the healthy subjects (n = 26). Consistent
with the patient data the ALL (CCRF-CEM and MOLT-3) and AML (KG-1 and THP-1) cell lines also displayed signiﬁcantly lower intracellular levels of total cholesterol. We conﬁrmed this observation using multiple methodological approaches. Both ALL and AML cell lines also displayed signiﬁcantly lower levels of free cholesterol and
cholesteryl ester contents in comparison to normal hematopoietic cells. We observed that N 90% of the total cholesterol in leukemia cells as well as in normal PBMCs was present in the form of cholesteryl esters. It was also observed that the lower levels of cholesterol in leukemia cells are not affected by exogenous cholesterol availability.
Conclusions: Present study provides convincing evidence to prove that the cellular free cholesterol and
cholesteryl ester content is signiﬁcantly reduced in leukemia cells in comparison to normal hematopoietic cells
in circulation. Moreover, it was shown that the lower levels of cholesterol in leukemia cells are not affected by
exogenous cholesterol availability.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Previous works indicate that cholesterol metabolism is deregulated
in several types of malignancies including leukemia. In comparison to
normal hematopoietic cells, the acute myeloid leukemia (AML) cells
display increase in uptake and synthesis of cholesterol. The increased
uptake and degradation of low-density lipoprotein cholesterol (LDL-C)
is widely reported in AML cells [1–3]. The upregulated expression of
3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) is also observed
in different types of leukemia cells [3]. Moreover, the negative feedback
loop of cholesterol regulation is reported to be impaired in the leukemic
cells [3]. It has also been noted that various ALL (Acute lymphocytic
leukemia) and AML cell lines are sensitive to different types of statins
[4,5].
Abbreviations: HD, Healthy donors; ALL, acute lymphocytic leukemia; AML, acute
myelogenous leukemia; CE, cholesteryl esters.
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The drug-resistant leukemia cells are shown to possess a fundamentally rewired central metabolism [6]. In comparison to the parental cell
lines, the drug-resistant myeloid leukemia cell lines display higher expression of HMGCR [7], whereas, drug-resistant ALL cell lines have increased cholesterol and phospholipid levels [8]. This suggests that
cholesterol accumulation in leukemia cells may contribute to drug resistance. It has also been noted that different chemotherapeutic drugs induce increase in intracellular cholesterol levels in AML cells [9]. The
up-regulation in the mRNA expression of HMGCR and low-density lipoprotein receptor (LDL-R) is observed in these cells after treatment with
various chemotherapeutic drugs [10]. However, detailed analysis
showed that de novo synthesis is the primary mechanism by which
most AML cells increase cholesterol levels during drug exposures. Nevertheless, it was also shown that a subset of AML cells may rely on increased LDL-C accumulation during treatment with particular drugs
[10].
Previous studies have shown that solid tumors tissues display abnormally high cellular cholesterol content [11–13]. Experimental evidence
also suggests that this elevated cellular cholesterol content increases
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proliferation, migration, and invasion of cancer cells [14,15]. However,
existing data on intracellular cholesterol levels in leukemia cells provide
contradictory evidence. A relatively recent study indicated that primary
myeloid leukemia cells [16] display signiﬁcant increase in intracellular
cholesterol deposits. Another study indicated that total cholesterol
levels in primary acute lymphocytic leukemia cells are not signiﬁcantly
different than in PBMCs from healthy donors [17]. On the other hand,
some earlier works reported decrease, in intracellular cholesterol levels
of leukemia cells in comparison to peripheral blood mononuclear cells
(PBMCs) from healthy donor [18–20].
2. Materials and methods
2.1. Cell culture and treatments
The AML (KG-1 and THP-1) and ALL (CCRF-CEM and MOLT-3) cell
lines were from the American Type Culture Collection (ATCC). All cell
lines and peripheral blood mononuclear cells (PBMCs) were cultivated
in RPMI 1640 (ATCC, 30-2001) supplemented with 10% FBS (ATCC, 302021) and penicillin–streptomycin solution (ATCC, 30-2300). PBMCs
were stimulated with 10 μg/ml phytohaemagglutinin (PHA) (HiMedia,
TC209) for 48 h where stated. Lipoprotein deﬁcient serum (LPDS) was
purchased from Merck (LP4) and used according to manufacturer's
guidelines. For different experiments, cells were cultivated in LPDS containing media for 24 h. Cell cultures were maintained in the atmosphere
of 5% CO2 and 37 °C.
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precipitation reagent (Analyticon). HDL-C was then estimated using
aforementioned Analyticon kit for the quantitative determination of
cholesterol. For estimation of low-density lipoprotein cholesterol
(LDL-C) we used recently described method by Martin et al. [21].
2.4. Determination of cellular cholesterol content
Lipids were extracted using a modiﬁed Bligh Dyer method, as previously described [22]. Total Cholesterol content in the lipid extracts was
spectrophotometrically determined using commercially available kit
(Analyticon Biotechnologies AG, 4046) against a calibration-curve generated using known concentrations of cholesterol standard (SUPELCO,
47127-U). For quantiﬁcation of free cholesterol and cholesteryl esters
or both (total cholesterol) Cholesterol/Cholesteryl Ester Quantitation
Kit (Abcam, ab65359) was used according to manufacturer's guidelines.
For the histochemical identiﬁcation of unesteriﬁed cholesterol, Filipin
staining was performed using Cholesterol Assay Kit (Cell-Based)
(Abcam, ab133116) according to the manufacturer's guidelines. Samples
were imaged with a ﬂuorescent microscope. The quantiﬁcation of total
cholesterol by all methods gave similar results.
2.5. ELISA
The expression levels of HMGCR in cell lysates were measured by
standard ELISA protocol using anti-HMGCR antibody (Abcam, ab98018).
2.6. Statistical analysis

2.2. Human sample collection, study protocol and ethics
For the present study patients that were clinically diagnosed for
acute myeloid leukemia (AML) (n = 7) or acute lymphocytic leukemia
(ALL) (n = 7) were recruited at the local hospitals. The patients were recruited at diagnosis and had not yet received any anti-neoplastic treatment. In addition to that healthy subjects (n = 26) were included as
control population. All the study subjects were above the age of
15 years. We excluded subjects with the following conditions: severe
viral/bacterial infection, on anticoagulation therapy, suffering from
bleeding disorder (e.g. hemophilia, low platelets, etc.), aplastic anemia,
metabolic syndrome, diabetes mellitus, cardiovascular disease or any
other cancer. Other exclusion criteria were tobacco smoking and regular
use of prescribed medication. Supplementary Tables S1 provides information of age, sex, diagnosis and blast count percentage of ALL and
AML patients included in the present study. Supplementary Tables S2
provides information of age and sex of the healthy participants. The
study protocol, questionnaires and informed consent forms were approved by the Ethics Committee of School of Biological Sciences, University of the Punjab. Written informed consent was obtained from each
study-subject, before sample collection. All the research and experiments were carried out in accordance with Declaration of Helsinki. In
order to obtain the basic personal information and medical history,
each participant was interviewed and completed a structured questionnaire. The medical history ﬁle of each patient was also thoroughly examined. Intravenous blood (3 ml) was collected from all the subjects
in vials containing EDTA-anticoagulant agent (BD Biosciences). Blood
samples were used for plasma collection and PBMCs isolation. All samples were processed within 30 min of collection. Plasma was promptly
separated. PBMCs were isolated from whole blood using Ficoll-based
Lymphocyte Separation Medium (Biowest, L0560). PBMCs were accordingly pelleted or cultivated in appropriate cell culture conditions.
2.3. Determination of plasma lipid levels
Plasma total cholesterol (TC) levels were spectrophotometrically determined using commercially available kit (Analyticon Biotechnologies
AG, 4046). For the estimation of high-density lipoprotein cholesterol
(HDL-C), other lipoprotein fractions were precipitated using HDL-C

The results were analyzed by Students' t-test (GraphPad Prism Software), where applicable. P-values b 0.05 were considered statistically
signiﬁcant. Correlation analysis was performed to study association between intracellular cholesterol levels and exogenous cholesterol availability and Pearson's correlation coefﬁcient (r) values were calculated.
3. Results
3.1. Acute lymphocytic leukemia cells and acute myeloid leukemia cells
display signiﬁcantly low levels of intracellular cholesterol in comparison
to mononuclear cells isolated from peripheral blood of healthy donors
We ﬁrst compared the cellular cholesterol content in peripheral
blood mononuclear cells (PBMCs) of healthy donors versus patients
meeting the diagnostic criteria for ALL or AML. We observed that
PBMCs from healthy donors display signiﬁcantly higher cellular levels
of cholesterol in comparison to ALL (Fig. 1a) and AML cells (Fig. 1b).
To complement this patient data we also studied the cellular cholesterol
content in various acute leukemia cell lines. Consistent with the patient
data, both, ALL and AML cell lines displayed signiﬁcantly lower intracellular cholesterol levels in comparison to PHA-stimulated (48 h) PBMCs
from the healthy donors (Fig. 1c). We also compared the intracellular
cholesterol content in ALL and AML cell lines with that in freshly isolated PBMCs from healthy donors. Again, ALL and AML cell lines displayed
signiﬁcantly lower intracellular cholesterol levels in comparison to
freshly isolated PBMCs from the healthy donors (Fig. 1c). To further conﬁrm these observations we used another kit-based (Abcam, ab65359)
approach to study the intracellular cholesterol levels in leukemia cell
lines. These analyses also gave similar results i.e. leukemia cells display
signiﬁcantly lower intracellular cholesterol levels (Supplementary
Fig. S1).
Next, we sought to determine the levels of free cholesterol and
cholesteryl esters in acute leukemia cells. We observed that both ALL
and AML cell lines display substantially lower intracellular levels of
free cholesterol (Fig. 1d) and cholesteryl esters (Fig. 1e) in comparison
to these in PBMCs from healthy donors. Cholesterol labeling with ﬁlipin
also veriﬁed that CCRF-CEM cells display lower cellular levels of cholesterol in comparison to PBMCs from healthy donor (Supplementary
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Fig. 1. Acute leukemia cells display lower levels of intracellular cholesterol in comparison to peripheral blood mononuclear cells (PBMCs) from healthy donors. (a) Intracellular levels of
total cholesterol in normal PBMCs versus acute lymphocytic leukemia patients. Signiﬁcance was determined by unpaired t-test. **Signiﬁcant difference (**p b 0.01). (b) Intracellular levels
of total cholesterol in normal PBMCs versus acute myeloid leukemia patients. Signiﬁcance was determined by unpaired t-test. **Signiﬁcant difference (**p b 0.01). (c) Intracellular levels of
total cholesterol in ALL cell lines, AML cell lines and normal PBMCS (freshly isolated or stimulated with PHA for 48 h) from healthy donors (HD). *Signiﬁcant difference (*P b 0.01)
comparing different acute leukemia cell lines with freshly isolated PBMCs from healthy donors. #Signiﬁcant difference (#P b 0.01) comparing different acute leukemia cell lines with
PHA stimulated PBMCs from healthy donors. αSigniﬁcant difference (αP b 0.01) comparing freshly isolated PBMCs with PHA stimulated PBMCs from healthy donors. (d) and
(e) Relative intracellular levels of free cholesterol and cholesteryl esters, respectively, in ALL cell lines, AML cell lines and PHA stimulated PBMCs (48 h) from healthy donors (S1, S2
and S3). (f) Representation of free cholesterol and cholesteryl ester as a percentage of total cholesterol in ALL cell lines, AML cell lines and PHA stimulated PBMCs (48 h) from healthy
donors. (g) Expression of HMGCR in cell extracts from ALL cell lines, AML cell lines and PHA stimulated PBMCs (48 h) from healthy donors (S1 and S2). Arbitrary ELISA units (AEU)
were customized by running a parallel standard curve using different dilutions of HepG2 cell extracts.

Fig. S2). However, when the esteriﬁed cholesterol was represented as
the percentage of total cellular cholesterol content, it was observed
that more that 90% of the total cholesterol in leukemia cells as well as
normal PBMCs was present in the form of cholesteryl esters (Fig. 1f).
We also checked the expression of 3-hydroxy-3-methylglutaryl-CoA
reductase (HMGCR) – the rate limiting enzyme of the mevalonate
pathway- in various leukemia cell lines. We observed that the expression of HMGCR was noticeably higher in PHA-stimulated PBMCs in comparison to various ALL and AML cell lines (Fig. 1g).

3.2. Acute leukemia patients display signiﬁcantly lower levels of plasma
cholesterol when compared to healthy subjects
The irregularities in plasma lipid proﬁles of leukemia patients are
highlighted by several previous works [17,23–33]. In accordance with
the previously published data, we also observed that the acute leukemia
patients display signiﬁcantly lower levels of plasma cholesterol, HDL-C
and LDL-C (Fig. 2).

3.3. Intracellular cholesterol levels in leukemia cells are not affected by the
exogenous cholesterol availability
It has been previously reported that various types of cancer cells upregulate the de novo lipid synthesis when cultivated in medium containing lipid reduced serum [34]. Moreover, it has been observed that
cholesterol content in certain solid tumor tissues is inversely associated
with serum cholesterol levels in the patients [11]. The leukemia cells in
circulation provide an expedient in vivo model for studying the effects
of serum cholesterol on intracellular cholesterol content in malignant
cells. Here, we ﬁrst performed in vitro experiments to determine the effects of serum cholesterol levels on cellular cholesterol content in leukemia cells. To achieve that different ALL and AML cell lines were grown in
medium containing lipoprotein deﬁcient serum (LPDS) or fetal bovine
serum (FBS). Fig. 3a shows that LPDS does not induce any signiﬁcant effect on the cellular cholesterol content in different ALL or AML cell lines
in comparison to the normal culture conditions. Next, we studied the association between cholesterol levels in PBMCs and plasma of leukemia
patients. Fig. 3b depicts the cholesterol content in PBMCs as well as in
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Fig. 2. Acute leukemia patients display lower levels of plasma cholesterol in comparison to
healthy subjects. Scatter dot-plots represent the plasma levels of total cholesterol, lowdensity lipoprotein cholesterol (LDL-C) and high density lipoprotein cholesterol (HDL-C)
in healthy subjects versus acute leukemia patients. Signiﬁcance was determined by
unpaired t-test. *Signiﬁcant difference (*p b 0.05; **p b 0.01; ***p b 0.001).

plasma of each leukemia patients. We observed a weak-negative and
non-signiﬁcant correlation between the two factors. Nevertheless, the
correlation between cholesterol content in PBMCs as well as in plasma
of healthy participants was also non-signiﬁcant but weak-positive
(Fig. 3c).
4. Discussion
Accumulation of cellular cholesterol is well-deﬁned in several types
of solid tumors [11–13]. However, conﬂicting reports have been published regarding intracellular cholesterol levels in leukemic cells. According to one study primary myeloid leukemia cells display elevated
intracellular cholesterol levels in comparisons to normal PBMCs [16].
On contrary, some works indicate a decline in the intracellular cholesterol contents of leukemia cells [18–20]. Another study indicated that
total cholesterol levels in primary acute lymphocytic leukemia cells
are not signiﬁcantly different than in PBMCs from healthy donors [17].
In the present study we examined the cellular cholesterol levels in primary ALL and AML cells and compared that in PBMCs isolated from
healthy subjects. We observed that both primary ALL and AML cells
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display signiﬁcantly lower levels of cholesterol in comparison to that
in PBMCs from healthy subjects. In addition to that we also showed
that different leukemia cell lines display lower cellular cholesterol levels
in comparison to normal PBMCs. There is a possibility that conﬂicting
evidence in literature — regarding the cellular levels of cholesterol in
leukemia cells — is mainly due to different experimental approaches
that were used by these studies for determining cholesterol levels in
cell extracts. Therefore, in the presented study we used multiple experimental approaches to study this phenomenon and observed similar
trends i.e. leukemia cells display lower cellular cholesterol levels than
normal PBMCs. It was also observed that both, ALL and AML cell lines
display signiﬁcantly lower levels of free cholesterol and cholesteryl
ester contents in comparison to normal hematopoietic cells. However,
this observed difference in cellular cholesterol levels in leukemia cells
and healthy PBMCs could not entirely be a manifestation of the malignant phenotype of the leukemic cells. One should appreciate the fact
that these two cell types have dissimilar differentiation status. A characteristic feature of leukemia cells is the blockade of differentiation at a
distinct stage in cellular maturation. Hence, together with malignant
phenotype, the differentiation status of leukemic cells could also cause
difference in cellular cholesterol content of acute leukemia cells. Indeed
some of the previous works observed that, when the cholesterol content
in acute leukemia cells is compared with that in bone marrow derived
PBMCs from healthy donors — that are also at early stages of hematopoietic differentiation — the cholesterol levels were either same in the two
cell types or even elevated in the malignant counterparts [16,19]. Nevertheless, several studies use normal PBMCs as non-malignant control
cells against leukemia cells particularly for expression analysis.
The present study observed that N90% of the total cholesterol in leukemia cells as well as normal PBMCs is present in the form of cholesteryl esters. In contrast, in vitro data on cell lines derived from solid tumors
indicate that 90% of the accumulated cholesterol is unesteriﬁed, thus likely found in the membranes [35,36]. Some other studies indicate that in
solid tumor cells cholesterol — acquired via de novo synthesis or from uptake — is esteriﬁed and stored in lipid droplets rather than being
transported to the plasma membrane [37–39]. Nonetheless, a previous
study has indicated that leukemia cells possess an inherent defect in plasma membrane cholesterol pool cycles [17]. In other words these cells display an increased ability to entrap cholesterol, in esteriﬁed form within
the cytoplasmic lipid droplets. We did not observe any difference in the
proportion of esteriﬁed cholesterol in normal PBMCs and leukemia cells.
Most of the cholesterol in both cell types was in esteriﬁed form. Further,
studies are required to better understand this phenomenon.
Previous studies have reported increase in the expression of 3hydroxy-3-methylglutaryl-CoA reductase (HMGCR) in PBMCs from leukemia patients when compared to the PBMCs from healthy subjects [3].
Moreover, the negative feedback loop of cholesterol regulation is reported
to be impaired in the leukemic cells [3]. It has also been noted that various
ALL (acute lymphocytic leukemia) and AML cell lines are sensitive to different types of statins [4,5]. However, in present study the ALL and AML
cell lines display decreased expression levels of HMGCR. This discrepancy
could be attributed to cell line speciﬁc differences.
We have recently demonstrated that various cell lines derived from
solid tumors up-regulate their de novo lipid synthesis when cultivated
in medium containing lipid-reduced serum [34]. The leukemia cells in
circulation provide an expedient in vivo model for studying the effects
of serum lipids on intracellular cholesterol content in malignant cells.
Here, we ﬁrst performed in vitro experiments to study the impact of extracellular serum cholesterol levels on cellular cholesterol content in
leukemia cell lines. We observed that the intracellular levels of cholesterol in leukemia cells are not inﬂuenced by extracellular cholesterol
availability. It has also been observed that cholesterol content in certain
solid tumor tissues is inversely associated with serum cholesterol levels
in the patients [11]. Here, we observed that the cholesterol levels in leukemia cells and plasma of leukemia patients do not display any signiﬁcant correlation.
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Fig. 3. Intracellular cholesterol levels in leukemia cells are not affected by the exogenous cholesterol availability. (a) Intracellular levels of total cholesterol in ALL and AML cell lines
cultivated for 24 h in medium containing normal fetal bovine serum (FBS) or lipoprotein deﬁcient serum (LPDS). (b) and (c) Plasma cholesterol levels (left y-axis, black circles) and
intracellular cholesterol levels in PBMCs (right y-axis, bars) from acute leukemia patients and healthy donors respectively. The x-axis represents participant number in each ﬁgure. The
Pearson's correlation coefﬁcient (r) was calculated to measure the strength of association between plasma and intracellular cholesterol levels in PBMCs.

It is also a well-documented phenomenon that the leukemia patients
display hypocholesterolemia [17,23–33,40,41]. In the present work we
also conﬁrmed the presence of hypocholesterolemia in acute leukemia
patients. Leukemic cells display increased uptake of LDL-C [42–44] and
this phenomenon is speculated to cause hypocholesterolemia in the leukemia patients. The increase uptake of cholesterol should hypothetically
cause elevated cellular cholesterol content in leukemia cells. However,
here we observed decrease in cellular cholesterol content in these cells.
Some research works attempted to solve this conundrum and came up
with a different explanation for this occurrence. It was suggested only a
small portion of LDL-C — that is taken up by the AML cells in large
amounts- is utilized for cell growth, while, most of it is released into the
blood stream and is rapidly transported back to the liver [45]. Normally,
a large portion of LDL-C that is taken up by the liver is converted to bile
acids and is removed from the body by biliary excretion [46]. However,
in AML patients the conversion of cholesterol to bile acids is shown to
be suppressed due to hitherto unknown mechanisms [45]. Hence, the
higher amounts of cholesterol that are taken up by the liver would be secreted into bile mainly as free cholesterol. Thus, the bilary elimination of
cholesterol from the body must mainly be in the form of free cholesterol.
The suppressed bile acid formation in AML patients may cause reduced
intestinal absorption of dietary cholesterol and may contribute to the observed hypocholesterolemia in these patients. Further studies are required to better understand this phenomenon [45].
5. Conclusions
The present work provides convincing evidence to prove that the intracellular cholesterol content is signiﬁcantly reduced in leukemia cells

in comparison to normal hematopoietic cells in circulation. We have
also shown that the free cholesterol and cholesteryl ester content in leukemia cells is signiﬁcantly reduced in acute leukemia cells. It was also
observed that the lower levels of cholesterol in leukemia cells are not affected by exogenous cholesterol availability. The present works adds to
the current understanding of cholesterol homeostasis in leukemia cells.
Acknowledgements
The work was supported by; National Research Program for Universities by Higher Education Commission Pakistan, DAAD-Re-invitation
Program for Former Scholarship Holders, and Punjab University Annual
Grant.
Appendix A. Supplementary material
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.cca.2016.03.015.
References
[1] Y.K. Ho, R.G. Smith, M.S. Brown, J.L. Goldstein, Low-density lipoprotein (LDL) receptor activity in human acute myelogenous leukemia cells, Blood 52 (1978)
1099–1114.
[2] M. Rudling, M. Gafvels, P. Parini, G. Gahrton, B. Angelin, Lipoprotein receptors in
acute myelogenous leukemia: failure to detect increased low-density lipoprotein
(LDL) receptor numbers in cell membranes despite increased cellular LDL degradation, Am. J. Pathol. 153 (1998) 1923–1935.
[3] S. Vitols, S. Norgren, G. Juliusson, L. Tatidis, H. Luthman, Multilevel regulation of lowdensity lipoprotein receptor and 3-hydroxy-3-methylglutaryl coenzyme A reductase gene expression in normal and leukemic cells, Blood 84 (1994) 2689–2698.

H. Usman et al. / Clinica Chimica Acta 457 (2016) 12–17
[4] J. Dimitroulakos, D. Nohynek, K.L. Backway, et al., Increased sensitivity of acute myeloid leukemias to lovastatin-induced apoptosis: a potential therapeutic approach,
Blood 93 (1999) 1308–1318.
[5] C. Sheen, T. Vincent, D. Barrett, et al., Statins are active in acute lymphoblastic leukaemia (ALL): a therapy that may treat ALL and prevent avascular necrosis, Br. J.
Haematol. 155 (2011) 403–407.
[6] C. Staubert, H. Bhuiyan, A. Lindahl, et al., Rewired metabolism in drug-resistant leukemia cells: a metabolic switch hallmarked by reduced dependence on exogenous
glutamine, J. Biol. Chem. 290 (2015) 8348–8359.
[7] L. Maksumova, K. Ohnishi, F. Muratkhodjaev, et al., Increased sensitivity of
multidrug-resistant myeloid leukemia cell lines to lovastatin, Leukemia 14 (2000)
1444–1450.
[8] G.L. May, L.C. Wright, M. Dyne, W.B. Mackinnon, R.M. Fox, C.E. Mountford, Plasma
membrane lipid composition of vinblastine sensitive and resistant human
leukaemic lymphoblasts, Int. J. Cancer 42 (1988) 728–733.
[9] H.Y. Li, F.R. Appelbaum, C.L. Willman, R.A. Zager, D.E. Banker, Cholesterolmodulating agents kill acute myeloid leukemia cells and sensitize them to therapeutics by blocking adaptive cholesterol responses, Blood 101 (2003) 3628–3634.
[10] D.E. Banker, S.J. Mayer, H.Y. Li, C.L. Willman, F.R. Appelbaum, R.A. Zager, Cholesterol
synthesis and import contribute to protective cholesterol increments in acute myeloid leukemia cells, Blood 104 (2004) 1816–1824.
[11] S. Dessi, B. Batetta, D. Pulisci, et al., Cholesterol content in tumor tissues is inversely
associated with high-density lipoprotein cholesterol in serum in patients with gastrointestinal cancer, Cancer 73 (1994) 253–258.
[12] C.C. Mandal, T. Ghosh-Choudhury, N. Dey, G.G. Choudhury, Ghosh-Choudhury N.
miR-21 is targeted by omega-3 polyunsaturated fatty acid to regulate breast
tumor CSF-1 expression, Carcinogenesis 33 (2012) 1897–1908.
[13] B. Smith, H. Land, Anticancer activity of the cholesterol exporter ABCA1 gene, Cell
Rep. 2 (2012) 580–590.
[14] G. Llaverias, C. Danilo, I. Mercier, et al., Role of cholesterol in the development and
progression of breast cancer, Am. J. Pathol. 178 (2011) 402–412.
[15] M. Notarnicola, C. Messa, M. Pricci, et al., Up-regulation of 3-hydroxy-3methylglutaryl coenzyme A reductase activity in left-sided human colon cancer, Anticancer Res. 24 (2004) 3837–3842.
[16] C. Casalou, A. Costa, T. Carvalho, et al., Cholesterol regulates VEGFR-1 (FLT-1) expression and signaling in acute leukemia cells, Mol. Cancer Res. MCR 9 (2011)
215–224.
[17] M.F. Mulas, C. Abete, D. Pulisci, et al., Cholesterol esters as growth regulators of lymphocytic leukaemia cells, Cell Prolif. 44 (2011) 360–371.
[18] E.L. Gottfried, Lipids of human leukocytes: relation to celltype, J. Lipid Res. 8 (1967)
321–327.
[19] J.C. Klock, J.K. Pieprzyk, Cholesterol, phospholipids, and fatty acids of normal immature neutrophils: comparison with acute myeloblastic leukemia cells and normal
neutrophils, J. Lipid Res. 20 (1979) 908–911.
[20] L. Tatidis, A. Gruber, S. Vitols, Decreased feedback regulation of low density lipoprotein receptor activity by sterols in leukemic cells from patients with acute myelogenous leukemia, J. Lipid Res. 38 (1997) 2436–2445.
[21] S.S. Martin, M.J. Blaha, M.B. Elshazly, et al., Comparison of a novel method vs the
friedewald equation for estimating low-density lipoprotein cholesterol levels from
the standard lipid proﬁle, JAMA 310 (2013) 2061–2068.
[22] E. De Schrijver, K. Brusselmans, W. Heyns, G. Verhoeven, J.V. Swinnen, RNA
interference-mediated silencing of the fatty acid synthase gene attenuates growth
and induces morphological changes and apoptosis of LNCaP prostate cancer cells,
Cancer Res. 63 (2003) 3799–3804.
[23] J.M. Halton, D.J. Nazir, M.J. McQueen, R.D. Barr, Blood lipid proﬁles in children with
acute lymphoblastic leukemia, Cancer 83 (1998) 379–384.
[24] M. Kuliszkiewicz-Janus, R. Malecki, A.S. Mohamed, Lipid changes occuring in the
course of hematological cancers, Cell. Mol. Biol. Lett. 13 (2008) 465–474.
[25] P.P. Naik, M.S. Ghadge, A.S. Raste, Lipid proﬁle in leukemia and Hodgkin's disease,
Indian J. Clin. Biochem. 21 (2006) 100–102.

17

[26] S. Baroni, D. Scribano, L. Pagano, C. Zuppi, G. Leone, B. Giardina, Lipids and lipoproteins in acute lymphoblastic leukaemia (ALL), Leuk. Res. 18 (1994) 643–644.
[27] R.J. Spiegel, E.J. Schaefer, I.T. Magrath, B.K. Edwards, Plasma lipid alterations in leukemia and lymphoma, Am. J. Med. 72 (1982) 775–782.
[28] D. Scribano, S. Baroni, L. Pagano, C. Zuppi, G. Leone, B. Giardina, Return to normal
values of lipid pattern after effective chemotherapy in acute lymphoblastic leukemia, Haematologica 81 (1996) 343–345.
[29] M.I. Qadir, M. Saleem, Khalid SH, et al., Plasma Lipid alterations in leukemia patients,
Lipids 7 (2011) 9.
[30] C. Musolino, L. Calabro, G. Bellomo, et al., Lipid proﬁle in hematologic neoplasms,
Recenti Prog. Med. 93 (2002) 298–301.
[31] S. Baroni, D. Scribano, C. Zuppi, L. Pagano, G. Leone, B. Giardina, Prognostic relevance
of lipoprotein cholesterol levels in acute lymphocytic and nonlymphocytic leukemia, Acta Haematol. 96 (1996) 24–28.
[32] M. Moschovi, G. Trimis, F. Apostolakou, I. Papassotiriou, F. Tzortzatou-Stathopoulou,
Serum lipid alterations in acute lymphoblastic leukemia of childhood, J. Pediatr.
Hematol. Oncol. 26 (2004) 289–293.
[33] B. Zalewska-Szewczyk, I. Matusiak, K. Wyka, J. Trelinska, M. Stolarska, W. Mlynarski,
Changes in the lipid proﬁle in children with acute lymphoblastic leukaemia — the
inﬂuence of the disease and its treatment, Med. Wieku Rozwoj. 12 (2008)
1035–1040.
[34] V.W. Daniels, K. Smans, I. Royaux, M. Chypre, J.V. Swinnen, N. Zaidi, Cancer cells differentially activate and thrive on de novo lipid synthesis pathways in a low-lipid environment, PLoS One 9 (2014), e106913.
[35] J.R. Krycer, A.J. Brown, Cross-talk between the androgen receptor and the liver X receptor: implications for cholesterol homeostasis, J. Biol. Chem. 286 (2011)
20637–20647.
[36] J.R. Krycer, A.J. Brown, Does changing androgen receptor status during prostate cancer development impact upon cholesterol homeostasis? PLoS One 8 (2013), e54007.
[37] R.L. Gebhard, R.V. Clayman, W.F. Prigge, et al., Abnormal cholesterol metabolism in
renal clear cell carcinoma, J. Lipid Res. 28 (1987) 1177–1184.
[38] J.F. Oram, C.J. Johnson, T.A. Brown, Interaction of high density lipoprotein with its receptor on cultured ﬁbroblasts and macrophages. evidence for reversible binding at
the cell surface without internalization, J. Biol. Chem. 262 (1987) 2405–2410.
[39] R.C. Pittman, T.P. Knecht, M.S. Rosenbaum, C.A. Taylor Jr., A nonendocytotic mechanism for the selective uptake of high density lipoprotein-associated cholesterol esters, J. Biol. Chem. 262 (1987) 2443–2450.
[40] R. Munir, H. Usman, S. Hasnain, K. Smans, H. Kalbacher, N. Zaidi, Atypical plasma
lipid proﬁle in cancer patients: cause or consequence? Biochimie 102 (2014) 9–18.
[41] A. Iqbal, M. Zaid, R. Munir, et al., Atypical plasma lipid proﬁles in leukemia, Clin.
Chim. Acta 452 (2015) 129–133.
[42] S. Vitols, G. Gahrton, A. Ost, C. Peterson, Elevated low density lipoprotein receptor
activity in leukemic cells with monocytic differentiation, Blood 63 (1984)
1186–1193.
[43] S. Vitols, B. Angelin, S. Ericsson, et al., Uptake of low density lipoproteins by human
leukemic cells in vivo: relation to plasma lipoprotein levels and possible relevance
for selective chemotherapy, Proc. Natl. Acad. Sci. U. S. A. 87 (1990) 2598–2602.
[44] P.C. Rensen, R.M. Schiffelers, A.J. Versluis, M.K. Bijsterbosch, M.E. Van KuijkMeuwissen, T.J. Van Berkel, Human recombinant apolipoprotein E-enriched liposomes can mimic low-density lipoproteins as carriers for the site-speciﬁc delivery
of antitumor agents, Mol. Pharmacol. 52 (1997) 445–455.
[45] L. Tatidis, S. Vitols, A. Gruber, C. Paul, M. Axelson, Cholesterol catabolism in patients
with acute myelogenous leukemia and hypocholesterolemia: suppressed levels of a
circulating marker for bile acid synthesis, Cancer Lett. 170 (2001) 169–175.
[46] I. BjoÈrkhem, Mechanisms of bile acid biosynthesis in mammalian liver, in: H.
Danielsson, J. SjoÈvall (Eds.), Sterols and bile acids, Elsevier, Amsterdam 1985,
pp. 231–278.

Biochimie 102 (2014) 9e18

Contents lists available at ScienceDirect

Biochimie
journal homepage: www.elsevier.com/locate/biochi

Mini-review

Atypical plasma lipid proﬁle in cancer patients: Cause or
consequence?
Rimsha Munir a, Hina Usman a, Shahida Hasnain a, Karine Smans b, Hubert Kalbacher c, d,
Nousheen Zaidi a, *
a

Microbiology and Molecular Genetics, University of the Punjab, Lahore, Pakistan
Department of Oncology, Janssen Research and Development, A Division of Janssen Pharmaceutica NV, Turnhoutseweg 30, 2340 Beerse, Belgium
Medical and Natural Sciences Research Centre, University of Tubingen, Germany
d
Interfacultary Institute of Biochemistry, University of Tubingen, Germany
b
c

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 20 October 2013
Accepted 23 March 2014
Available online 2 April 2014

The aberrant blood lipoprotein levels in cancer patients are reported to be associated with cancer risk
and mortality incidents however, there are several discrepancies in the previous reports. Hence the
clinical usefulness of plasma/serum levels in risk stratiﬁcation of a variety of cancers remains elusive. The
present review highlights and compiles ﬁndings from different research groups regarding association of
plasma lipoprotein levels with the risk of developing various types of cancer. We will discuss some
prospective underlying mechanisms for this reported association. In addition to that the potential roles
of plasma lipids in promoting carcinogenesis will be conferred.
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Lipids comprise diverse classes of biomolecules that are known
to play key roles in cellular energy storage, structure, and signaling.
In the clinical settings blood plasma lipids are routinely assessed
due to their widely established association with cardiovascular
disorders. Cholesterol and TGs (triglycerides) are currently
considered as the most signiﬁcant plasma lipids in clinical terms
[1]. Cholesterol, not only serves as a major component of the cell
membranes, but also as a precursor for steroid hormones, vitamin
D, oxysterols and bile acids [1]. It is also required for the activation
of neuronal signaling molecules [2]. Whereas, TGs are a key energy
source made up of free fatty acids (FFAs) ester-linked to a glycerol
backbone. The hydrophobic nature of cholesterol and TGs require
the presence of lipoproteins - complex aggregates of lipids and
proteins - that assist the transport of lipids between the tissues.
Broadly, lipoproteins have been classiﬁed on the basis of their
densities as: chylomicrons, very low density lipoproteins (VLDL),
intermediate density lipoproteins, low density lipoproteins (LDL),
and high density lipoproteins (HDL). The clinical signiﬁcance of
plasma lipid levels in diagnosis and prognosis of certain diseases

has been a long known fact. The plasma lipid disorders are found to
be causally related to both atherosclerosis and coronary artery
disease [3,4]. Researchers have also reported association of plasma/
serum lipids and lipoproteins with different types of cancer
(Table 1).
In general lipids are known to play a crucial role in tumor
development and progression [5]. Briskly proliferating cancer cells
require a constant supply of lipids for membrane biogenesis and
protein modiﬁcations. Also, the cancer cells that are not rapidly
proliferating require increased amounts of lipids for enhanced
signaling and resistance against apoptosis [6]. Lipoproteins are the
distributors of both endogenous as well as exogenous lipids across
the tissues. It is therefore plausible that lipoproteins play a fundamental role in cancer progression via supplying lipids to malignant
cells and tumors.
The present review focuses on association of serum/plasma lipoprotein levels with the risk of developing various types of cancer.
In addition to that the potential roles of serum/plasma lipids in
promoting carcinogenesis will be highlighted.
1. Overview of lipoprotein metabolism

Abbreviations: TGs, triglycerides; TG, triglyceride; FFAs, free fatty acids; VLDL,
very low density lipoprotein; LDL, low density lipoprotein; HDL, high density lipoprotein; LPL, lipoprotein lipase; LDL-R, low density lipoprotein receptor; FAs,
fatty acids.
* Corresponding author. þ92 3212371090.
E-mail address: nzzaidi@yahoo.com (N. Zaidi).
http://dx.doi.org/10.1016/j.biochi.2014.03.010
0300-9084/Ó 2014 Elsevier Masson SAS. All rights reserved.

The triglyceride-rich lipoproteins; chylomicrons and VLDL
synthesized in intestine and liver respectively. Chylomicrons
synthesized by enterocytes in the intestinal mucosa from
absorbed dietary fats and cholesterol. While VLDL particles
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Table 1
Overview of the previous studies aimed to evaluate the association between plasma/serum lipids and cancer.
Reference

Lipid fraction studied

Cancer subtype

Sample size

Major Findings/Comments

Overall/Several
Cancers

[33]

Chl

e

N ¼ 577,330

[25]

Chl and LDL

e

[18]

Chl

e

[34]

Chl

e

[26]

Chl

e

n ¼ 100
c ¼ 103
n ¼ 61
c ¼ 610
c (Stomach cancer) ¼ 557
c (Colorectal cancer) ¼ 506
c (Lung cancer) ¼ 320
c (Breast cancer) ¼ 178
c (Prostate cancer) ¼ 164
c (Liver cancer) ¼ 125
c (Cervical cancer) ¼ 55
c (Leukemia) ¼ 50
c (Non-Survivors) ¼ 290
c (Survivors) ¼ 2173

Lower serum Chl levels were associated with high-risk of all cancers in females.
This association is also observed in males for several types of cancers.
Signiﬁcantly lower levels of total serum Chl, esteriﬁed-Chl and LDL were
observed in patients in comparison to the control population.
Lower levels of serum Chl were observed in patients in comparison to the
control population.
Lower levels of serum Chl were associated with high-risk of all cancers analyzed,
particularly, stomach and liver.

[27]

Chl and TGs

e

n ¼ 131
c ¼ 131

[61]

LDL

e

N ¼ 6107

[28]
[19]

Chl
Chl, LDL and TGs

e
e

N ¼ 172,210
c (Lymphomas) ¼ 18
c (Breast carcinomas) ¼ 18
c (Small-cell lung carcinomas) ¼ 14
c (Urothelial-cell carcinoma) ¼ 7

[20]

e

n ¼ 60
c ¼ 115

[29]

Chl, HDL, LDL, TGs, alipoproteins, Phospholipids
and Total lipids
Chl

e

c ¼ 160,135

[30]

Chl, LDL and VLDL

e

c ¼ 4224

[31]

Chl, HDL, TGs and LDL

e

[51]

HDL

Gastric cancer

[35]
[32]

Chl
Chl

Colon cancer
Colorectal cancer

[58]

TGs, HDL, LDL, apoA-1 and
apoB

Colorectal adenoma

n ¼ 415
c (Hematological malignancies) ¼ 97 c
(Lung cancer) ¼ 92
c (Cancer of upper digestive
system) ¼ 108
c (Colon cancer) ¼ 103
c (Breast cancer) ¼ 32
c ( Cancer of the genitourinary
system) ¼ 32
c (Normal-HDL) ¼ 150
c (Low-HDL) ¼ 34
c ¼ 691
n ¼ 85
c ¼ 85
c (With colorectal adenomas) ¼ 5958
c(nonadvanced adenomas) ¼ 5,504
c(With advanced adenomas) ¼ 454

Bowel cancers

There was no signiﬁcant difference between plasma Chl levels of the survivors
and non-survivors. Nonetheless, increased mortality was associated with low
plasma Chl levels in lung cancer patients but not in stomach, prostate or colon
cancer patients.
In comparison to the control population male cancer patients displayed lower
whereas, female cancer patients displayed higher plasma Chl levels. TG levels
were not signiﬁcantly different between cancer patients and controls.
In type 2 diabetes patients the association between LDL and cancer was Vshaped, whereby both low and high levels of LDL were associated with elevated
risk of cancer.
High serum Chl levels were associated with lower cancer risk.
In this study various cancer patients undergoing chemotherapy were included.
Patients that responded positively to chemotherapy demonstrated a signiﬁcant
increase in serum Chl, TG and LDL levels. While breast cancer patients
responding positively to chemotherapy displayed a non- signiﬁcant decrease in
Chl and LDL.
Serum Chl, HDL, LDL, total lipids, phospholipids and a-lipoproteins levels were
signiﬁcantly lower in patients as compared to the control group, whereas TG
levels were found to be signiﬁcantly elevated.
There was no strong or consistent association between low serum Chl level and
overall cancer incidence. Lower serum Chl levels were only associated with
elevated risks of cervical cancer and lymphoma in males.
Signiﬁcantly lower plasma Chl values were observed in colorectal and gastric
carcinoma patients as compared to the controls. While for other cancers no
signiﬁcant difference in plasma lipid fractions was observed.
Signiﬁcantly lower serum Chl, LDL and HDL levels were observed in all cancer
patients in comparison to the controls. The lowest values of Chl, LDL and HDL
were recorded in patients with hematological malignancies. Multiple regression
analysis showed that cancer is also associated with high values of serum TG
levels.

In the low serum HDL group, lymphatic and vascular invasion was signiﬁcantly
increased in comparison to the normal serum HDL group.
Low serum Chl levels were found to be associated with high incidence of cancer.
Serum Chl levels were signiﬁcantly lower for the colorectal cancer group than
for the control group.
Higher levels of serum TG were signiﬁcantly associated with increased
prevalence of both advanced and non-advanced colorectal adenomas. Higher
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Cancer type studied

Chl

Colorectal adenoma

c ¼ 842

[101]

Chl, HDL and TGs

Colorectal adenoma

[102]

a-linolenic acid

Prostate cancer

[103]

Chl, LDL, HDL, TGs, apo A-1
and apo B

Newly diagnosed and
untreated Prostate cancer

n ¼ 2120
c (Tubular adenoma) ¼ 333
c (Villous-rich tubulovillous/villous
adenoma) ¼ 53
n ¼ 120
c ¼ 120
c (without metastasis) ¼ 73
c (with metastasis) ¼ 30

[104]

Chl, TGs, HDL, LDL, apo A-I,
A-II, E and Lp(a)

Estrogen treated Prostate
cancer

c ¼ 15

[52]

HDL

Lung cancer

N/A

[21]

HDL

[105]

Chl and TGs

Squamous cell and small
cell lung cancer
Squamous cell and small
cell lung cancer

c ¼ 135
n ¼ N/A
n ¼ 39
c ¼ 135

[106]

LDL

Small cell lung cancer

Liver cancers

[107]

LDL

Liver cancer

n ¼ 39
c ¼ 34
N ¼ 16,217

Head and neck
cancers

[108]

Chl, TGs, LDL and Chl:HDL

[53]

HDL, LDL, Chl and VLDL

Oral squamous cell
carcinoma
Oral cancer and leukoplakia

[109]

Chl, HDL, VLDL and TGs

Oral cancer (OC) and
Oral pre-cancer (OPC)

[110]

Chl, HDL, TGs and VLDL

Untreated Head and neck
cancer and OPC

[54]

Chl, HDL, LDL,VLDL and TGs

[111]

Chl, HDL, LDL, VLDL, TGs,
apo A-1, B and Lp (a)

[22]

Chl, TGs, HDL, LDL,VLDL,
apo A1, apo B, and Lp (a)

Acute leukemia and nonHodgkin’s lymphoma
Acute lymphocytic
leukemia (ALL) patients
before and after induction
therapy
Childhood ALL

[112]

Chl, HDL, TGs, LDL, VLDL
and apo B

[113]

Chl, TGs, HDL and LDL

Prostate cancers

Lung cancers

Hematopoietic
cancers

Acute non-lymphocytic
leukemia (ANLL) and ALL

n ¼ 20
c ¼ 30
n ¼ 30
c ¼ 30
n ¼ 70
c (OC) ¼ 70
c (OPC) ¼ 70
n ¼ 52
c ¼ 184
c (OPC) ¼ 153
c ¼ 25
c ¼ 10

n ¼ 15
c (ALL at diagnosis) ¼ 24
c (During consolidation therapy with Lasparaginase) ¼ 16
c (During maintenance therapy without
L-asparaginase) ¼ 18
c (Children previously
treated for leukemia) ¼ 15
c (Children with other forms
of cancer) ¼ 17
c (ANLL) ¼ 25
c (ALL) ¼ 18

Lower a-linolenic acid levels in plasma were associated with reduced risk of
prostate cancer as compared to the controls.
Reduced serum Chl levels and faster clearance of LDL were observed in prostate
cancer patients. No difference was observed in HDL, TGs and apoA-1 and B levels
in cancer patients as compared to the controls.
Estrogen treatment induced a signiﬁcant increase in serum TG, HDL and
apolipoproteins A-I and A-II levels in prostate cancer patients. Moreover, LDL,
apolipoprotein E and Lp(a) decreased in patients after estrogen treatment.
Signiﬁcantly lower levels of serum HDL were detected in patients in comparison
to controls.
All lung cancer patients had signiﬁcantly lower serum HDL levels than the
controls.
Low serum Chl levels were observed in all lung cancer patients in comparison to
the controls. Whereas low serum TG levels were observed only in squamous cell
lung cancer patients when compared to the controls.
There was no statistically signiﬁcant difference in serum LDL levels between
small cell lung cancer patients and the controls.
Low serum LDL levels were associated with elevated risk of liver cancer
mortality.
Signiﬁcantly lower serum Chl and TG levels were observed in cancer patients in
comparison to the controls.
Signiﬁcantly decreased serum Chl, HDL, and LDL levels were observed in cancer
patients in comparison to the controls.
Signiﬁcantly lower serum Chl, HDL, VLDL, and TGs were observed in OC group in
comparison to the controls. In the OPC group signiﬁcant decrease in Chl and HDL
was also observed.
Signiﬁcantly lower plasma Chl and HDL levels were observed in cancer and OPC
patients in comparison to the controls. VLDL and TG levels were signiﬁcantly
lower in cancer patients as compared to the patients with OPC and controls.
Extremely low levels of plasma HDL, while, elevated levels of plasma TG and
VLDL were observed in the cancer patients.
Before treatment (at diagnosis) lower serum Chl and HDL levels were observed
in the cancer patients. However, after induction treatment signiﬁcant increase
in HDL and apo A-1 values was observed only in the patients that achieved
complete remission.
Before treatment (at diagnosis) lower serum HDL, ApoA1 and Lp(a) levels were
observed in the cancer patients in comparison to the controls. Signiﬁcantly
reduced HDL and apoA1 were observed in children with widespread but not
localized solid tumors. During combination therapy with L-asparaginase
extremely elevated TGs and a striking reduction in Lp(a) levels were observed.
However, it was not the case during combination therapy without Lasparaginase or in children during treatment for solid tumors.
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[100]

levels of serum apoA-1 and HDL were also signiﬁcantly associated with
increased prevalence of non-advanced adenomas.
Serum Chl levels were signiﬁcantly higher and positively associated with the
incidence of colorectal adenoma.
Higher serum TG levels were associated with high risk of tubulovillous/villous
adenoma in rectosigmoid colon as compared to the control group.

Before treatment (at diagnosis) lower serum Chl, LDL, HDL, VLDL and TG levels
were observed in the ANLL patients. However, in ALL patients’ serum TG and
VLDL levels at diagnosis were signiﬁcantly higher than in the normal
population. After effective chemotherapy signiﬁcant increase in Chl, LDL and
apo B was observed.

c ¼ 78
11

(continued on next page)

Cancer type studied

Breast & ovarian
cancers

12

Table 1 (continued )
Reference

Cancer subtype

Sample size

[64]

Chl, HDL, LDL and TGs

Acute leukemia before and
after chemotherapy
Breast cancer

[114]

Phospholipids, TGs, Chl,
HDL and Free fatty acids

Breast cancer

n ¼ 50
c ¼ 48

[43]

Chl and TGs

Breast cancer

[23]

Chl, LDL and HDL

Untreated Breast and
Epithelial Ovarian cancer

n ¼ 13
c (Without metabolic syndrome) ¼ 23
n ¼ 30
c (Breast Cancer) ¼ 17
c (Ovarian Cancer) ¼ 15

[115]

n6-PUFA and n3-PUFA

Breast cancer

n ¼ 235
c ¼ 87

[116]

Chl, LDL, VLDL, HDL, TGs
and Free fatty acids

Adjuvant tamoxifen treated
Breast cancer

c ¼ 45

[49]

HDL

Breast cancer

N ¼ 7575

[117]

Chl, HDL, LDL, VLDL,
HDL:LDL and Chl:HDL ratio

Untreated Breast cancer
patients

n ¼ 50
c ¼ 100

[59]

Chl and TGs

Advanced Breast cancer

c ¼ 65

[44]

Chl, HDL, LDL and TGs

Breast cancer

n ¼ 105
c ¼ 58

[41]

Chl, TGs, LDL and LDL:HDL

Breast cancer

c ¼ 324

[38]

Chl, HDL, LDL, VLDL and
Chl:HDL

Breast cancer

n ¼ 60
c ¼ 120

[45]

Chl

Breast cancer

N ¼ 79,994

[50]

HDL

Breast cancer

N ¼ 206

[118]

Chl and TGs

Breast cancer

c ¼ 520

[46]

Chl, TGs, HDL and LDL

Breast cancer

N ¼ 31,209

[119]

Chl, HDL, LDL and TGs

Breast cancer

c ¼ 310

[120]
[47]

HDL
Chl

Breast cancer
Ductal carcinoma in situ
(DCIS) of the breast

N ¼ 38,823
c (DCIS) ¼ 152
c (With benign surgical
conditions) ¼ 242

c ¼ 83

Major Findings/Comments
Serum Chl, LDL and HDL levels were signiﬁcantly lower before chemotherapy
than after; whereas TG levels were higher before therapy than after.
Signiﬁcantly higher serum TG levels and signiﬁcantly lower serum Chl and HDL
levels were observed in patients as compared to the patients with less advanced
disease and controls.
However, lower serum LDL levels were observed in patients with bony
metastasis as compared to the patients with liver or liver plus bony metastasis
and controls.
Higher plasma levels of lipids, phospholipids, TG, Chl and free fatty acids were
observed in cancer patients in comparison to the control subjects. However,
HDL levels were signiﬁcantly lower in these patients.
There was no signiﬁcant difference in serum Chl and TG levels between cancer
patients and the control subjects.
Higher serum levels of Chl and LDL were observed in breast cancer patients in
comparison to the control subjects. However, HDL levels were not different in
these patients when compared to controls.
There was no signiﬁcant difference in Chl, LDL or HDL serum levels between
ovarian cancer patients and controls.
Low serum n6-PUFA linoleic acid levels indicated higher risk of cancer.
No signiﬁcant association between cancer risk and serum n3-PUFA was
observed.
Plasma levels of total Chl, free Chl and LDL were signiﬁcantly lower in patients
after tamoxifen therapy (at 3 and 6 months’ evaluation); whereas plasma levels
of TG, VLDL, HDL and free fatty acids were signiﬁcantly higher.
Low plasma HDL levels among premenopausal women might be a marker of
increased breast cancer risk.
Signiﬁcantly high serum levels of Chl, LDL, HDL: LDL and Chl:HDL were observed
in patients as compared to the control subjects. However, HDL and VLDL levels
were not signiﬁcantly different between these two groups.
Higher serum levels of TG and Chl could indicate progression or recurrence of
breast cancer.
Higher plasma TG levels were observed in the patients as compared to the
controls.
There was no statistically signiﬁcant difference observed in Chl, HDL and LDL
between the patients and controls.
Higher levels of serum Chl, TG, LDL and LDL:HDL were associated with high risk
of cancer.
Higher serum levels of Chl, LDL, and Chl:HDL were observed in the patients as
compared to the controls.
No statistically signiﬁcant difference was observed in HDL and VLDL levels
between the patients and the controls.
Serum Chl levels were not associated with breast cancer risk in postmenopausal
women.
Low serum HDL levels could serve as an additional biomarker of breast cancer
risk.
Higher serum Chl levels were associated with breast cancer recurrence;
whereas serum TG levels were not associated with breast cancer risk.
No association between breast cancer risk and serum lipids was found in this
study.
Plasma TG levels were signiﬁcantly higher in premenopausal breast cancer
patients.
Low serum HDL level is associated with increased postmenopausal cancer risk.
There was no statistically signiﬁcant difference of the serum Chl levels in the
patients of DCIS as compared to the patients with benign surgical conditions.
However, an elevated risk was observed for DCIS in postmenopausal versus
premenopausal women, and in peri-menopausal versus premenopausal
women.
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Lipid fraction studied

HDL

Breast cancer

[121]

TGs, HDL and apo A1:HDL

Newly diagnosed untreated
Breast cancer

[39]

Chl, HDL, LDL and TGs

Breast cancer

[122]

Chl and b-lipoproteins

Breast cancer

[123]

HDL

Breast cancer

[42]
[48]

Chl
Chl, HDL, LDL and TGs

Breast cancer
Breast cancer

[124]

Chl, TGs, HDL and Chl:HDL

Breast cancer and
Pancreatic cancer

n ¼ 44
c (Breast cancer) ¼ 56
c (Pancreatic cancer) ¼ 32

[57]

Chl, LDL, HDL, VLDL and TGs

Breast Cancer

[40]

Chl, TGs, HDL and LDL

Untreated Breast Cancer

n ¼ 154
c (With early
n ¼ 42
c ¼ 54

[60]

Chl, HDL, TGs, LDL, apo-B,
and apoA-I

Breast and Ovarian cancer

N ¼ 234,494
c (Breast cancer) ¼ 6105
c (ovarian cancer) ¼ 808

[25]

Chl, LDL, TGs and alipoproteins
Chl, TGs, HDL and LDL

Breast cancer
Endometrial Cancer

n ¼ 100
c ¼ 103
N ¼ 31,473

Endometrial cancer

N ¼ 225,432

[125]

[126]

TGs, Chl, HDL, LDL,
TGs:HDL, apo A-I and apo-B

Higher HDL levels were observed as a marker of breast cancer risk.

n ¼ 60
c ¼ 60
N ¼ 46,570
n ¼ 1380
c ¼ 690
N ¼ 24,329
N ¼ 5207

stage)

An increase in plasma TG levels and apo A1: HDL and a decrease in plasma HDL
levels, especially in the HDL-2 subfraction, were observed in the patients with
cancer as compared to the controls.
There was a signiﬁcant increase in serum Chl, TG and LDL levels in the patients
as compared to the controls while HDL remained unchanged.
Low serum Chl and high b-lipoproteins levels were associated with high risk of
cancer.
Low serum HDL levels were associated with high risk of cancer among
premenopausal women.
High serum Chl levels were associated with increased risk of cancer.
Low levels of serum HDL were associated with increased risk of cancer. Elevated
serum TG levels may be associated with high risk of cancer but the trend was not
signiﬁcant. There was no relationship between serum Chl or LDL levels and risk
of cancer.
An increase in serum TG and a decrease in HDL levels especially in the HDL-2
subfraction, were observed in the cancer patients as compared to the controls.
Breast cancer patients had signiﬁcantly higher Chl: HDL as compared to the
controls and the patients with pancreatic cancer.
High serum levels of TG, LDL and VLDL were associated with high risk of cancer.

¼ 249
Plasma Chl, LDL and TG levels were found to be signiﬁcantly elevated among
cancer patients as compared to the controls. However, signiﬁcantly decreased
plasma HDL levels were observed in the patients than in the controls.
Low serum Chl, and apo-B levels might be associated with high risk of breast
cancer. However, low levels of serum HDL were associated with increased risk of
ovarian cancer. No other associations between other lipid components and risk
of breast cancer or ovarian cancer showed statistical signiﬁcance.
Increased serum total Chl, free Chl, LDL, TG and a-lipoprotein levels were
observed in cancer patients as compared to non-cancer patients.
High serum TG levels were associated with high risk of cancer.
There was no association between Chl, LDL and HDL and endometrial cancer
risk.
Elevated serum levels of Chl, TG and TG:HDL were associated with high risk of
cancer but no association was found for the other lipid components studied.

Abbreviations: Chl, cholesterol; TGs, triglycerides; HDL, high density lipoprotein cholesterol; LDL, low density lipoprotein cholesterol; VLDL, very low density lipoprotein cholesterol; apo, apolipoprotein; Lp, lipoprotein; PUFA,
Polyunsaturated fatty acid; CMF, combination of cyclophosphamid methotroxate and 5-ﬂuorouracil; N, total population studied; n, number of controls; c, number of patients; N/A, not available; OPC, oral precancerous
conditions.
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Endometrial
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n ¼ 329
c ¼ 307
n ¼ 30
c ¼ 30

[56]

13

14

R. Munir et al. / Biochimie 102 (2014) 9e18

assembled in liver from both exogenous and endogenous fats. The
main function of these lipoproteins is to carry triacylglycerol (TG) to
the cells. In blood vessels the TGs in chylomicrons and VLDL are
hydrolyzed into FFAs, glycerol and phospholipids by the action of
lipoprotein lipase (LPL) - an enzyme bound to the surface of
endothelial cells. Some of the FFAs released during this process are
absorbed by the nearby cells whereas rest of the FFAs aggregate
with serum albumin and are transported to the distant cells [7].
Hydrolysis of TGs from VLDL results in the generation of intermediate density lipoproteins that is further hydrolyzed by the hepatic lipase to produce LDL - the key molecule that transports
cholesterol throughout the body and also regulates the de novo lipid
synthesis [8]. LDL molecules are taken up via LDL-receptor (LDL-R)mediated endocytosis. Receptors are recycled to the cell surface,
while LDL-hydrolysis in endolysosome releases cholesterol that is
utilized by the cell. In general, plasma levels of LDL are inversely
related to LDL-R activity [9].
Furthermore, excess cholesterol from cells is carried back to the
liver by HDL in a process known as reverse cholesterol transport. HDL
(precursor) is synthesized and secreted by the liver and small intestine. It travels in the circulation where it gathers cholesterol to
form mature HDL, which then returns the cholesterol to liver via
various pathways.
2. Clinical signiﬁcance of plasma lipids
Plasma lipoproteins play a key role in transport of fats and
cholesterol throughout the body. They also regulate de novo lipid
synthesis and lipolytic pathways. Alteration in any metabolic
pathway associated with lipoproteins may lead to serious health
problems. Elevated levels of certain plasma lipids and lipoproteins
have been widely shown to be linked to increased cardio-vascular
mortality and all-cause mortality [1].
Atypical plasma lipoproteins levels are shown to be associated
with various diseases such as obesity, familial hypercholesterolemia, atherosclerosis and cardiovascular diseases [3,4,10,11]. Obese
individuals are known to have elevated levels of serum TG, VLDL,
LDL, apolipoprotein B and low levels of serum HDL [3,12]. Whereas,
hyperlipoproteinemias e metabolic disorders characterized by
abnormally elevated concentrations of speciﬁc lipoprotein particles
in the plasma e are the major risk factors for developing atherosclerotic disease [11].
Unusual blood lipoprotein levels are also associated with other
diseases as a secondary effect such as diabetes [13], renal disorders
[14], endocrine hormonal disruptions [15], liver diseases [16],
lysosomal storage disease [15] and Cushing’s disease [8]. In addition to that altered blood lipid proﬁles are associated with long
term consumption of alcohol and drugs [17].
Several reports have been published that indicate an association
between plasma/serum lipids and lipoproteins with different types
of cancers (Table 1) [18e23]. In the subsequent sections we will
discuss this association between plasma lipid levels and increased
risk of cancer in detail.
3. Atypical plasma lipid proﬁles in cancer patients
Previous works have demonstrated that cancer patients often
display aberrant blood lipid proﬁles (Table 1). Moreover, blood lipid
levels of cancer patients are shown to be associated with pathogenesis and progression of cancer [24]. One of the most common
observations made by the previous works is that; the cancer patients often display signiﬁcantly lower levels of serum cholesterol
[18,20,25e32] (Table 1). The lower levels of serum cholesterol are
observed in various types of cancer including hematopoietic,
bowel, lung, prostate, head and neck cancers (Table 1). Also, several

cohort studies have reported that lower levels of serum cholesterol
are associated with high-risk of overall cancers [33e35]. Moreover,
low plasma cholesterol levels were found to be associated with
increased risk of lung cancer mortality [26]. Nevertheless, these
observations are not consistent among different cancers. For
instance most of the studies focused at breast cancer report that
breast cancer patients display signiﬁcantly elevated levels of serum
cholesterol [23,25,36e40]. Additionally, few longitudinal studies
showed that high serum cholesterol levels were associated with
increased risk of breast cancer [41,42]. While some breast cancer
related studies showed no association between breast cancer risk
and cholesterol [43e48].
The association of different lipoprotein subfractions - including
LDL, HDL and VLDL e with cancer risk has also been widely studied.
The most striking and frequent of these observations is that; low
levels of serum HDL are associated with increased risk of all cancers
[20,21,31,36,49e54]. There are very few contradictory studies that
showed that increased risk of cancer is associated with high levels
of serum HDL. For instance it has been reported that women with
breast cancer display high levels of HDL in comparison to the
healthy women [55,56]. Decreased serum LDL levels are also shown
to be associated with increased risk of various cancers
[20,25,31,53]. Although breast cancer patients display reversed
relationship; here increased LDL levels are associated with
increased breast cancer risk [23,25,37e41,57]. In addition, most of
the previous works demonstrated that serum TG levels are significantly elevated in all types of cancers [20,31,36,41,44,48,54,58e
60].
Hence, the aforementioned works clearly demonstrate that the
cancer patients exhibit irregular serum lipid patterns. The most
common and rather consistent trend is a signiﬁcant decrease in
serum levels of cholesterol, HDL and LDL, whereas, signiﬁcant
elevation in the levels of serum TG is also commonly observed.
Serum lipid proﬁles of breast cancer patients stand out in this regard and show an inverse trend. Here, a signiﬁcant increase in
serum levels of cholesterol and LDL is repeatedly described. However, there are certain discrepant reports that present opposite
trends in overall cancers (Table 1).
There are several environmental and genetic factors that are
known to inﬂuence human plasma lipid proﬁle [1]. Therefore it is
important to ascertain whether the association between levels of
different lipid fractions and cancer is biologically signiﬁcant or
merely confounded by other risk factors that were overlooked
during the analyses. Therefore recent studies are taking into account several confounding factors that may affect serum lipid
proﬁles. For instance data obtained from breast cancer patients is
adjusted for various factors including age, body mass index and
menopausal status. It was observed even after these adjustments
serum levels of total cholesterol and LDL were signiﬁcantly high in
breast cancer patients than the control population [37]. Interestingly a more recent work by Yang et al. showed that in type 2
diabetes patients the association between LDL and cancer was Vshaped, whereby both low and high levels of LDL were associated
with elevated risk of cancer [61].
Moreover, it has also been reported that serum lipid proﬁles of
the breast cancer patients with metabolic syndrome are different
from those without metabolic syndrome [62]. It has been shown
that total cholesterol and triglycerides content in breast cancer
patients without metabolic syndrome lies within the normal range
[43]. Besides higher levels of serum HDL are shown to be inversely
associated with the risk of breast cancer in premenopausal women
[63].
Serum lipid levels of cancer patients also ﬂuctuate during
chemotherapy (Table 1). It has been shown that cancer patients
display a signiﬁcant increase in serum cholesterol and LDL levels
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after effective chemotherapy [19]. While breast cancer patients e
that display high levels of cholesterol and LDL e showed nonsigniﬁcant decrease in cholesterol and LDL levels [19]. Hence
these previous works indicate that serum lipids of cancer patients
may go back to the normal levels after effective treatment. These
observations corroborate the correlation between abnormal serum
lipid proﬁle and disease activity.
Some of the previous works have also studied the possible association of tumor stage or grade with serum lipid proﬁle. It has
been shown that breast cancer patients with advanced diseases e
in comparison to the patients with less advanced disease and
control e display signiﬁcantly higher serum TGs and signiﬁcantly
lower serum cholesterol and HDL levels. Moreover, lower serum
LDL levels were observed in breast cancer patients with bony
metastasis as compared to the patients with liver or liver plus bony
metastasis [64].
The effect of statins e cholesterol lowering drugs e intake on
cancer risk is also widely studied [65e67]. Several recent research
works support inverse association between the intake of statins
and advanced stage prostate cancer [68e72]. Whereas, some reports negate these ﬁndings [73,74]. It has been proposed that the
prostate cancer cells exhibit cholesterol feedback dysregulation,
hence they might display increased sensitivity to statins [75]. To
study the possible and direct role of cholesterol in this observed
inverse association between statin intake and advanced stage
prostate cancer a nested caseecontrol study was carried out. It was
reported that men with low plasma cholesterol had a lower-risk of
high-grade prostate cancer and possibly advanced stage disease,
but not organ-conﬁned or low-grade disease [76]. Exclusion of the
statin-users did not alter these results e indicating a direct role of
cholesterol in mediating this inverse association between statin
intake and advanced stage prostate cancer [76]. Another recent
work e where statin users were excluded from the study population e suggests that men with low cholesterol have a reduced risk
of high-grade prostate cancer [77]. Further studies are required in
this area to elucidate the association between tumor stage/grade
and serum lipid levels.
4. Prospective underlying mechanisms and signiﬁcance of
cancer associated alterations in plasma lipid proﬁles
As mentioned above previous works have shown that cancer
patients exhibit aberrant serum lipid proﬁles. However the
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underlying mechanism for these irregularities is not clearly understood. Also, the possible role of plasma lipids and lipoproteins in
carcinogenesis is not clear. A number of speculations have been
made by researchers working in this area and most of them suggested that an aberrant lipid proﬁle in cancer patients is a consequence of cancer. The cancer cells are known to exploit various
pathways for acquisition of lipids. Endogenous lipogenesis has
historically been considered as the principal source of fatty acids
(FAs) in cancer cells [78]. However, recent reports suggest that
breast cancer cells also exploit the lipolytic pathways for attaining
FAs [79,80]. Similarly up-regulation of the mevalonate pathway for
acquisition of cholesterol has also been observed in various types of
cancer [81,82]. This deregulation of lipid synthesis/acquisition
pathways in tumor cells could be partly responsible for aberrant
serum lipid proﬁles in the cancer patients.
Various types of cancer cells have also been shown to have
higher uptake of LDL that is mediated by higher expression and
activity of LDL-R [83e87]. It has been suggested that this increased
uptake of LDL may cause modiﬁcation of cell membrane composition that would eventually affect the passive diffusion of anticancer
drugs across the cell membrane [83]. It was also reported that
prostate cancer cells cultivated in culture medium supplemented
with LDL display elevation in their growth rate [88]. Thus, it can be
speculated that increased uptake of LDL by cancer cells may affect
its clearance from circulation and results in decreased serum LDL
levels in the cancer patients (Fig. 1). Some earlier research reports
suggested that decrease in serum lipoproteins levels of cancer patients is closely associated with the presence of autoantibody
against lipoproteins [89]. It was reported that HDL concentration in
the sera of cancer patients was signiﬁcantly lower when the antibody was present [89] (Fig. 1). These observations suggest that
autoimmune mechanisms might be responsible for the decreased
HDL serum levels in cancer patients.
Previous studies have also shown that HDL is incorporated in
the cell cycle via mitogen activated proteins kinase dependent
pathway and signiﬁcantly inﬂuences the cell cycle [90,91]. Hence,
higher consumption of HDL by rapidly proliferating cancer cells
may affect its serum levels.
Elevated intracellular lipolysis is reported to be a key factor
behind adipose cachexia in weight-losing cancer patients [92]. It
has been suggested that tumor load promotes this intracellular
lipolysis in adipose tissues, though the underlying mechanisms are
just beginning to be elucidated [93]. Interestingly, it was shown

Fig. 1. Atypical blood lipid proﬁles in cancer patients: Possible underlying mechanisms. (a) Elevated expression of LDL-R in malignant cells increases the uptake of LDL via
receptor mediated endocytosis. High consumption of LDL by cancer cells may cause depletion of LDL from serum of cancer patients. (b) Some earlier research reports suggested that
decrease in serum lipoproteins levels of cancer patients is closely associated with the presence of autoantibody against lipoproteins. It was reported that HDL concentration in the
sera of cancer patients was signiﬁcantly lower when the antibody was present. (c) Elevated intracellular lipolysis is reported to be a key factor behind adipose cachexia. It has been
suggested that tumor load promotes this intracellular lipolysis in adipose tissues, by an unknown mechanism. A research study has indicated that in case of malignant melanoma,
the tumor secretes an inhibitor of adipose LPL e leukemia inhibitory factor (LIF) e causing inhibition of extracellular lipolysis and depletion of adipose stores.
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that in the case of malignant melanoma, the tumor secretes an
inhibitor of adipose LPL termed leukemia-inhibitory factor, causing
inhibition of extracellular lipolysis and depletion of adipose stores
[94]. The increased intracellular lipolysis displayed by adipose tissues of the cachectic patients may affect the levels of circulating
lipids (Fig. 1). In fact metabolic changes such as elevated levels of
circulating FFAs, monoacylglycerides and diacylglycerides have
been observed in these patients [95].
All of the above mentioned works indicate that aberrant lipid
proﬁles in cancer patients are possibly a consequence of cancer.
However, we have seen in the previous section and Table 1 that
several longitudinal studies have clearly associated cancer risk with
atypical serum lipoprotein levels. Hence a causative role of aberrant
lipoprotein levels is also suggested by previous reports. Some researchers have suggested that peroxidation of plasma lipoproteins
may also play a key role in cancer development [40,96]. Lipoproteins are susceptible to peroxidation triggered by reactive oxygen
species and reactive nitrogen species. It has been proposed that
lipid peroxidation product - malondialdehyde e may cross-link
both proteins and DNA on the same and opposite strands. Malondialdehyde form adducts with adenosine and cytosine that contributes to mutagenicity and carcinogenicity in mammalian cells
[97,98]. Breast cancer patients e that are also reported to display
elevated blood LDL levels - are shown to have increased plasma
levels of oxidized LDL [23]. It was also reported that the serum
levels of oxidized LDL is associated with increased risk of breast and
ovarian cancer [23]. On the other hand HDL that - due to its lipid
and apoprotein content e is less susceptible to peroxidation in
comparison to LDL, counters the oxidative damage caused by
oxidized LDL [23]. Thereby, HDL prevents the generation of reactive
oxygen species and acts as an anti-carcinogen. These speculations
provide a possible explanation for the involvement of plasma lipoproteins in tumorigenesis however; further studies are required
for the better understanding of this phenomenon.
5. Concluding remarks
Circulating levels of lipoproteins help in the diagnosis and
determination of risk factors for various diseases such as hyperlipoproteinemias, metabolic syndrome, and atherosclerosis. The
aberrant blood lipoprotein levels in cancer patients are shown to be
associated with cancer risk and mortality incidents. However, the
clinical usefulness of plasma/serum levels in risk stratiﬁcation of a
variety of cancers remains elusive. There are certain atypical trends
observed in the lipid proﬁles of cancer patients. However there are
some inconsistencies in the literature in this regard. One of the
reasons for these contradictory reports might be the fact that
various types of cancers may exploit different modes for the
acquisition of lipids that in turn affect the plasma lipid proﬁles.
Lipogenesis e de novo fatty acid synthesis pathway e was previously considered to be the major source of fatty acids in cancer cells.
However, new reports indicate that aggressive triple-negative
breast cancer cell lines exploit both lipogenic and lipolytic pathways for acquiring fatty acids. Similarly, cancer cells are shown to
reprogram their mevalonate pathway to increase production in
order to support rapid cell growth [88]. Whereas increased
cholesterol uptake is also reported in certain cancer cells [83]. The
choice of lipid acquisition pathway may also depend on certain
other factors such as obesity. Recent work by Kuchibaet al. suggests
that obesity is associated with increased risk of FASN-negative
colorectal cancers [99]. These ﬁndings indicate that cellular FASN
status may determine a cell’s dependence on energy balance status
for malignant transformation. Hence, these divergent reports e
regarding atypical plasma lipid proﬁles in cancer patients - might
also reﬂect different metabolic strategies adapted by the cancer

cells. Further studies are required to elucidate the underlying
mechanisms and signiﬁcance of plasma lipids for cancer progression. Especially there is a need to study the relationship between
circulating lipids and molecular signatures in tumors. In addition to
that the interactive inﬂuences of the circulating lipids and molecular features of tumor on progression of disease should also be
assessed.
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analysis.

Expertise in Experimental Techniques
 Molecular Biology
 Gene cloning from bacteria, PCR, qPCR, protein isolation, fluorescent microscopy,
Next Generation Sequencing.
 Eukaryotic Cell Culture
 Primary cell culture, maintenance of cell lines, 3D cell culture.
 Immunogenetics
 HLA tissue typing by The Luminex xMAP® technology.
 HLA antibody detection by PRA testing.
 HLA-Donor Specific antibody testing by The Luminex xMAP® technology.
 Microbiology
 Isolation, characterization and identification of bacterial cultures, antibiotic
susceptibility testing.
 Biochemistry
 Lipid profiling, intracellular lipids extraction and quantification, ORO staining,
Filipin staining.
 Animal Models
 Mouse handling, intraperitoneal and tail injections, small animal surgery.
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 Book chapters
1. Usman H, Munir R, Ameer. F, & Hasnain S. Cancer Associated Dyslipidemia, Invited
chapter in: Advances in Dyslipidemia. eBook, 2016.
2. Ameer, F., Munir, R., & Zaidi, N. (2018). Lipid Metabolism Reference Module in
Biomedical Sciences: Elsevier.

 Articles in Refereed Journals
1. Munir, R. (2019). The ability to deal with metabolic stress correlates with cell
proliferation rates under 2D or 3D cell culture system. Pakistan Journal of Zoology.
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Prevalence of Hepatitis C Virus Genotypes in Pakistan: Current Scenario and Review of
Literature. Viral immunology.
3. Lisec, J., Jaeger, C., Rashid, R., Munir, R., & Zaidi, N. (2019). Cancer cell lipid class
homeostasis is altered under nutrient-deprivation but stable under hypoxia. BMC
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under metabolic stress. British journal of cancer, 1.
5. Munir R, Smans K, Kalbacher H & Zaidi N. Atypical plasma lipid profile in cancer
patients: cause or consequence? – Review article Biochimie. 2014; 102:9-18.
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1. Teaching Assistant
Institution: Department of Microbiology and Molecular Genetics, University of the
Punjab Lahore. (BS Hons., Spring 2015)
Responsibilities:
 Assisted Dr. Nousheen Zehra Zaidi in the course work of Oncology.
 Developed hands on activities and supervised Oncology labs.

2. Teaching Assistant
Institution: Department of Microbiology and Molecular Genetics, University of the
Punjab Lahore. (MS/M.Phil, Fall 2015)
Responsibilities:
 Assisted Dr. Nousheen Zehra Zaidi in the course work of Cancer Genetics.

3. Lecturer
Institution: Ghazali College, M.B.DIN. (2013-2014)
Courses Taught:
o Biology
o Cell Biology and Genetics
o Diversity of Plants
o Biodiversity-I
o Plant Systematic, Anatomy
(Invertebrate)
& Development
o Biodiversity-II (Chordates)

4. Teaching Assistant
Institution: Department of Microbiology and Molecular Genetics, University of the
Punjab Lahore. (M.S.c., Fall 2012)
Responsibilities:
 Assisted Dr. Nousheen Zehra Zaidi in the course work of Cell Biology.
 Conducted Cell Biology Labs.

Research Experience
 Current Research Project
1. 2D Versus 3D Cell Culture: Studying the Metabolic Pathways in Cancer Cells. (PhD
research project at Department of Microbiology and Molecular Genetics, University
of the Punjab Lahore) 2014-2019
 Previous Research Projects
1. Blood lipid profiles in cancer patients-Site specific analysis. (M.Phil research project
at Department of Microbiology and Molecular Genetics, University of the Punjab
Lahore) 2012-2013
2. Prevalence of multi drug resistance Staphylococcus aureus in natural environment
and their ability to transfer antibiotic resistance through horizontal gene transfer.
(Department of Microbiology and Molecular Genetics, University of the Punjab
Lahore) 2011-2012.
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3. Isolation and Screening of antibiotics producing Actinomycetes strains from
different soil samples (Department of Microbiology and Molecular Genetics,
University of the Punjab Lahore). 2011-2012

Research Interests
Cancer Biology, HLA Genetics, Lipidomic Studies

Honors
1. 1st class 1st position in B.Sc (2009) at Gov. Fatima Jinnah College Lahore.
2. Doctoral programme coordination committee scholarship awarded by University of
the Punjab, Lahore. 2012-2013

Short Courses/Training Workshops Attended
1. Attended 1 day workshop entitled as CRISPR Pro Course (April 2019).
2. Attended 2 das workshop entitled as NGS Data Analysis (April 2018).
3. Attended 1 day workshop entitled as Sample Collection, Transportation and
Referral of Dangerous Pathogens (March 2018).
4. Attended 5 days biosafety training course entitled as Clinincal Containment
Program: Pakistan (July 2017).
5. One year diploma in Spanish language (2011-2012).

Conference Presentations
1. Studying the proliferation rates of cancer cells under metabolic stress: 2D versus 3D
cell culture systems. Oral presentation at A Short Course on Cancer Biology.
Lahore, Pakistan. February 2019
2. Lipid-Load in Peripheral Blood Mononuclear Cells: Impact of Food-Consumption,
Dietary-Macronutrients, Extracellular Lipid Availability and Demographic Factors.
Oral presentation at 6th international Conference on Biological and
Computational Sciences. December 2018
3. Studying the proliferation rates of cancer cells under metabolic stress: 2D versus 3D
cell culture systems. Poster presented at Pakistan 1st International conference on
Medicinal Chemistry and Drug Discovery. Islamabad, Pakistan. October 2018
4. Targeting the mevalonate pathway for cancer therapy. Poster presented at
conference on
Bio-Physicochemical Basis for Technopreneurship. Lahore,
Pakistan. April 2013
5. Diagnostic and prognostic relevance of blood lipid profiles with cancer: An issue of
ambiguity. Poster presented at conference on Bio-Physicochemical Basis for
Technopreneurship. Lahore, Pakistan. April 2013
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6. Plasma lipid profile patterns in cancer patients versus normal subjects. Poster
presented at 3rd International Symposium on Biomedical Materials: Advances
and Challenges. Lahore, Pakistan. December 2012

Professional Experience /Activities
1. Consultant Microbiologist and Molecular Geneticist at Hormone Lab, Lahore. (June,
2015-Cont.)
2. Three month internship in Education Department Government of the Punjab, under
Punjab youth internship program. (December, 2012- February, 2013)
 Conferences/ Workshops Organized
1. A short Course on Cancer Biology-Participated as conference Coordinator and
Speaker- Department of Microbiology and Molecular Genetics, University of the
Punjab. Lahore, Pakistan. February 2019.
2. One day Hands-On Training workshop on Cell Culture – Participated as
Organizer and Instructor - Department of Microbiology and Molecular Genetics,
University of the Punjab. Lahore, Pakistan. May 2018.
3. One day Hands-On Training workshop on Western Blotting – Participated as
Organizer and Speaker - Department of Microbiology and Molecular Genetics,
University of the Punjab. Lahore, Pakistan. May 2015.
4. One day Hands-On Training workshop on Eukaryotic Cell Culture – Participated
as Organizer and Speaker-Department of Microbiology and Molecular Genetics,
University of the Punjab. Lahore, Pakistan. May 2015.
5. 10th Biennial Conference of Pakistan Society of Microbiology-Participated as
Organizer- Department of Microbiology and Molecular Genetics, University of the
Punjab. Lahore, Pakistan. 24th-28th March 2015.
 Community Service
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