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Abstract
Embryonic stem cells are the pluripotent cells that act as a root of embryonic
development to engender the specialized cells of the body. This property can be
captured in vitro to cultivate indefinitely, providing a remarkable model to study early
development and diseases. In vitro, mouse pluripotent embryonic stem cells (mESCs)
exist in two different states, naïve and primed. The naïve state mimics in vivo inner cell
mass of blastocyst with the pluripotency genes expressed more uniformly and have
more developmental potential than the primed state. The primed state corresponds to a
later embryonic developmental stage than the naïve state. Both states of cells express
similar level of some key pluripotency genes but the signaling pathways that support
their self-renewal and pluripotency are strikingly different. Mitochondrial metabolism,
among others, is a major difference between the two states. The primed state has more
mature mitochondria but doesn’t use them for ATP generation, which is generated
solely through glycolysis. The naïve state however, has a bivalent metabolic state, i.e.
uses both glycolysis and mitochondria to generate ATP. What role mitochondria play
in these two states remains a very interesting and relevant question.
Here in this study, we investigated the function of mitochondrial respiration in naïve
mESCs by blocking the electron transport chain (ETC) with specific pharmacological
inhibitors, Rotenone and Antimycin, and genetically with shRNAs against
mitochondrial specific transcription factor A (TFAM) and a helicase, Twinkle. Both
inhibitors and shRNAs resulted in blockade of cell proliferation and when released, the
cells resumed self-renewal without affecting the pluripotency. The paused phenotype
by ETC inhibition also appeared in the blastocysts cultured in vitro, which naturally die
within 2-3 days of the development while Rotenone treatment extends survival of
blastocysts for 3 more days. Moreover, the treated blastocysts were able to give live
pups when injected back into surrogate mother, confirming a normal developmental
potential.
Upon ETC inhibition with either compounds or shTFAM, the mitochondrial mass and
membrane potential increased and level of reactive oxygen species (ROS) decreased.
The shRNAs against TFAM and Twinkle greatly reduced the mitochondrial DNA
(mtDNA) copy number and expression of mtDNA encoded mRNA, leading to complete
blockade of mitochondrial respiration. Paused mESCs stopped oxygen consumption
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and enhanced glycolysis instead to maintain a steady level of ATP generation, which is
essential for the cells to be alive. Mechanistically, ETC inhibition induced pause is
distinct from the pause induced through either mTOR or Myc inhibition. Neither
pyruvate, aspartate nor nucleosides supplementation could rescue the self-renewal of
mESCs which were shown to have the ability in other cell types upon ETC inhibition.
The total non-targeted metabolomics showed that the ETC regulates the carbohydrates,
proteins, lipid and nucleic acid metabolism. Specifically, lysosomal-related pathways
are found to be significantly and commonly changed from both metabolomics and
proteomic analyses. We could confirm the blockade of autophagy and lysosomal
pathways in ETC inhibition-induced paused cells. These analyses suggest that an
intimate link exists between mitochondria and lysosome in mESCs and highlights the
potential important function of lysosomes for mESCs self-renewal.
This work reported a new type of pause by ETC inhibition in mESCs and identified
some unique metabolic roles of mitochondrial ETC for mESCs self-renewal.
Furthermore this study first time shows the effect of Ursolic acid on mouse embryonic
stem cells.
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Chapter No. 1
Introduction and Review of Literature

1.1. Mammalian early development
Fertilization of oocyte through sperm gives rise to the totipotent cell called Zygote.
During fertilization, sperm nucleus is broadly remodeled and undergoes through
43

paternal-specific active demethylations of deoxyribonucleic acid (DNA) resulting in
the zygote genome activation and progressive degradation of maternal proteins (Mayer
et al., 2000; Santos et al., 2002). When zygote reaches the morula stage, the cells bind
firmly to each other establishing two different cell layers (Fig.1.1). The outmost cell
layer that becomes the trophoblast or trophectoderm to differentiate into extraembryonic trophoblast lineage (Singh et al., 2007) and the inner layer called ICM or
pluripotent stem cells (Hackett and Surani, 2014). The ICM will further differentiate
into epiblast and hypoblast in the late blastocyst (Arnold and Robertson, 2009). The
epiblast will differentiated into three major germ layers (endoderm, mesoderm and
ectoderm), progressively from which all of the tissues of the embryo are formed,
whereas the hypoblast will form the parietal and visceral endoderm layers which
contribute to extra-embryonic tissues such as yolk sac, allantois, and amnion (Tam and
Loebel, 2007).

Figure 1.1: Early differentiation steps in mammalian development. After fertilization, several
changes happen in the fertilized egg to divide into two cell embryo. At late 2 cell embryo stage, the
zygote genome is activated and maternal proteins gradually degrade. At morula stage, the pluripotency
markers start to express as shown in light red color. Subsequently, at the blastocyst stage, the first
decision are made of definitive differentiative, in which the trophectoderm (TE) layer and ICM are
separated. At late blastocyst, the ICM differentiates into epiblast and primitive endoderm (Hemberger et
al., 2009).

After implantation and gastrulation, cells of all three lineages will undergo successive
steps of differentiation and become progressively restricted to specific lineages. Cells
of each primary germ layer are multipotent, since they are committed to generating cells
of multiple, but a limited number of a particular developmental lineage. The endoderm
forms the gastrointestinal tract system whereas the mesoderm forms the connective
tissue, muscles, bones, blood, and most of the internal organs. The nervous system and
epidermis are generated from ectoderm. This process of differentiation is controlled by
specific endogenous and exogenous factors (Murry and Keller, 2008).
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A subset of cells is set separately on the egg cylinder to convert into primordial germ
cells (PGCs), which go through a complex migration to the genital ridges where they
develop either into sperm cells or oocytes. Germ cells have the ability to coming back
to totipotency when gametes join to each other to form the zygote, progressively it
differentiate and give rise to pluripotency cells coated by trophectoderm and constantly
form a new living body (Sasaki and Matsui, 2008).
1.1.1. Pluripotency
Pluripotency is a transient state of embryonic cells that exists only during a short
window of early development. It can be described as the capacity of a cell the three
lineages, endoderm, ectoderm, and mesoderm (Jaenisch and Young, 2008). Thus,
pluripotent stem cells can produce any fetal or adult cell type excluding extraembryonic
tissues. In 1891, the property of pluripotency was first described by Driesch, when he
separated the cells of an early sea urchin blastocyst and observed the entire development
process. During murine development, pluripotent stem cells can be derived during two
principal phases. These developmental stages include the early blastocyst stage embryo
(E3.5) from which naïve ESCs can be derived and epiblast tissue (E5.5-E6.5) that can
give rise to prime stem cells also known as epiblast stem cells (EpiSCs). They can be
interconverted (Fig. 1.2). Both types of embryonic stem cells are described in detail in
the following section.
1.1.2. Naïve ESCs
The successful establishment of mouse ESCs from ICM was a breakthrough in the early
1980s (Evans and Kaufman, 1981). They express key pluripotency markers, such as
Sox2SRY (sex determining region Y) -box (Sox), Oct4 (octamer-binding transcription
factor 4), Nanog, and Rex1 (reduced expression 1) and female cells have active X
chromosomes (Lohet al., 2006; Nichols and Smith, 2009; Ng and Surani, 2011). These
ICM cells can be derived in vitro in the petri dish and cultivated for an unlimited period
of time in the mESCs medium. The main differences between ICM and ESCs are, ESCs
have indefinite self-renewal potential, and their genome is greatly methylated than ICM
cells (Santos et al., 2002; Meissner et al., 2008).
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Figure 1.2: Naïve and prime state of pluripotency. In mouse naive pluripotency (ICM) is established
in the epiblast of the blastocyst and in vitro, it can be isolated in the form of ESCs before the implantations
and maintained in culture for an unlimited period of time. Progressively, after implantation, the
blastocysts transform into a cup-shaped structure and primed for the lineage specification after getting
signals from extraembryonic tissues. The EpiSCscan be captured from blastocysts soon after
implantation. The naïve ES can be differentiated into EpiSC by culturing into Activin and FGF based
medium while prime cells can be converted into naïve through mESCs-serum or 2i based medium
(Nichols and Smith, 2009).

Leukemia inhibitory factor (Lif) has been identified to be important for maintenance of
mouse ESCs by regulating signaling mainly by the signal transducers and activator of
Stat3 pathway (Nichols and Smith, 2009). Furthermore, bone morphogenetic protein 4
(BMP4) seems to support the pluripotency state, as it allows cultivation of ESCs in the
lack of embryonic feeder cells and serum (Fig. 1.3). Recently, a fully defined medium
is established which helps in the maintenance of ESCs without serum and embryonic
feeder cells. It includes the lif and two other low molecular weight inhibitors (also
known as “2i”) of signaling pathways such as Erk1/2 and Gsk3β, which stimulat the
WNT pathway and maintain the pluripotency of mouse ESCs in N2B27 a serum-free
medium on gelatin (Ying et al., 2008). The mouse naive ESCs are divided into a naïveground and naïve-metastable state stem cells, because these cells closely resemble with
the mouse ICM (Nichols and Smith, 2009). The naïve-ground state cells are cultivated
in N2B27-2i+lif medium while naïve-metastable cells are cultivated in the serum+lif
medium on feeder cells. The main naïve pluripotency markers like Klf4, Esrrb, Oct4,
Nanog, and Sox2 homogeneously express in naïve-ground state but not in naïvemetastable stem cells. Both types of ESCs resume complete developmental capacity
when inserted into blastocysts and differentiated into germ layer cells.
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Figure 1.3: Simplified scheme of main signaling cascades that affect self-renewal and pluripotency.
Serum contains the BMP4 and it functions via SMADs to stimulate inhibitors of differentiation (Id)
markers. Lif signaling regulates several pathways but mainly acts in stem cells through JAK-mediated
phosphorylation of STAT3, which activates Tcfp2l1 and Klf4 pluripotency markers. Classically, WNT
signaling inhibits GSK3 function leading to stabilized b-catenin, which in turn abolishesTCF3-mediated
inhibition of pluripotency markers including Esrrb. CHIRON (Chir an inhibitor of GSK3β signaling
pathway) closely mimics WNT signaling to stabilize the β-catenin. Fibroblast growth factor (FGF)
signaling activates the MEK via phosphorylation leading to activate the ERK to stimulate the
transition/conversion from naïve to primed state. The PD03 (PD) an inhibitor of ERK inhibits the
transition/differentiation. The bars show inhibition/ blockade of target activity while the arrow indicates
the activation. The solid line shows the known targets while dashed line shows indirect effect (Hackett
and Surani, 2014).

1.1.3. Prime embryonic stem cells (EpiSCs)
The primed ESCs can be established from post-implantation embryo at day E5.5-E6.5
called EpiSCs (Brons et al., 2007; Tesar et al., 2007). These cells also express
pluripotency markers and show many pluripotent characters, such as proliferation rate,
differentiation into embryonic bodies and upon injection into mice generate teratomas
etc. They form flat colonies and show poor growth when cultured as a single cell.
They also have relatively high developmental capability than naïve ESCs. They are
highly incompetent in generating chimeras, have already suffered X chromosome
inactivation, and reveal heterogeneous expression of early lineage-commitment
markers (Hanna et al., 2010). EpiSCs show a gene expression program similar to that
of the post-implantation epiblast, rather than that of the ICM. They exhibit less
expression level of transcription factors krüppel-like factors (Klf), Rex1, and Nanog,
but highly expressed differentiation markers, such as Fgf5 in these cells (Bao et al.,
2009). Furthermore, the growth of these cells depends on Activin, Fgf2, Erk1/2, and
Tgf-β signaling. Even their growth is blocked by BMP4 (Greber et al., 2010).
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1.1.4. Critical factors necessary to maintain pluripotency
The main TFs such as Oct4, Nanog and Sox2, are among the pluripotency-associated
network that maintains the undifferentiated state of ESCs (Loh et al., 2006; Ng and
Surani, 2011; Masui et al., 2007; Boiani and Scholer, 2005). This group of genes
required for maintenance of pluripotency, cell proliferation and survival and represses
the genes which stimulate differentiation (Fig. 1.4).

Figure 1.4: The transcriptional factors governing the pluripotency. A unique combination of
competing transcription factors manages pluripotency. A specific pluripotency transcription factors
inhibit the specific lineage while inducing the differentiation of another lineage. The loss of sox2, induces
the differentiation of endoderm, and loss of oct4 causes the differentiation of mesoderm.,while the loss
of both induces the ectoderm differentiation. All of the transcription factors control the trophectoderm
differentiation. Hence, they control the multilineage differentiated potential of pluripotent cells. Slight
changes in their expression cause the collapse of pluripotency and induce the differentiation. TF,
transcription factors (Loh and Lim, 2011).

The Oct4 transcription factor belonging to POU family, encoded by Pouf5f1 is needed
for both the establishing the pluripotency in early embryo and the derivation of ESCs
in vitro (Nichols et al., 1998 ; Scholer et al., 1989). Zygotic Oct4 is activated at the 4
to 8-cell stage and high level of nuclear Oct4 is detected in all blastomeres until morula
stages. In contrast to trophectoderm, Oct4 remains highly expressed in the ICM
(Zeineddine et al., 2014; Palmieri et al., 1994; Pesce and Scholer, 2001). Interestingly,
in mouse ESCs several earlier studies showed that the Oct4 controls cell fate, as loss of
Oct4 triggered the differentiation into trophectoderm lineage and overexpression of
Oct4 induces the differentiation of ESCs into endoderm and mesoderm lineages
(Stefanovic and Puceat, 2007; Zeineddine et al., 2006; Niwa et al., 2005; Niwa et al.,
2000). Indeed, the involvement of Oct4 in mesoderm differentiation and cardiac
commitment of ESCs also demonstrated an increased expression of Oct4 upon Tgf-β
induction in undifferentiated ESCs. In addition, under serum-free culture condition,
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neuronal differentiation of ESCs is enhanced because of the sustained over-expression
of Oct4 (Shimozaki et al., 2003). Knock-down of Oct4 in ESCs not only results in upregulation of genes associated with trophectoderm differentiation such as caudal type
homeobox 2 (Cdx2) but also endoderm genes such as Gata binding protein (Gata) Gata6
or alpha-fetoprotein (Afp) are up-regulated (Niwa et al., 2005; Niwa et al., 2000).
Like Oct4, Nanog is also needed for the creation of the naive ESCs in vivo and the
establishment of ESCs (Rossant and Tam, 2009; Chambers et al., 2003; Mitsui et al.,
2003). The function of Nanog in the preservation of pluripotent stem cells was
reevaluated by the observation that it could be completely knock out from ESCs without
changing their potency to generate chimeric mice. However, Nanog deleted cells unable
to differentiate into germ cells after E11.5 (Chambers et al., 2007). Along with Oct4,
Nanog plays a major role for the suppression of the cis-acting, noncoding ribonucleic
acid (ncRNA) and in inactive X specific transcripts (Xist), suggesting that the core
pluripotency network also plays a major role in the reactivation of X chromosome
(Navarro et al., 2008). Nanog has been shown to be heterogeneously expressed in
mouse ESCs in culture, maybe due to the variable allelic expression of Nanog
(Chambers et al., 2003; MacArthur et al., 2012; Singh et al., 2007). ESCs expressing
high levels of Nanog hold high self-renewal rate, whereas ESCs with the reduced
expression level of Nanog have increased the propensity to extra-embryonic endoderm
differentiation and unregulated Gata6, but do not undergo commitment (Chambers et
al., 2007).
Sox2 belongs to HMG-domain DNA-binding-protein family that is responsible for the
regulation of transcription and structural conformation of the chromatin (Sarkar and
Hochedlinger, 2013; Schepers et al., 2002). Its expression ranges from earliest stages
of ESC continuously till the differentiation of neural lineage in vitro (Avilion et al.,
2003). At an early stage of blastocyst it is existing in both ICM and trophectoderm but
at a later stage, it is restricted to the ICM. Deletion of Sox2 in zygote resulting the early
embryonic lethality due to the failure to develop ICM without disturbing
trophectoderm.

Interestingly, later studies revealed that maternal Sox2 protein

preserves in preimplantation embryos (Keramari et al., 2010), which might have
masked a phenotype in the trophectoderm in zygotic Sox2 mutants. Indeed, maternal
and zygotic transcripts repression by RNA interference in early morula stage is unable
to form trophectoderm, indicating that Sox2 is required for the development of the
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trophectoderm and the ICM (Keramari et al., 2010). Removal of Sox2 from ESCs
induces the differentiation into trophectoderm-like cells, suggesting that Sox2 is also
needed for the preservation of pluripotency (Masui et al., 2007). Similar to Oct4, Sox2’s
also effect self-renewal and pluripotency of ESCs in dose dependent mannar (Kopp et
al., 2008). Particularly, a large number of target genes associated with Sox2 contains
multiple Oct4/Sox2 binding sites, indicating that Sox2 closely cooperates with Oct4
(Tomioka et al., 2002; Boyer et al., 2005). In support of the notion, overexpression of
Oct4 can moderately overcome the deletion of Sox2 (Masui et al., 2007).
1.1.5. Main cell signaling pathways involved in naïve pluripotency
External signals have shown to significantly influence pluripotency. Early reports
defined the chemicals that facilitate the transition of metastable or primed pluripotency
cells to naïve ground pluripotency state stem cells, including the DNA
methyltransferase inhibitor 5-azacytidine (Mikkelsen et al., 2008) and the combination
of the MEK inhibitor PD0325901 and Gsk3-β inhibitor CHIR99021 (2i condition)
(Silva et al., 2008). Some reports have shown that 2i treatment induces global
hypomethylation in PSCs by stimulation of Prdm14, which in turn directly inhibit the
expression of de-novo DNA methyltransferases Dnmt3a and Dnmt3b and suppress the
expression of differentiation-induced fibroblast growth factor receptor (Fgfr) signaling
(Leitch et al., 2013; Yamaji et al., 2013; Lee et al., 2014). Gsk3 blockade also helps
self-renewal of ESCs by eliminating the repressive effect of Tcf3 on the expression of
Esrrβ (Martello et al., 2012) suggesting that the effect of Gsk3 inhibition might also be
the activation of Esrrb. Additionally, activation of the Stat3 pathway by the cytokine
Lif is limiting for ESC maintenance (Buganim et al., 2012).
1.2. Mitochondria
Mitochondria is a double membrane bacterial origin organelle of the eukaryotic cell. It
contains its own genome consisting of around 16.6 kb circular DNA molecule called
mtDNA (Fig. 1.5) (Dyall et al., 2004). The mtDNA encodes 13 mRNA (protein) genes
of the respiratory complexes, 1, 3, 4 and 5, 22 tRNA and 2 ribosomal RNA genes
required for the transcription and translation of mtDNA (Anderson et al., 1981). It has
its own machinery for the mtDNA replications, transcription, and translation.
Mitochondria biogenesis occurs by the synchronized expression of both nDNA and
mtDNA encoded genes. Around 99% of mitochondria proteins are nuclear-encoded.
The nuclear-encoded proteins such as (POLG1 and POLG2), MT transcription factor
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A (TFAM), and Peo (Twinkle) a helicase, are essential factors for the mtDNA
replications and transcriptions. The transcriptional factors, Yin Yang 1 (YY1), (NRF1, NRF-2), and PPARγ coactivator family of protein, (PGC1-alpha, PGC1-beta and
PRC) cofactors are needed for mitochondria biogenesis (Westermann, 2010).
The mitochondrion is a ground of many metabolic pathways, e.g. fatty acid oxidations,
amino acid metabolism, one-carbon metabolism and pyruvate oxidations etc., it
produces the intermediate metabolites for biogenesis. In mitochondria, electron
transport chain and TCA cycle are coupled to determine the mitochondria activity.
Mitochondrial membrane potential plays a crucial role to maintain the activity of
mitochondria. Loss of membrane potential decreases the mitochondrial activity and
induces the mitophagy. Mitochondria are the major source of the ROS generation which
is the by-product of ATP generation. Recently it has been shown that the low level of
ROS has a physiological role. Along with ATP production, mitochondria are also a site
of apoptosis to maintain the cell homeostasis (Sena and Chandel, 2012).

Figure 1.5: Typical structure of a mitochondrion.

1.2.1. Mitochondria biogenesis
Mitochondria biogenesis is a multilayered process that needs imports of protein and
lipid in the existing structure of mitochondria as well as replication, transcription, and
translations of mtDNA (Pagliarini et al., 2008). A comparison of mitochondrial content
across different species shows major synergy between mRNA and protein levels,
indicating that mitochondria biogenesis in an organism is largely controlled at both
levels (Mootha et al., 2003). Thus, mitochondria biogenesis needs the coordinated
transcription of mtDNA encoded genes as well as nuclear-encoded mitochondrial
genes. The functional interaction of the two genomes is accomplished by nuclear51

encoded mitochondrial proteins, for example TFAM that regulate the replication and
transcription of mtDNA and are prompted in response to signals associate
mitochondrial biogenesis (Civitarese et al., 2007; Scarpulla, 2008; Chow et al., 2007).
1.2.2. Mitochondrial genome
According to the evolutionary studies, the most accepted hypothesis is that
mitochondria entered endosymbiotically into eukaryotic cells from the α-proteobacteria
(Lang et al., 1999). Most of the genes were transferred into the nuclear genome. First
time mtDNA was discovered in 1940 since then detailed mitochondrial content has
been studied. The first human mtDNA genome was sequenced in 1980 (Andersson and
Scarpulla, 2001). Currently, the nucleotides sequence of many animal mtDNA is known
(Wolstenholme, 1992). Some features of the mtDNA are different from those of nuclear
DNA such as the lake of introns, supercoiled, usage of the different codons, maternal
inheritance, and mechanism of polyploidy. Several phenomena support the hypothesis
that the mtDNA has a high frequency of mutation because it is less associated with
proteins. It is attached with mitochondria inner membrane where ROS has been
produced and it also has inefficient repair system. Furthermore, evolutionary rate of
mtDNA is also more than nuclear DNA (Pinz and Bogenhagen, 1998).
1.2.3. Structure of mtDNA
The mtDNA consists of heavy and light chains. The heavy chain encodes the 12 mRNA,
2 rRNA, and 14 tRNA while light chain encodes only one mRNA and 8 tRNA (Attardi
and Schatz, 1988). The mtDNA encoded proteins belong to four respiratory complexes.
Seven polypeptides such as ND1-ND6 and NDL4 belong to ETC complex 1.
Cytochrome b, belongs to complex 3, three CO, 1, 2 and 3 are part of complex 4 and
two ATPase, 6 and 8 belong to complex 5. The ND6 is coded by the light chain only
while other subunits are coded by the heavy chain (Fig. 1.6).
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Figure 1.6: The subunits of ETC complexes and their assembly need coordination of nuclear and
mitochondria genome. The ETC is attached with inner mitochondrial membrane. The nuclear-encoded
subunits (purple) and mitochondrial encoded subunits (red) assemble together to form complexes of
ETC. The loss of any subunit of complexes reduces the function of ETC (Baker and Haynes, 2011).

The mtDNA encoded proteins are important for the organization, assembly, and activity
of the respective complexes (Holt et al., 1990; Hofhaus and Attardi, 1995; Kadenbach
et al., 1998). Most important features of mtDNA encoded genes is that they are compact
and continuous in sequences without intronic sequence, even some of the genes are
overlapping such as ATPase 6 and 8, and ND4 and NDL5 (Ojala et al., 1981). Along
with this, tRNAs are scattered among the mRNA encoded genes playing an essential
role in maturation of RNA (Fig. 1.7). The mtDNA of few eukaryotic organisms such as
yeast Saccharomyces is 5 times larger than the human mitochondrial genome having
similar gene content. It contains an intron in the several genes and several tRNAs are
gathered together (Attardi and Schatz, 1988).
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Figure 1.7: Map of human mitochondrial DNA. The transcription of light-strand promoter yields the
mRNA of ND6 and primers for the replication of DNA at OH. The H-strand promoter transcription is
begun from 2 sites. The 16 base pair upstream of the tRNA phe, H1 site is present and transcribed to
produce the transcript which is terminated at 3 prime ends of the 12S rRNA. The binding of TERF on
TERM region induces transcription termination. The H2 position is near to the 5' end of the 12S rRNA
gene and yields a polycistronic fragment, which relates to nearly the whole H strand. Each strand encodes
the tRNA shown with one letter codes for amino acids. Abbreviations: LSP, light strand promoter; HSP,
heavy strand promoter; ND 1, 2, 4, and 6, NADH dehydrogenase subunit 1, 2, 4 and 6. CO1, 2, 3,
cytochrome c oxidase subunit 1, 2, 3; Cytb, cytochrome b; OH, the origin of H-strand DNA replication
(Falkenberg et al., 2007).

1.2.4. Transcription of mtDNA
The compact circular double-stranded mtDNA is separated into light (L) and heavy (H)
chain according to the concentrations in a cesium chloride gradient. This variance is
due to the distribution of G+T nucleotides in both strands. Heavy strand is guanine-rich
while light chain is guanine poor strand (Perna and Kocher, 1995). The mtDNA lacks
the introns and only very short noncoding region contain the control elements for the
replications and transcriptions (Shadel and Clayton, 1997). Each strand contains one
promoter for the transcription initiation, the light strain promoter (LSP) and heavy strain
promoter (HSP). The poly-cistronic transcripts produced by the promoter of mtDNA
contain all the information of each of the strand (Fig. 1.8). These transcripts are
processed and produce the distinct messenger RNA, transfer RNA (tRNA) and
ribosomal RNA (rRNA) (Ojala et al., 1981; Montoya et al., 1981). Interestingly, the
enzymes responsible for the replication and transcription of mitochondrial genome are
different than those found in the nucleus.

Figure 1.8: Transcription diagram of human mitochondrial DNA. The 2 inner rings denote both
mtDNA chains by the respective coded genes. The outer filled lines denote the RNAs generated from the
heavy chain and opened lines represent from the light chain. Ribosomal RNAs 12S and 16S; ND1 to
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ND6, NADH dehydrogenase 1-6 subunits; cyst b, cytochrome b; CO 1, CO 2 and CO 3, cytochrome c
oxidase 1-3 subunits; ATPase 6 and ATPase 8, ATP synthetase subunit 6 and 8. tRNA genes are shown
by the 3 letter code of the resultant amino acid. H1, H2, and L show transcription initiation sites for the
H- and L-strand, respectively. OH and OL indicate the origin of replication for the H- and L-strand,
respectively. Arrows represent the transcription and replication direction (Fernandez-Silva et al., 2003).

1.2.5. Transcription machinery of mitochondria
The mtDNA has its own machinery for transcription. Simply, it consists of
mitochondria-specific RNA polymerase (mtRNA pol or POLRMT) transcription
factors TFAM (Fisher and Clayton, 1985) and anyone of TFB1M or TFB2M are needed
for the transcription initiations (Falkenberg et al., 2002 ; McCulloch et al., 2002).
Without transcription factor TFAM, RNA polymerase is unable to recognize the
promoter or show very little non-specific activity. TFAM is the only transcription factor
which has known transcription initiation activity and goes to (high mobility group)
HMG family of proteins. Like other HMG factors, it can twist and open the DNA and
accomplished to rape up the mtDNA (Parisi and Clayton, 1991; Fisher et al., 1992). A
metabolically active cell comprises of a proportion of triple structure of non-coding part
called displacement loop (D-loop) in the mtDNA. The D-loop part is about 1 kb long,
contains the most regulatory origins for the mtDNA transcription and replication and it
is the most variable region in different species (Attardi and Schatz, 1988; Shadel and
Clayton, 1997).
The binding sites for the TFAM are found on the D-loop (H1 and L1) but the
transcription activity of LSP is higher than HSP1 (Fisher et al., 1987; Fisher and
Clayton, 1988; Ghivizzani et al., 1994). The binding of TFAM on the promoter region
of mtDNA makes the conformation changes allowing the RNA polymerase to initiate
the transcription (Shadel and Clayton, 1997). McCulloch and coworkers discovered the
protein TFB1M or another factor called TFB2M responsible for the enhancement of the
transcriptional rate. Both factors make hetero dimmers with RNA polymerase and one
of them with TFAM is required for the initiation of transcription from both H1 and L1
promoters, but do not seem to be essential for the transcription elongation (Falkenberg
et al., 2002). The 34 KDa protein mTERF is able to bend DNA and is required for the
transcription terminations. It has three leucine zippers to bend the DNA. It has been
known that it physically binds with RNA polymerase to terminate transcription (Shang
and Clayton, 1994; Fernandez-Silva et al., 1997).
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The earlier studies indicated that both mtDNA strands are entirely transcribed and the
transcription yields were recognized and categorized originally in cancerous cells.
Some of the structural topographies of mtRNAs are quite different e.g. rRNAs are much
shorter than cytosolic or bacterial rRNAs. In addition, they are methylated and comprise
a short 3‚ poly (A) tail of 1-10 nucleotides. While Mitochondrial tRNAs are also shorter
(59-75 nt) than their cytosolic or prokaryotic complements and have more or less
structural variances (Dubin et al., 1982).
1.2.6. mtDNA replication
The mtDNA replication is independent of nuclear DNA replication and occurs in the
mitochondrial matrix (Bogenhagen and Clayton, 1977). Replicative intermediate of
mammalian mitochondria indicates that the replication of mtDNA starts from two
independent origins in a unidirectional way. The replication begins at OH, it is placed
downstream of light strand promoter in the D-loop, and takes place with the parental Lstrand to synthesis a daughter H-strand ring. When H-strained replication reaches OL,
the parental H-strand is moved, the start site for light strand synthesis is open and its
replication begins and continues in the opposite direction generating a daughter light
strand (Shadel and Clayton, 1997). Heavy strand replication needs RNA primer
generated from the processing of the light strand transcripts (Fig. 1.9). Consequently,
mtDNA replication is dependent on the mitochondrial transcription and trans-acting
elements needed for the light strand transcription (Fisher et al., 1992). In addition to
these, other D-loop sequences CSBs and TASs join in the replication process.
Conserved sequence blocks (CSBs) region involved in the proper primer generations is
needed for the replication and it is conserved in all vertebrates (Walberg and Clayton,
1981). The 15 bp short TAS sequence is connected with the 3 prime ends of arrested
D-loop DNA strands (Doda et al., 1981). The mtDNA replication initiation can be
divided into four steps. (1) Generation of premature primer through transcription, (2)
cutting of newly synthesized R-loop structure having CSBs sequences, (3) maturation
of primer and extension of primer to generate the H-strand (Shadel and Clayton, 1997).
After the start of the H-strand replication, in most of the cases, the replication is arrested
in TAS sequence creating the D-loop structure (Clayton, 1982). The function of arrested
replication is unknown (Brown and Clayton, 2002). In mammals, the beginning of
replication of light strand is generally far from that of heavy strain. The replication
initiation of light strand occurs from short non-coding regions. The initiation needs the
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specific primase to generate the primer specific for the T-rich part of the stem-loop
structure. Once replication has been initiated it accedes beyond the whole length and
finishes after H-strand (Hixson et al., 1986). After finishing of replication of both
chains the daughter mtDNA must be separated and RNA primers must be removed and
resultant gaps must be filled and ligated. Subsequently, the tertiary structure must be
adapted to interact with other proteins (Lecrenier and Foury, 2000).

Figure 1.9: Schematic demonstration of the mammalian D-loop and transcription cessation
positions, presenting the key elements and elements participated in the transcription and
replication initiation program. The non-coding guiding D-loop area is displayed in light grey, the
rRNA coding region is denoted in white, the ND1coding region is shaded and the tRNA coding areas
appear in red. The H1 initiation point leads the transcription of the rRNA region and its action is linked
to a termination end demanding the existence of the transcription termination factor, mTERF, bound to
a tridecamer sequence inside the tRNA Leu region. The H2 initiation region directs the transcription of
the entire H-strand and is about 20 times less efficient than H1. L is the L-strand starting point that
produces the polycistronic transcripts for this strand and also gives rise to RNA precursors for initiation
of replication form H-strand. mtTFA transcription factor binds on the enhancer region of transcription
initiation site of H1 and L strand. Furthermore, it also binds on the other phased region of D-loop. A
ribonucleoprotein MRP RNase participated in the primary strand transcript of L-strand processing that
produces the primer for the replication of H-strand. A termination associated sequences (TAS) through
which DNA molecules blocked to produce the D-loop structure. mtRNA polymerase makes a
heterodimer with TFBIM or TFB2M transcription factor (Fernandez-Silva et al., 2003).

1.2.7. Other transcription factors and cofactors involved in mitochondria
biogenesis
Scarpulla and colleagues’ study of the transcription factors that enhance the biogenesis
and function of mitochondria led to the identification of (NRF)-1and GA-binding
protein (GABP) (Scarpulla, 2008). NRF-1 enhances the transcription of oxidative
phosphorylation gene, mitochondrial transporters and mitochondrial ribosomal proteins
(Virbasius et al., 1993a). Interestingly, NRF-1 increases the expression of TFAM,
thereby organizes the expression of nuclear DNA encoded mitochondrial genes and
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mtDNA encoded gene expression and replication. NRF-1 also interacts with PGC1-α,
β, and PRC cofactors to enhance the mitochondrial gene expression (Scarpulla, 2008).
As a continuation of their study, Scarpulla and colleagues identified NRF-2. It is
composed of two distinct subunits: GABPα and GABPβ. The GABP binding sites have
been found on the Cox IV and TFAM (Virbasius et al., 1993b). Moreover, motifs
having the binding site for NRF-2 have been found on many proteins related to
oxidative phosphorylation. Knockdown of NRF-2 inhibits the expression of all 10
nuclear-encoded Cox genes as well as TFAM and TOM20, a component of import
machinery (Mootha et al., 2004). In addition to this NRF-2 recruits the PGC-1α and
PRC to further increase the expression of NRF-2 target genes (Handschin et al., 2007;
Vercauteren et al., 2008). Continuous effort into the discovery of mitochondria-related
TFs that control mitochondrial gene expression led to the discovery of peroxisome
proliferator-activated receptors (PPARs) (Scarpulla, 2008; Evans et al., 2004). A major
breakthrough in mitochondria field to understand the different gene subgroups that are
coordinately regulated was the identification of PPARγ coactivator-1α (PGC- 1α) as a
transcriptional coactivator of NRF-1 and NRF-2 (Puigserver et al., 1998; Wu et al.,
1999). PGC-1α also directed to the identification of other cofactors PGC-1β and PRC
to enhance the mitochondria biogenesis (Handschin and Spiegelman, 2006; Villena and
Kralli, 2008). The mitochondria biogenesis is an adaptive response. It is not always
meet to the mitochondrial function. For some specialized function, the subset of genes
is responsible to meet the criteria. More than 50% of mitochondrial genes are tissuespecific and fulfill the demand of the required functions and different physiological
states (e.g., expression of UCPs upon introduction to cold or after a meal, foremost to
increased thermogenesis) (Mootha et al., 2003).
1.2.8. Some major signaling pathways regulate the mitochondrial biogenesis
1.2.8.1. mTOR signaling pathway
The target of rapamycin is a extremely conserved (from yeast to mammals)
serine/threonine kinase, belonging to phosphoinositide-3-kinase (PI3K)-related kinase
(PIKK) family of proteins. It is comprised of two structurally and functionally different
complexes, mTORC1 and mTORC2 (Laplante and Sabatini, 2012). mTOR is activated
by a multiple different upstream signals e.g., growth factors, nutrients, cellular energy,
O2, and stresses, through the phosphatidylinositol 3-kinase (PI3K)/AKT pathway.
Growth factors such as insulin, (IGF-1), VEGF and EGF, stimulate PI3K and activate
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AKT. In response, AKT inhibits the TSC1/2 and PRAS40 (repressors of mTORC1), as
a result mTOR is activated. Nutrients e.g., glucose and amino acids such as leucine are
also potent mTORC1 stimulators. Upon activation, mTOR phosphorylates its several
key downstream targets including 4E-BP1 and P70-S6K to regulate, protein synthesis,
ribosome biogenesis and cell growth (Laplante and Sabatini, 2012).
mTORC1 controls the mitochondria biogenesis at both transcriptional and translational
levels. Cunningham et al have reported that mTORC1 accumulates in the nucleus and
controls the activity of PGC1-α and its interaction with YY1 (Cunningham et al., 2007).
At translational level, mTORC1 regulates mitochondrial function and biogenesis by
solely stimulating translation of nuclear-encoded mitochondria-related mRNAs via
inhibition of the eukaryotic translation initiation factor 4E (eIF4E)-binding proteins
(4EBPs) (Morita et al., 2013). Stimulation of the translation of nucleus-encoded
mitochondria-related mRNAs stimulates ATP creation ability of mitochondria, a
required energy source for translation. mTOR activation rises the mtDNA copy number
and gene expression participated in mitochondrial metabolism. The genetic deletion of
mTOR reduces the mDNA copy number and gene expression of oxidative
phosphorylation (Liu et al., 2017).
1.2.8.2. AMPK signaling pathway
AMP-activated protein kinase (AMPK) acts as energy sensor, upon increase of
AMP/ATP it is activated and shuts down the ATP consuming processes and activates
catabolic pathways including autophagy. Several downstream effectors of AMPK
regulate multiple components of mitochondria. However, as none of them shows bulk
effect indicating that the combined effect may regulate the mitochondria biogenesis.
Most genes involved in mitochondrial metabolism seem to be under the actions of the
PGC1 family (Puigserver et al., 1998; Wu et al., 1999) through interaction with
estrogen-related receptors (ERRs) and to a lesser extent with PPAR family of
transcription factors (Eichner and Giguere, 2011). Interestingly, the AMPK activation
increases the overexpression of several oxidative phosphorylation genes mediated
through PGC1-α. AMPK phosphorylates the PGC1α. The function of mitochondria is
maintained by the cycle of fusion and fission. Metabolically active mitochondria make
the tubular shape called the fusion while inactivated or damaged mitochondria are
divided called fission. Upon stress condition AMPK increases the fission and removes
the damaged mitochondria by a process called mitophagy and maintains the healthy
and active mitochondria (Toyama et al., 2016).
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1.2.8.3. p53 pathway
It is well known that p53 acts as the guardian of the genome. At least three independent
studies have shown that p53 also regulates the mtDNA homeostasis (Lebedeva et al.,
2009; Kulawiec et al., 2009; Park et al., 2009). Knockdown or knock out of p53 reduces
the mtDNA copy number, mitochondrial mass and its oxygen consumptions (Lebedeva
et al., 2009). The early report of a link between p53 and mitochondrial respiration
showed that the p53 regulated the synthesis of cytochrome c oxidase 2 (SCO2) (Zhou
et al., 2003; Matoba et al., 2006). Cells lacking in SCO2 cannot respire properly due to
defects in cytochrome c oxidase complex, and notably, they show high ROS levels and
oxidative DNA damage (Sung et al., 2010). This observation established that the
systematic transfer of high energy reducing equivalents (NADH) produced by
glycolysis to molecular oxygen in mitochondria during respiration can help to reduce
the total cellular ROS levels. Thus, the elevation of respiration by p53 is agreed with
previous work indicating that p53 can have strong antioxidant activities to protect the
genome (Budanov et al., 2004; Sablina et al., 2005). Additionally, p53 deficient mice
reduce the TFAM mRNA and protein level further suggested the strong relation of p53
to mitochondria (Park et al., 2009).
1.2.9. Mitochondria as a hub of metabolism
It is well known that mitochondria are the powerhouse of the cell. It is due to the fact
that it provides most of the cellular energy in the form of ATP through oxidative
respiration. The oxidative phosphorylation is a metabolic pathway in which the
enzymes coordinate to make the complexes fixed in the mitochondrial inner membrane
to perform the redox reactions to generate energy. In the mitochondria, the Kreb cycle
or TCA cycle produces the electron carrier in the form of NADH or FADH (Fernie et
al., 2004). In turn, these carriers donate the electrons to the ETC complexes to produce
energy.

1.2.9.1. Mechanism of ETC to produce energy and recycled the electron carrier
The ETC complexes consist of 4 electron transporting complexes and 2 soluble
proteins, cytochrome c and coenzyme Q. The complex 1 and 2 transfer 1 and 2 electrons
respectively from NADH2 and FADH2 to the coenzyme Q. The coenzyme Q donates 2
electrons to complex 3 and complex 3 shuttles 1 electron to cytochrome c. The complex
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4 accepts an electron from cytochrome c to reduce the O2 to H2O. (Reichert and
Neupert, 2004; Mitchell, 1961). These reduction/oxidation (redox) reactions make the
conformational changes in ETC complexes to pump protons into the inner membrane
space to generate the electrochemical gradient called mitochondrial membrane
potential (MMP). The ATP synthase uses this driving force of electrochemical gradient
to pump proton back to generate the ATP by phosphorylating ADP (Reichert and
Neupert, 2004). In this way, NAD and FAD are recycled and bring electron to ETC.
The other processes such as import of the mitochondrial protein from inner membrane
also depend on the MMP (Neupert and Herrmann, 2007). The respiratory complexes
are generally defined as freely moving, via a random-collision model (Hackenbrock et
al., 1986), however mounting evidence supports a solid-state model (Chance and
Williams, 1955). A strong connection between the respiratory proteins minimizes
electron leakage and subsequently ROS generation. However, the electron during
transport can leak and react with oxygen to produce superoxide, the ancestor for ROS.
The complex one and complex three are the primary sources for ROS generation.
Complex II also contribute at a lower rate in ROS generation (Ott et al., 2007; Norberg
et al., 2010).
1.2.9.2. The TCA cycle
In mitochondria, the TCA cycle is a continuous enzymatic reaction that plays an
important role in the aerobic respiration. The small catabolic units of the
macromolecules such as carbohydrates, lipids, proteins, and nucleic acid oxidize in the
TCA cycle to produce energy through ETC and intermediates for biosynthesis. There
are several ways of small molecules to enter in TCA cycle. During glycolysis, glucose
catabolizes to produce pyruvate in the cytosol which is converted into the acetyl CoA
in the mitochondria that joins with 4 carbon-containing molecule oxaloacetate to enter
into TCA cycle in the form of citrate (Fig 1.10). In addition to this, pyruvate can also
be converted to an oxaloacetate a constituent of TCA through carboxylation. In the case
of lipid metabolism, long chain fatty acids are oxidized through β oxidations to produce
2 carbon per cycle to make acetyl COA and enter into TCA. Furthermore, in
glutaminolysis, catabolism of glutamine into glutamate is subsequently converted into
α ketoglutarate to enter into TCA cycle (Owen et al., 2002). Besides catabolism,
mitochondria are also a source of intermediates for anabolism. The TCA cycle
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intermediates exit cycle and are converted into the building blocks of the
macromolecules such as lipid, proteins carbohydrates, and nucleotides. For example,
citrate is exported from the mitochondria to the cytosol to produce acetyl CoA to
synthesize the fatty acids for the lipid synthesis (Owen et al., 2002). TCA metabolites
also act as cofactors for several enzymes such as DNA modifying enzyme, histone
acetylation/ deacetylation, and methylation/demethylation. The other critical role of
mitochondrial metabolism is to synthesise the heme, Fe-S cluster and control the
ketogenesis as well as urea cycle (Cheng and Ristow, 2013; Nunnari and Suomalainen,
2012). The ETC and TCA cycle are coupled with each other to regulate the
mitochondria metabolism to maintain the overall cellular metabolism.

Figure 1.10: Schematic main metabolic pathways in somatic cells. A typical somatic cell relay on
mitochondria respiration for energy and biosynthesis. Simply glucose oxidized into pyruvate in the
cytoplasm and enter into mitochondria for further oxidation in the form of acetyl-CoA. The acetyl-CoA
either enter into TCA or to generate the fatty acids. Furthermore, a low level of glycolysis also
participates in Amino acid synthesis and nucleotide synthesis (Chen and Chan, 2017).

1.3. Mitochondria in early development
All mitochondria are maternally inherited and during early embryogenesis, the number
of mitochondria remains constant because expression of transcription factors involved
in the replication of mtDNA have not been initiated until the implantation (Harvey et
al., 2007). Consequently, the number present in the mature oocyte (meiosis II or MII)
remains constant and diluted in each cell division after fertilization (Fig. 1.11)
(Shoubridge and Wai, 2007; El Shourbagy et al., 2006; Van Blerkom, 2004; Van
Blerkom, 2008). At the implantation, the first trophoectoderm than the whole blastocyst
express the mitochondrial factors necessary for the mitochondria biogenesis. In oocyte
and early developmental stages, the mitochondria are small in size, round shape and
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have less develop cristae as compared to differentiated cells but they are active to
produce the ATP through electron transport chain. The number of functional
mitochondria determines the competency of the oocyte for fertilization and normal
development (Cummins, 2002; Reynier et al., 2001) while the abnormal mitochondrial
structure, cristae or swelling of the membrane significantly contribute to the age-related
reduction in fertility. In early development, the role of mitochondria is critical in many
species including, human, mouse, and rabbit as inhibition of mitochondria by using
chemicals showed a significant reduction in oocyte cleavage. During the cleavage stage
of the embryo, mitochondria gradually become more dense, large in size and functional
(Motta et al., 2000).
Indeed, the mitochondrial number is very critical to determine the maternally inherited
respiratory disorder in offsprings. The coexistence of normal and abnormal
mitochondria in oocytes is called heteroplasmy. Generally, cells with more than 60%
of abnormal versus normal mitochondria show abnormal phenotype (Christodoulou,
2000; Chinnery and Turnbull, 1999).
Along with ATP production, the mitochondria are a major site for the calcium
buffering. Increased level of cytoplasmic calcium is important for the oocyte activation
and fertilization. It also activates respiratory enzyme for the ATP generation. In
summary, all of these data indicate that the mitochondria play a central role in oocytes
and early development.
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Figure 1.11: Metabolic dynamics during early development. During early development, the whole
cellular metabolism is dramatically remodeled including mitochondrial metabolism. The zygote relies
on mitochondrial respiration due to the maternal inheritance of mitochondria. Subsequently, the
mitochondria diluted as progressively rapid cell division and cells rely on glycolysis. The biosynthesis
program of mitochondria began after implantation. PPP, pentose phosphate pathway (Folmes et al.,
2012).

1.3.1. Mitochondria and pluripotency
Pluripotent stem cells are specialized cells due to their self-renewal ability and hence
can differentiate to any type of three germ layer cells. Which suggest them as the model
for gene therapy, drug screening, and disease modeling. Several studies have shown
great connection of mitochondria with stem cells maintenance (Ahlqvist et al., 2012;
Folmes et al., 2011; Lapasset et al., 2011; Prigione et al., 2010; Zhang et al., 2011;
Zhou et al., 2012). Mitochondria are less active in pluripotent stem cells but still, its
metabolism plays a major role in the high expression of pluripotency markers under the
self-renewal condition (Mandal et al., 2011). Embryonic stem cells use anaerobic
glycolysis as compared to somatic cells which use the aerobic glycolysis (Folmes et al.,
2011; Kondoh et al., 2007; Prigione et al., 2011). In contrast to somatic cells, glycolysis
provides intermediate metabolites to support stem cell proliferation. Although
glycolysis offers less energy than mitochondria but provides in an efficient way for the
rapid proliferation. Additionally, it reduces the ROS level to help maintain the
pluripotency. The increase of glycolysis by induction of hypoxia or inhibition of
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mitochondria enhances pluripotency (Ezashi et al., 2005; Varum et al., 2009). An
increase of mitochondrial activity by over-expression of transcription factors or
inhibition of glycolysis by chemicals or genetic modulation inhibit the pluripotency
(Kondoh et al., 2007; Prowse et al., 2012). Mitochondria in somatic cells possess welldeveloped cristae, globular and elongated morphology, and dense matrix while in
pluripotency cells, mitochondria are a round shape, less developed morphology, with
less dense cristae. All of these characters indicate that mitochondria are immature and
less active in pluripotency cells (Chung et al., 2010; Facucho-Oliveira and St John,
2009; Prigione et al., 2010; St John et al., 2005; Suhr et al., 2010). Interestingly, it has
been suggested that mitochondrial DNA copy number, morphology, and activity can be
used as a pluripotency marker (Lonergan et al., 2007). Although pluripotent stem cells
favor glycolysis for the energy production still PSC possess functional respiratory
complexes. The uncoupling of glycolysis from OXPHOS in PSC is still unclear. There
are several clues to support the uncoupling of glycolysis from mitochondrial respiration
by uncoupler protein UCP2 to shut pyruvate out from mitochondria or high expression
of glycolysis enzyme HK1, or less expression of pyruvate dehydrogenase complexes
(Varum et al., 2011).
Earlier studies have shown that the mitochondrial mass and mtDNA copy number is
low in PSC as compared to somatic cells, while recent studies have shown that the
mitochondrial mass, mtDNA copy number and activity when normalized with
mitochondrial proteins or cellular protein are same as in somatic cells (Birket et al.,
2011; Zhang et al., 2012). The mtDNA copy number depends on the nuclear-encoded
protein, mtDNA specific polymerase gamma (POLG) methylations in tissue-specific
manner (Kelly et al., 2013). Inhibition of POLG through siRNA induces reduction of
pluripotency gene Oct4 and increases the differentiation marker Brachyury (FacuchoOliveira et al., 2007). Along with this inhibition of mitochondria protein Gfer, reduce
the expression of Oct4, Nanog and SSEA in mouse ESC through dynamin-related
protein 1 (Drp1). Inhibition of Drp1 rescues the phenotype of Gfer. These data
demonstrated that the mitochondrial structure and function is important for the function
of PSC (Todd et al., 2010).
1.3.2. Mitochondria during differentiation
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During generation of pluripotency, a specific transformation of mitochondrial
metabolism occurs to meet the need of high proliferation rate of pluripotent stem cells.
Similarly, differentiated cells need remodeling of mitochondria to meet the high
energetic demand for the specialized function of differentiated cells while less anabolic
precursors for the proliferation. Consequently, the proliferation rate reduces in the
differentiation cells (Folmes et al., 2012). Therefore, significant changes occur in the
mitochondria during differentiation of pluripotent cells. The mitochondria morphology
becomes more mature and dense, mtDNA copy number is increased and they are
dispersed throughout the cytoplasm (Facucho-Oliveira et al., 2007; Lonergan et al.,
2007; Prigione et al., 2010; Suhr et al., 2010). Additionally, accumulative evidence has
shown that several changes occur in the function of mitochondria including an increase
in the expression of TCA cycle enzymes and ETC complexes protein encoded by
mtDNA. OCR and ROS level are increased while the expression of glycolytic enzymes
is decreased during differentiation (Armstrong et al., 2010; Chung et al., 2007; Prigione
et al., 2010; Tormos et al., 2011). The metabolic shift from glycolysis to OXPHOS is
necessary for the differentiation and transition from OXPHOS to glycolysis is important
for the establishment of pluripotency. The inhibition of a glycolytic enzyme or 2deoxyglucose, an analog of glucose inhibits the pluripotency while inhibition of
respiration increases pluripotency and blocks differentiation (Chung et al., 2007;
Mandal et al., 2011). Moreover, UCP2 increases the production of lactate and its
inhibition induces differentiation. Its knockdown has no effect on the proliferation.
Collectively, these results indicate that UCP2 plays a crucial role in the maintenance of
pluripotency. The main differences of mitochondria between PSC and differentiated
cells are given in Fig.1.12.
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Figure 1.12: Mitochondrial and metabolic differences between pluripotent stem cells and
differentiated cells. During differentiation of ESCs, mitochondria undergo through a process of
remolding and maturations. Subsequently the metabolic state is switched from glycolytic to oxidative
phosphorylation. During this mtDNA copy number, mass and activity is increased. While during
reprogramming of somatic cells to induced pluripotent stem cells the whole mitochondrial content is
remodeled (Xu et al., 2013).

1.3.3. Cellular metabolism and embryonic stem cell
Cellular metabolism is an interconnected network of chemical reactions with cell
signaling. Specific cell type needs unique metabolism program for their specialized
function and to maintain the specific state. The metabolism is a straightforward
important process for the synthesis of building blocks of macromolecules for the
proliferation of cell as compared to the less clear context, cell fate transition processes
mediated by the epigenetic modifications to activate or suppress the specific genes
(Ryall et al., 2015). The metabolic demand is defined in each state such as the
pluripotency state, lineage specification, and quiescence. For example, the energetic
demand of the differentiation cell is not full filled by the metabolic system of
pluripotent stem cell or differentiated cell metabolic system cannot be full filled by the
metabolic system of quiescence cells. Growing evidence indicates that the connection
between metabolites and epigenetics plays a strong role in cell fate transitions e.g.
transition of PSC to differentiation cells. Proliferating cells do not only require ATP
67

and carbon, nitrogen, and oxygen for the proliferation but also need reducing factors
NADPH (Vander Heiden et al., 2009; Zhang et al., 2012). The whole consumptions of
all available substrates cannot full fill the requirements of the anabolism rather than
partial consumption of glucose through glycolysis and PPP pathways to produce the
ATP, cofactors, small metabolites, and other substrates to fulfill the anabolic need of
the PSC (Fig. 1.13). Indeed, increased rate of glycolysis is needed for cell
immortalization and to increase the lifecycle (Kondoh et al., 2005). In the presence of
high glucose, the ATP production through glycolysis surpasses that of OXPHOS
(Guppy et al., 1993). Due to the immature state of mitochondria in PSC the glycolysis
dependent anabolic pathways are enriched in PSC (Cho et al., 2006; Chung et al., 2007;
Folmes et al., 2011; Kondoh et al., 2007). Stimulation of glycolysis through hypoxia in
PSC increases the proliferation (Ezashi et al., 2005; Mohyeldin et al., 2010) while
inhibition of glycolysis induces cell death in PSC (Chen et al., 2011; Kondoh et al.,
2007). PSC also need a high concentration of threonine amino acid for the anabolism,
while in the absence of threonine PSC undergoes through loss of pluripotency and
reduction of the proliferation (Wang et al., 2009). The core components of pluripotency
network such as Oct4, Nang, and Sox2 regulate the switch from OXPHOS to glycolysis
through STAT3 a master regulator of OXPHOS to glycolytic switch (Chen et al., 2008;
Demaria et al., 2010). The Oct4 has several targets of energy metabolism which may
regulate the switch between glycolysis and OXPHOS (Chen et al., 2008; Kang et al.,
2009; Shakya et al., 2009). The loss of Oct1, one of the members of the Oct family,
induces the switch from glycolysis to OXPHOS (Shakya et al., 2009). Moreover,
polycomb repressors complex, a chromatin modifier, promotes the pluripotency also
targets the metabolic enzyme within their gene sets (Brookes et al., 2012; Dang, 2012).
Additionally, ERK and GSK-β kinase inhibitors (2i), which promote the pluripotency
also upregulate the genes associated with metabolism (Marks et al., 2012). Thus key
stemness transcriptional network, regulates the metabolism to promote PSC
homeostasis.
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Figure 1.13: Metabolism in pluripotent stem cells. Both anabolism and catabolism coordinately
provide sufficient energy and macromolecules for the stemness and proliferation of stem cells. The
mitochondria metabolism would not full fill the demand of subunits for the anabolism so pluripotent
stem cells reduce the mass and function of mitochondria to depend on glycolysis and pentose phosphate
pathways to meet the demand of stem cells biosynthesis. Even though, these pathways produce very less
energy as compared to mitochondria but provide hydrocarbon and NDPH a reducing cofactor for
biosynthesis. To maintain high glycolysis level, the pool of NAD must be maintained through pyruvate
to lactate conversion by lactate dehydrogenase enzyme which is highly expressed in stem cells. (Folmes
et al., 2012).

1.4 Compounds that can affect pluripotency/differentiation of embryonic stem cell
There is a rising interest in the natural compounds that affect pluripotency and
differentiation of ESCs. Alagrafi et al (2017) investigated that the chloroform extract
of R. stricta induces cell differentiation in pluripotent embryonal carcinoma cell lines
(NT2). There is a corresponding interest in the discovery of agents from R. Stricta that
affect the self-renewal, pluripotency and drive differentiation in pluripotent stem cells.
One of the natural compounds present in R. stricta is for its effect on pluripotency and
differentiation of pluripotency.
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1.5 Aims and objectives
The aims and objectives of the present study were
1. Comparison of mitochondrial properties between somatic cells and naïve mouse
embryonic stem cells.
2. Pharmacological and genetic perturbation of mitochondrial respiration in naïve
mouse embryonic stem cells.
3. Characterization of mitochondrial inhibited respiration induced phenotype in
naïve mouse embryonic stem cells.
4. Evaluation of the global impact of mitochondrial respiration on naïve mouse
embryonic stem cells through measurements of non-targeted metabolomics,
transcriptomics, and proteomics.
5. Evaluation of the ursolic acid on mESCs.
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Chapter # 2
Materials & Methods
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2.1. Cell culture
2.1.1. Somatic cell culture
NIH3T3, HEK-293, and 293T cells were cultured in serum based-media. Briefly, cells
were digested with 0.5% trypsin, in 5 % CO2 for 5 minutes. Subsequently, 2 ml fresh
medium was added and collected into 15 ml tube and centrifuged at 200g for 3-5 minutes.
The medium was changed with fresh medium. Cells were counted through cell counter. 50,
000 cells/well of 6 well plates were seeded at d0 on gelatin or without a gelatin-coated plate
and the medium was replaced every day for 3-4 days and passaged after every 3-4 days.
Note. Media composition for all types of cell culture is given as Appendix A.
2.1.2. Embryonic stem cell culture
Mouse E14 and OG2 ESCs were maintained on gelatin in N2B27 based 2i + lif medium or
on feeder cells in serum + lif based-medium. Briefly, cells were digested with Tryple or
0.25% trypsin in the CO2 incubator for 3-5 minutes. 5-10ml fresh medium was added and
centrifuged. Cells were counted and 70,000 cells per well of 6 well plates were seeded and
passaged after every 3-4 days.
2.2. Preparation of feeder cells
Principle: Feeder cells are MEF cells, commonly used for the early stage of derivation and
culture of ESCs. Feeder cells are inactivated by gamma irradiation or mitomycin C and in
the culture of ESCs, they serve as a basal layer. They support proliferation, undifferentiated
growth and maintenance of pluripotent stem cells via excretion of important metabolites or
growth factor without further growth or division of their own.
Procedure: ICR or CF.1 mouse strains were used to generate feeder cells. MEF cells were
isolated from mouse embryos and cultured on 150 mm Petri dishes until 90-100%
confluent. Culture medium was changed with fresh medium containing 10 uM mitomycin
C and cells were incubated for 3 h at 37 °C. The medium was removed, cells were washed
with defined phosphate buffered saline (DPBS) three times and trypsinized. After counting,
cells were frozen at a density of around 500,000 per 500ul of cell banker buffer per tube.
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For mouse ESC cultivation, feeder cells were seeded on 0.1% gelatine pre-coated culture
dish.
2.3. Cryopreservation
Principle: Cryopreservation is a condition used for the preservation of cells or tissues in
intact form at very low temperature. For cryopreservation cells should be in the late log
phase, healthy and free from contaminations. It is important to minimize ice crystal
formation which may rapture the cell membrane, leading to cell death. Therefore,
cryopreservatives like dimethyl sulfoxide (DMSO) or glycerol are used to protect the cells
from mechanical and physical stress and to reduce water content within the cells, thus
decreasing the formation of ice crystals.
Procedure: For fibroblasts and 293T cells FBS (fetal bovine serum) containing 10 %
DMSO was used. Cells were harvested, centrifuged and counted. Cells were resuspended
in appropriate freezing medium, transferred in cryovials and placed in a freezing box at 80 °C or in liquid nitrogen tank. For pluripotent stem cells, a serum-free medium (CB.100
– Cell Banker) was used (Pegg, 2015).
2.4. Cell thawing
Principle: When thawing cryopreserved cells, time is the very important factor.
Cryopreserved cells are very fragile therefore immediate placement into pre-warmed
culture medium is essential. Since DMSO is toxic for cells it is important to remove the
cryoprotectant by dilution of the sample and by washing the cells.
Procedure: The cryovials from liquid nitrogen or -80 were immediately put in a 37 °C
water bath until only a small ice crystal remained. The cell suspension was then transferred
into a centrifugation tube and around 10 ml of medium was slowly (drop by drop) added.
The tube was knocked gently to mix the medium with cells. Cells were centrifuged for 3
minutes at 200x g and the supernatant was removed. The pellet was resuspended in the
culture medium and cells were cultured in 5 % CO2 incubator at 37 °C.
2.5. Monolayer cell differentiation
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Principle: Monolayer differentiation is commonly used to access the differentiation
capability of embryonic stem cells.
Procedure: Routinely, the naïve ground state mouse stem cells are cultured in 2i plus lif
in the N2B27 medium on gelatin. We used these cells for the monolayer or spontaneous
differentiation. Briefly, before cell lysis, cells were observed under microscope to check
the health and confluency of cells. Cells were lysed by using 0.5 ml of Tryple per well of
p6 well plate in 37 oC for 3 minutes. Cells were centrifuged and resuspended in monolayer
differentiation medium (N2B27- PD, CHIR, and Lif). Cells were counted and 0.1 Million
were seeded on 0.1 % gelatin-coated plate. Differentiation medium was replaced every day
and samples were collected for analysis at various time points.
2.6. RNA extraction, cDNA preparation, and q-PCR
Principle: This method is used to access the gene expression at the RNA level.
Procedure
Samples preparations: Growing cells were taken from CO2 incubator and observed under
microscope before lysis. Cells were washed with DPBS twice. 500ul of RNAzol@RT
reagent was added and mixed with the pipette many times and samples were collected in
1.5 ml EP tubes. Samples were stored in -80 or continued for RNA extractions.
RNA extraction: Fresh samples or from -80oC were taken and 200ul of RNase free H2O
was added and incubated for 15 minutes on ice. Centrifugation was done at 12,000 g for
15 minutes. The supernatant was taken in EP tube and an equal volume of isopropanol was
added and incubated for 15 minutes on ice. Centrifugation was done at 12,000 g for 10
minutes. The supernatant was removed and palate washed twice with 75% ethanol.
Centrifugation was done at 4000 g for 3 minutes. The supernatant was removed and palate
was left to air dry for 20 minutes. H2O was added according to the quantity of palate and
samples were incubated at 65 oC for 10 minutes and concentration was measured by using
Nano-drop.
Reverse transcription or cDNA preparation
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There are 2 steps in reverse transcription
Step 1: Preparation of mixture 1 and 2
Mixture 1: 2ug of RNA was taken and 0.5ul of oligo dT primer was added and volume
was raised with RNase free H2O up to 13ul. Samples were spanned down, vortexed and
span down again then samples were loaded into the RT-PCR machine. The program was
set as 80 oC for 5 minutes. When time was over, the PCR tubes were immediately
transferred to the icebox for 5 minutes.
Mixture 2: 4ul of 5x RT buffer, 2ul of dNTP, 0.4ul of RT Ace and 0.6ul of RRI were
mixed. 7ul of mixture two was added to the PCR tube having mixture one. Both mixtures
were mixed and loaded into PCR machine. The program was set as, 42 oC for 65 minutes,
95oC for 5 minutes, and hold at 16 oC. After completion of PCR, cDNA samples were
stored at -20 for a long time or continued the Q-PCR.
Step 2: Q-PCR
Stage 1: Both forward and reverse lyophilized primers were centrifuged at 12,000 rpm for
two minutes. The primers were diluted with RNase free water up to 100uM.
Primer mixture stage one: 2.5ul F.P and 2.5ul R.P were taken and 95ul ddH2O was added
Primer mixture stage two: 2ul of primers from primer mixture one was taken and 10ul of
SYBR green was added.
Stage 2: 1ul of 50 times diluted cDNA was taken and 49ul of ddH2O was added. 8ul of
cDNA was taken and 12ul of primer mixture stage 2 was added. Samples were mixed and
centrifuged. Samples were loaded into 7300/7500 Q-PCR machine. After completion of
QPCR, data were analyzed.
2.7. Western blotting
Principle: This method is used to access the gene expression at the protein level
Procedure
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Preparations of different buffers
Preparation of 100 ml of RIPA buffer: 0.8766g of NaCl, 0.25g of sodium deoxycholate,
100ul of 0.1 NP-40, 100ul of 0.1Triton, 1 ml of 10% SDS were mixed and volume was
raised up to 100 ml with dH2O. 7.5 pH was adjusted with 1 M Tris HCl.
Preparation of 10x SDS-PAGE buffer: 120.8g of tris-base, 750g of glycine and 40g of
SDS were dissolved in dH2O and volume was raised up to 4L with dH2O.
Preparation of 10x Transfer buffer: 120 g of tris-base and 576.8g of glycine were
dissolved in 4L of dH2O.
Preparation of 10x TBST buffer: 96.9g of tris-base and 352g of NaCl were dissolved in
the 1-2 litter of dH2O and then the volume was raised up to 4 L with dH2O. The pH.8 00
was adjusted with absolute HCl.
Preparation of 100 ml of 5x loading buffer:

Preparation of protein lysis buffer: 400ul/well of p6 well plate of RIPA buffer,
supplemented with 10mM Na3VO4, 50mM NaF, protease inhibitor cocktails (Roche)
and1mM phenyl methyl sulphonyl fluoride were used.
Protein samples collections: Growing cells were taken from the CO2 incubator and the
medium was removed and washed twice with DPBS and 400ul of RIPA buffer were added
in per well of p6 well plate. The plate was quickly transferred to the ice for 15minuts.
Protein samples were scrape and collected into EP tube. The samples were transferred on
ice to continue the western blotting or stored at -80 for a long time.
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Protein samples preparation for western blotting: The protein samples were taken and
ultrasonicated for five cycles at 4 oC. After sonication, 100ul of 5x loading buffer with 5%
β-mercaptoethanol was added to 400ul of samples. The samples were incubated for 5
minutes at 100 oC. The samples were used immediately or freeze at -80 for a long time.
Note: The 5x loading buffer can be stored at room temperature for one month after adding
the B mercaptoethanol. The 5x loading buffer usually precipitates during storage because
of the high concentration of SDS, therefore, it was placed in a water bath to dissolve before
use. In the preparation of the 5x loading buffer, the SDS and BPB were first dissolved in
Tris-HCl and water and then glycerol was added.
Western blotting: 1.5mm glass plates were washed and dried with an air dryer. Clips were
used to assemble the plates. The glass plate stand with rubber was used to stand the plates.
Preparation of lower gel:7 ml of gel were used per plate. The H2O, acrylamide gel, TrisHCl (pH 8.8), SDS, APS, and TEMED respectively were added. After preparation, the gel
was poured into glass plates and 1ml of isopropanol was added to avoiding the bubbles.
The gel was left for solidification.
Note: The different percentages of gel were used for the different size of the protein.
Preparation of upper gel: The components and their sequence were same as mentioned
above, for lower gel only Tris-HCl having pH 6.6 was used and volume 3 ml/plate was
used. The isopropanol was replaced with upper gel and comb was placed.
Preparation of 1x SDS-PAGE buffer: 100 ml of 10x SDS-PAGE buffer was taken from
stock solution and volume was raised with dH2O up to 1000ml.
After solidification comb was removed and the gel was placed in a gel tank. 1x SDS-PAGE
buffer was poured. Samples and protein marker were loaded. After loading the samples gel
was run for 55 minutes at 160 voltage.
Preparation of 1X transfer buffer: 100 ml of 10x transfer buffer was taken from stock
and 15% methanol was added. The volume was raised up to 1000 ml. Mixed and was kept
in -20.
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The PVDF membrane 5.5cm width and 8.5cm length were used. The PVDF membrane
was marked from one side and dipped in methanol for few minutes.
Note: Methanol is used for the activation of the membrane.
After running, the gel was taken, washed with tap water and unwanted part of the gel was
removed by using the plastic cutter. Every step was done in transfer buffer and everything
was kept wet in transfer buffer. The transfer stuff was placed as first, sponge; second, 3
filter papers; third, membrane; fourth, gel; fifth, 3 filter papers; and sixth, sponge. The
whole stuff was transferred into protein transfer tank and transfer buffer was poured. The
transfer was done on the ice box.
Preparation of blocking solution:5% Milk without fat generally used as a blocking
solution. 2.5 g of dry milk was dissolved in 50 ml of TBST.
After the completion of the transfer, the membrane was blocked into blocking solution for
1 hr on the shaker. The membrane was cut into small strips near to required band according
to the marker.
Preparation of primary antibody:0.4ul of primary antibody in 400ul of 5% milk per strip
of the membrane was used and incubated for 1 hr in the small box on the shaker incubator
at room temperature.
The primary antibody was washed 5 times (5 minutes each time) on a shaker with washing
buffer.
Preparation of 1X washing buffer: 100ml of TBS from 10x was taken and 1 ml of
polysorbate 20 was added and volume was raised up to 1000 ml.
Preparation of secondary antibody: 2000-3000 times of dilution of secondary antibody
was used. It was also prepared in milk. After washing the primary antibody, the strip was
incubated with secondary antibody for one hr on shaker incubator. After incubation, the
strip was washed with TBST for five times each time with five minutes.
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After the completion of washing the membrane was dipped in enhanced
chemiluminescence (ECL) solution and was exposed to the machine for protein detection
and data were analyzed.
2.8. shRNA
Principle: shRNA or small hairpin RNA is a small sequence of RNA used to block the
expression of targeted genes at the RNA level subsequently protein level decrease result
blockade of the function of targeted genes. Typically small shRNA molecules are created
specifically complimentary of mRNA of targeted genes. Sometimes binding of shRNA
with mRNA lead to its degradation or shRNA integrated into the genome and blocked the
expression of genes for a long time but it depends on the type of vector in which shRNA
being cloned(Moore et al., 2010).
Tools: Primer premier software, dharmacon.gelifesciences.com/design-center, and NCBI
website were used to design the shRNA.
Procedure: The accession no or gene ID of the gene of interest was taken from NCBI and
was placed in the dharmacon.gelifesciences.com/design-center site. The blast was done
and shRNA designed option was chosen. After a few seconds, it was showing the number
of open reading frame (ORF) and start position. First, 6-8 ORF was selected. The FASTA
sequence format of a gene from NCBI web was copied and pasted into primer premier
software. Sense and antisense primers were designed.
Note: 4 primers 2 senses and 2 antisenses (1 and 4 is sense and 2 and 3 is antisense) were
designed.

Note: red color shows the vector sequence
2.9. Molecular cloning
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Principle: Molecular cloning is a biological process for the synthesis of multiple copies of
same molecules. Molecular cloning is usually used to amplify DNA fragments. It is
commonly used in biological experiments and practical applications ranging from genetic
fingerprinting to large-scale protein generation.
Procedure
Some common points
1. Any frizzed regent was melted to liquid, mixed and span down before use.
2. All the enzyme reaction mixtures were prepared on ice
3. The enzyme was the last component to added in the mixtures,
Primer rehydration: lyophilized primers were centrifuged at 12000 rpm for 2min. ddH2O
was added and mixed. The final concentration was 100umol/L (or 100pmol/ul).
PCR:
Quality control:
1. Positive control: A known reaction mixture was used.
2. Negative control: 1ul of H2O was used as a template.
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PCR program:

Electrophoresis detection: 5ul of PCR product and 1ul 6×loading buffer, in ~1% agarose
gel at 170 voltage for 15min were used.
Purification of PCR product
Purification of PCR product from gel was done by using TIANgel midi purification Kit
(cat no. DP209-03). Briefly, in CA3 spin column, 500ul of BL buffer was added and
column was placed into the collection tube. The centrifuge was done at 12,000 rpm for 1
minute at RT. The liquid was removed and spin column was kept back collection tube. The
DNA fragment was cut from agarose gel and weigh in Eppendorf (EP) tube. The equal
volume of PN buffer was added (100ul of PN buffer per100ug of gel) and kept 50 oC till
the gel completely dissolved with occasional shaking. The mixture was transferred into
spin column CA3 and centrifuged for 1 minute at 12,000 rpm at RT. The liquid was
discarded and the tube was kept back into collection tube again. CA3 column was washed
twice with 600ul of PW buffer. Centrifuged at 12,000 rpm for 1 minute at RT twice. The
liquid was removed and the CA3 column was kept open for air dry for several minutes.
CA3 column was transferred into EP tube and 50ul of EB buffer or ddH2O was added. The
column was centrifuged at 12,000 rpm for 2 minutes at room temperature and concentration
was measured through Nano-drop.
For the recombinase protocol the PCR product now is ready to use, but for cut and ligation
protocol, the PCR product needs to be further digested.
Enzyme digestion of PCR product:
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Electrophoresis detection: 2ul of PCR product, 3ul H2O, and 1ul 6×loading buffer, in ~1%
agar gel at 170 voltage for 15min were used.
3rd Vector backbone preparation:

Electrophoresis detection: 2ul of digestive product, 3ul H2O, and 1ul 6×loading buffer, in
~1% agar gel at 170 voltage for 15min were used.

4th electrophoresis and purification of DNA:
50ul digested vector product, 10ul of 6×loading buffer was added and was run on ~1% agar
gel at 150V for ~20minutes. The required band was purified as mentioned in the 2nd step.
Electrophoresis detection: 2ul of PCR product, 3ul H2O, and 1ul 6×loading buffer, in ~1%
agar gel at 170 voltage for 15min were used.
5th ligation:
Cut and ligation protocol:
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The mixture was put into PCR tank at16℃for 1 hour.
Recombinase protocol:

The mixture was put into PCR tank at 37℃ for 30 minutes
Negative control:
H2O was used to replace the insertion DNA, other components were same.
6th Transformation:
The competent Escherichia Coli (E.coli) was thawed in ice and aliquoted to 50ul/tube. The
5ul ligation product was added to each tube and mixed 5-10 times. The reaction mixture
was kept in ice for 30 minutes and heat shock was given at 42℃ water bath for 90 seconds.
The samples were put in ice immediately for 5 minutes. 300ul of Luria-Bertani (LB) broth
was added and kept at 37℃ in shaker incubator for 45~60 minutes. The liquid was spread
equally on to the surface of LB plate. The plate was kept in a 37℃ incubator for overnight.
7th

Bacterial culture and plasmid extraction:

The right colonies were picked and put into each 3ml of Terrific Broth (TB) medium. The
mixture was kept at 37℃ in shaker incubator for overnight and plasmid was extracted.
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8th Identification:
The plasmid was digested and electrophoresis was carried out to detect the right band.
After confirmation, the plasmid was subjected to sequencing to confirm the right sequence.
After confirmation, the large-scale plasmid was prepared.
Large-scale plasmid extraction
RNase A1 was added into solution P1 before use.
165 ml absolute ethanol was added in PW buffer before use
Solution TB was wormed at 65-70 oC water bath before use.
Protocol:
2.5 ml BL solution was added into CP6 tube and centrifugation was done at 8000 rpm for
2 minutes and the liquid was discarded.
Overnight bacterial culture was harvested by centrifuge at 8000 rpm for 3 minutes and the
supernatant was removed as much as possible.
8ml of solution P1was added into the tube containing bacterial pellet and vortex till
dissolved completely.
8ml of solution P2 was added and mixed vigorously 6-8 times and incubated at RT for 5
minutes.
8 ml of solution P4 was added and mixed well by reverting tubes 8-10 times and incubated
at RT for 10 minutes.
The mixture was centrifuged at 8000 rpm for 10 minutes at 4oC.
All the supernatant was transferred into a CS1 tube and collected the filtered solution into
a new falcon 50ml tube.
0.3 times isopropanol solution was added according to the volume of the filtered solution.
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It was mixed well by reverting the tubes 8-10 times and transferred into CP6 and incubated
at RT for 3 minutes.
Tubes were centrifuged at 8000 rpm for 2 minutes at room temperature and the liquid was
removed.
10 ml PW was added into CP6 centrifuge at 8000 rpm for 2 minutes and the liquid was
discarded. This step was repeated twice.
3 ml absolute ethanol was added and centrifuged at 8000 rpm for 2 minutes and the liquid
was removed.
The empty CP6 was put into centrifuge at 8000 rpm for five minutes to remove the
remaining liquid as much as possible
The column was dried in air for few minutes (at least for 10 minutes, because the remaining
ethanol would influence the enzyme digest and transfection much.)
The new CP6 tube was replaced with old CP6
1-2 ml of pre-heated TB (65 oC) solution was added and incubated for 5 minutes at RT
Centrifugation was done at room temperature at 8000 rpm for 2 minutes.
1-2 ml liquid was transferred to CP6 again and centrifuged again.
The liquid was collected to 1.5ml EP tube and concentration was measured.
The plasmid was stored at 4 oC or -20 oC.
2.10. Production of Lentivirus particles
Principle
293T cell line is widely used for the production of lentivirus particles. Introduction of
lentivirus vectors having the gene of interest into appropriate packaging cells supports the
production of infectious lentiviruses, which can infect target cells and firmly transfer the
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gene of interest into the genome. 293T cell line is an important variant of human embryonic
kidney 293 cells also known as HEK.293 cells.
Procedure
To generate lentivirus particles the expression vectors containing the corresponding inserts
were transfected into 293T cells. Optimal 293T cell confluency for transfection is around
80 %, with homogeneously distributed cells. Therefore, 4 million 293T cells were seeded
24 hours before transfection. Two transfection mixture was prepared. The first mixture
consisted of Opti-DMEM and lipofectamine and the second mixture consisted of PSPAX2
and pMD.2G, required DNA and Opti-DMEM. Both solutions were mixed and p3000 were
added. Before adding, the medium of cells was changed with the fresh medium.
After 12 hours of transfection 4.5 ml fresh 293T medium was replaced and incubated for a
further 36 hours. The virus particles were collected and filtered through the 0.2uM filter
and frizzed in -80 oC.
2.11. Isolations of fertilized egg and mESCs
150ul of pregnant mare serum gonadotropin (PMSG) was injected intraperitoneal into
female mice at D1, 13:00 PM. At D3, 150ul of human chorionic gonadotropin (HCG) was
injected intraperitoneal into female mice and was mated with male mice. In one cage 1:3
female and males respectively were mated. At D4, the vaginal plug was checked and was
dissect the female mice, the uterus was separated and single cells were isolated and used
for experiments or continued for the isolation of mESCs. At D5 the single cell stage
embryos were developed into 2 cell stage embryo and at D7 it became a blastocyst. The
blastocyst was transferred into feeder cells coated P12 plates. The serum-based mESCs
medium containing CHER99021 and PD98059 (2i) were used. The plates were kept for 3
days at 37oC in the CO2 incubator. D11, the blastocysts were settled down on the bottom
of the plate. The medium was replaced with fresh medium. The medium was changed after
every 2 days. At D15, the colonies were dissociated and split one colony into 4 small pieces
and seeded into newly prepared feeder plates containing the same medium. The medium
was replaced with fresh medium every day and passaged after every 3-4 days.
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Note: PD98059 used here is an ERK inhibitor stronger than PD0325901 routinely used for
ESC culture.
2.12. In Vitro differentiation via embryonic body (EB) formation
EB differentiation was used to examine the differentiation potential of the ESC in vitro as
described by Wang and Yang, 2008 with some modification. The growing mESCs cells in
N2B27 plus PD, CHIR and lif were dissociated with Tryple for 2 minutes at 37oC.
Cells were suspended in EB medium (mESC serum-lif) and counted. The cells were diluted
to the concentration of 400-500 cells per 20ul (drop). The multichannel pipette was used
to make rows of drop on the lid of the low attachment plate (culture dish for bacteria). The
lid was carefully inverted and placed on top of the dish containing 10 ml of DPBS. The
plates were carefully placed into the CO2 incubator for 2 days. The fresh differentiation
media were added and transferred into new plates for further differentiation. The medium
was replaced with fresh medium after every two days. Samples were collected at day 8 for
the analysis.
2.13. Chimera generation
Chimera generation is used to access the differential potential of embryonic stem cells in
vivo. Briefly, the blastocysts were isolated from the ICR mice at day 3.5. The control or
Rotenone treated cells were injected into blastocysts through microinjection near ICM.
After 2 hr the blastocysts were injected back to surrogate mother. The results were analyzed
after birth.
2.14. Cell cycle analysis
The propidium iodide (PI) staining dye is generally used for measurements of DNA content
or cell cycle analysis. Generally, it is used for the staining of the whole cell or can be used
for the isolated nuclei. It can penetrate into the major groove of double-stranded DNA and
give the high intensity of signals when it is exited at 488nM. Therefore, by the intensity of
signals one can determine the total content of DNA of a cell. Since it can also be inserted
into double-stranded RNA, so samples must be treated with RNase for enough time prior
to the measurements to degrade the RNA molecules.
Procedure
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Growing cells were digested with Tryple and collected into EP tube. Cells were centrifuged and
washed with precooled DPBS twice. 50ul of DPBS was kept in the tube to avoid the cell loss.1ml
precooled 70% alcohol was added per EP tube gently and mixed. Cells were fixed at 4 oC for at
least 2 hrs or more. Samples were centrifuged and the supernatant was removed. Samples were
washed with precooled DPBS and 50ul were kept to avoid the cell loss and cluster formations.

0.5ml buffer was used for each sample and incubated at 37 oC for 30 minutes. The samples
were kept on ice till the FACS detection. Fluorescence was detected at the 488nm
wavelength (FL2 channel). The results were analyzed by using the flowJo software.
Table 2.1: Mixture of cell cycle reagents according to the number of samples

Note: The prepared PI staining solution cannot be used for more than 1 day
2.15. Measurements of Apoptosis
FITC Annexin V/Dead Cell Apoptosis Kit with FITC Annexin V and PI (Cat no. V13242)
was used for the detection of apoptosis through flow cytometry.
Materials
FITC annexin V (Constituent A), Propidium iodide (PI, Constituent B) and 5X annexinbinding buffer (Constituent C), apoptosis inducing agent, PBS and DI-H20
Principle
Apoptosis is a phenomenon of cell death that happens as a normal part of development.
Improperly apoptosis happens in disease states, such as neurodegenerative diseases and
cancer. Apoptosis can be discriminated from necrosis, or accidental cell death, on the basis
of morphological and biochemical variations, such as loss of membrane structure and
function, shrinkage of cytoplasm, fragmentation and compaction of chromatin structure
(Allen et al., 1997). Normally phosphatidylserine (PS) is found on the inner surface of the
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cell membrane while in the apoptotic cell it is exposed to the outer side of the cell
membrane. Thus, Annexin V labeled with a fluorophore or biotin can recognize apoptotic
cells by binding to PS visible on the outer leaflet (Koopman et al., 1994).
Procedure
Growing cells were digested and washed with DPBS. Cells were diluted in 1X annexinbinding buffer and counted. 0.5 Million cells/100ul were suspended into 1X annexinbinding buffer. 5ul of FITC annexin V and 1ul of the PI working solution were added to
each 100ul of cell suspension and incubation was done for 15 minutes at RT. After
incubations, 400ul of 1X annexin-binding buffer was added and samples were kept on ice
untile fluorescence measurement. Fluorescence density was measured at FL1 and FL3
through BD6 flow cytometry. Results were analyzed through FlowJo or BD6 software.
2.16. Mitochondrial properties measurements
2.16.1. Mitochondrial DNA copy number measurement
mtDNA copy number was measured as described by Zhang et al., 2008 with some
modification. Growing cells were harvested and collected in EP tube. Tube was centrifuged
at 200g for 3 minutes and supernatant was discarded and washed with DPBS twice. The
total DNA was extracted by using Promega DNA extraction kit (cat noA1120). Briefly,
600 ul of nuclei lysis solution was added and mixed. 3ul of RNase A solution was added
and mixed up and down for 5 minutes. Samples were incubate in 37 oC for 15 minutes.
After incubation, samples were kept at room temperature for 5 minutes. 200ul of protein
precipitation solution was added and vortexed for 20 seconds. Samples were transferred to
ice immediately for 5 minutes and then centrifuged at 13000-16000 rpm for 15 minutes at
4 degree. Supernatant was separated and equal volume of isopropanol was added and
mixed up and down for few minutes. Samples were centrifuged at 13000 g at room
temperature for 5 minutes. Supernatant was removed and 600ul of 70% ethanol was added
to wash the DNA twice. Then it was centrifuged at 13000g for 5 minutes at room
temperature. Tubes were kept for air-dry for 15 minutes. DNA rehydration solution was
added according to pellet and samples were kept at 65 degree for 1 hr or at 4 degree for
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overnight and concentration was measured. mtDNA copy number was measured through
qPCR. The nuclear DNA was used as a internal control.

2.16.2. Reactive oxygen species measurement
Reactive oxygen species (ROS) were measured by using DCFH-DA kit (cat no. KP0600).
The 10mM stock solution of DCFH-DA were diluted 1000 times in DMEM basal medium.
The cells were digested and counted in basal medium washed twice with DPBS. 0.5 Million
cells were incubated in 500ul of DCFH-DA at 37 oC for 30 minutes with occasional
shaking. The samples were centrifuged and DCFH-DA was removed and washed twice
with DPBS. The H2O2, 0uM, 10uM, 100uM and 1000uM were used as a control. The
fluorescence intensity was measured through BD6 flow cytometry.
2.16.3. Mitochondrial membrane potential measurements
Mitochondrial membrane potential was measured through flow cytometry by using TMRM
(tetramethylrhodamine methyl ester) membrane potential (cat no. ab113852). Simply, cells
were washed with DPBS, and digested with Tryple for 3 minutes and collected into EP
tube. Samples were centrifuged at 2000 rpm for 3 minutes and media was removed. 10uM
final concentration of TMRM was used per 0.5 Million cells and incubated at 37 oC for 30
minutes and fluorescence intensity was measured. 10uM of FCCP was used as positive
control.
2.16.4. Mitochondrial mass measurements
Mitochondrial mass was measured by using mitoTracker-Red (M-7512, Invitrogen).
Briefly, growing cells were digested and centrifuged at 2000 rpm for 3 minutes. Medium
was replaced with fresh medium. Cells were counted and 0.5 Million were incubated in
200nM of mitoTracker red in basal medium. The samples were incubated at 37 oC for 30
minutes. Samples were centrifuged, washed with DPBS and kept in ice till analysis. The
fluorescence intensity was measured by using FL3 of BD6 FACS.
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2.17. Extracellular cellular acidification rate (ECAR) and oxygen consumption rate
(OCR) measurement through seahorse XFe24 analyzer
ECAR measurement determines the glycolysis rate while OCR determines the
mitochondrial oxygen consumption rate.
Material required
XFe24 Flux Pak (102340-100), XF24 V7 PS Cell Culture Microplate (100777-004), XF
Calibrant (100840-000), XF Base Medium (102353-100) XFe24 Analyzer with Controller,
Non-CO2 Incubator (37°C), pH Meter, Microscope, P20, and P200 Pipettes and Pipette
tips.
XFe24 Flux Pak contains Cartridge Lid, Sensor Cartridge, Hydro Booster, Utility Plate,
XF Calibrant.
Preparation of assay medium
XF non-buffered medium was used for the measurements of both ECAR and OCR. The
ECAR measurement medium consisted of, XF non-buffered medium and glutamine
0.2mM. While OCR measurement medium consisted of XF non buffered medium, glucose
10mM, sodium pyruvate 1mM, and glutamine 2mM.7.4 pH was adjusted with 1 N NaOH.
The medium was filtered by using a 0.2 uM filter and kept at room temperature.
ECAR measurements
Materials
XF glycolysis optimized assay medium, glucose 80mM stock solution, 2-DG 1M stock
solution
Procedure:
Step 1:
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1ml of XF calibrant buffer was added in each well of utility plate. Next, to the utility plate,
hydro booster, cartridge sensor, and lid respectively, were placed. The whole set was kept
at 37 oC for overnight in non-carbon dioxide incubator for cartridge sensor activation.
4 ports contained on the top of each channel of the cartridge for each well of 24 well plates
named as A, B, C and D. Each channel distributes air evenly across all 24 wells. The 75ul
of 80mM glucose was injected in the first port of the cartridge while 75ul of 1M 2-DG
were injected to the second port. Remaining two ports were loaded with an equal volume
of medium. The assay medium was used as a control. The cartridge was loaded in XF
analyzer for calibration.
Note: There is 4 backgrounds well in XF cell culture plates which cannot be used for
measurement.
Step 2:
Growing cells were digested and the medium was replaced with XF glycolysis optimized
medium. Cells were counted and 0.3 Million were seeded per well of 24 XF plates and
volume was raised up to 525 with the XF glycolysis medium. The cells were incubated to
non-carbon dioxide incubator for 1 hr.
After the cartridge calibration, growing cell plate was replaced with utility plate of the
cartridge and loaded in XF24 analyzer and results were analyzed.
OCR measurements
XF OCR Assay Medium, FCCP 8uM, Rotenone 10uM, Antimycin 10uM.
The whole procedure was the same as ECAR measurements except drug injections.
2.18. ATP Measurements
The total ATP level was measured by using the ENLITEN® ATP assay system
bioluminescence detection kit from Promega (cat no FF2000). Briefly, cells were lysed
and counted under a microscope. 100ul of 0.1 million cells were seeded per well of 96
well plate and an equal volume of rL/L reagent was added. The plate was loaded into
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Microplate reader and fluorescence was measured. Cells without rL/L reagent and rL/L
alone were used as a control.
2.19. Non-targeted metabolomics analysis
Principles of metabolomics: Metabolomics is a cross-disciplinary discipline in the postgenomics era. Its main goal is to quantitatively study the level of metabolites produced by
living organisms by giving external stimuli, pathophysiological changes, and their own
gene mutations (Nicholson et al., 1999). The metabolic study started at the end of the last
century, it was founded by Professor Jeremy Nicholson at Imperial University in London.
It was developed rapidly and speared into many fields, such as disease diagnosis,
development, food science, toxicology, environmental science and other areas closely
related to human health care.
On the basis of measurements, there are two types of metabolites, targeted and non-targeted
metabolites. From analytical techniques point of view, non-targeted metabolomics can be
detected as much as possible in biological samples to maximizing total metabolite number
but less accurately while targeted metabolites are very less in number having known
molecular weight and can be measured perfectly.
In biological samples, liquid chromatography-mass spectrometry (LC-MS) tool is widely
used for measurements of metabolites. In the LC-MS system, ultra-high performance liquid
chromatography (UHPLC) is used as the separation system while high-resolution mass
spectrometry is used as the detection system. Hydrophilic Interaction Chromatography
(HILIC) column specifically developed for strongly polar metabolites that are widely
recognized and applied by the complementarity of the normal and reverse phase
chromatography (RPLC) for the measurements of metabolites. Due to the 1.7μm ultrafine
particle size silica filled column, the speed of UHPLC is increased at least 1 time more than
traditional HPLC while sensitivity and resolution increased several times (Plumb et al.,
2005). Recently, UHPLC and four (Q-TOF) mass spectrometry have been widely used in
metabolomics research. Studies have shown that HILIC-ESI (±) -Q-TOF MS can provide
the maximum amount of carbon cyclic metabolism (Ivanisevic et al., 2013). The workflow
of non-targeted metabolomics based on UHPLC-Q-TOF MS is given in (Fig 2.1). It mainly
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includes: sample preparation, metabolites extraction, LC-MS full scanning detection, data
preprocessing, statistical analysis and differential expressed metabolites.

Figure 2.1: Non-targeted metabolomics workflow
2.19.1 Non-targeted metabolites measurements
Reagents and instruments
Mass spectrometer Triple TOF 5600+（AB SCIEX), Agilent 1290 infinity ultrahighpressure

liquid

chromatography

(Agilent),

Heraeussepatech

(Eppendorf),

Chromatographic column: Waters, ACQUITY HULC BEH Amide 1.7μm, 2.1 mm ×
100mm column, Acetonitrile (Merck, 1499230-935), Ammonium acetate (Sigma, 70221)
Methods
2.19.2. Sample information
Sample collection: 5ml of gelatin per p100 dish was coated one day before cell seeding.
1.5 million cells were seeded per p100 dish at D0. 5 plates were lysed at D1 for control and
considered as treatment D0. Every 10 plates were treated with Rotenone and Antimycin.
Out of 10 plates, 5 plates were lysed at D2 and considered as treatments D1, remaining
plates were continued and lysed at D4 and considered as treatments D3. 2 hrs before each
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lysis, the medium was changed with fresh medium. Total 5 independent experiments were
performed, 4 were used in experiment and 1 used as quality control.
Lysis strategy: Throughout the experiments cells were carefully observed under a
microscope. Briefly, the medium was removed and cells were washed twice with cold
DPBS. The 1ml pure cold Tryple was added and cells were incubated for 1 minute at 37
degrees CO2 incubator. The plates were knocked gently and 2ml cold DPBS was added.
The samples were collected in a 15ml tube and centrifuged at 2000 RPM at 4 degrees for
3 minutes. The supernatant was removed and 3ml of 0.9 % NaCl2 saline was added. The
samples were centrifuged at 2000 rpm at 4 degrees for 3 minutes. The supernatant was
removed and 1ml lysis buffer was added. The samples were collected in 1.5 EP tube and
flesh frozen in liquid nitrogen and then transferred into -80 until analysis.
Quality control (QC) sample preparation: From each group, randomly one sample was
picked and pooled together to use as QC. QC samples were used to evaluate the system
stability.
Table 2.2: Sample information

2.19.3. Sample pretreatment
Every sample is slowly thawed at 4℃ and sufficiently vortexed. After ultrasonic
decomposition, the samples were incubated for 60min at -20℃ to precipitate the protein,
and then centrifuged (13000rpm at 4℃ for 15 min). The supernatants were collected and
dried under vacuum, and then stored at -80℃ standby. The samples were dissolved in
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100μL acetonitrile/water (1:1, v/v) and adequately vortexes, and then centrifuged
(14000rpm, 4℃, 15 min). The supernatants were collected for LC-MS/MS analysis.
2.19.4. LC-MS/MS analysis
The analysis was done by using a UHPLC (1290 Infinity LC, Agilent Technologies)
attached with quadrupole time-of-flight (AB Sciex Triple TOF 6600). For HILIC
partitioning, samples were passed through a 2.1 mm × 100 mm ACQUITY UPLC BEH
1.7 µm column (waters, Ireland). For the separation of metabolites, the mobile phase A
was composed of 25mM of ammonium acetate and 25mM of ammonium hydroxide, while
in mobile phase B acetonitrile was used. The gradient of B mobile phase in starting was
85% for 1 minute and then it was linearly reduced up to 65% in 11 minutes and then
gradually reduced to 40% in 0.1 minutes and kept for 4 minutes and then increased to 85%
in 0.1 minutes along with a 5 minutes re-equilibration period employed. The condition of
ESI source were applied as, ion source gas 1 as a 60 and gas 2 also 60 were used while
curtain gas 30, temperature 600 ℃ and ion spray voltage floating ± 5500 V. The MS
instrument acquisition, the m/z range was set over 60-1000 Da and accumulation time
0.2s/spectra was set for the TOF MS scan. For auto MS/MS acquisition, 25-1000 Da m/z
rang was set and for production scan, the production time 0.05s/spectra were set. The
information dependent acquisition along with high sensitivity mode was used for the
scanning of product ions. Collision energy 35 V ± 15 eV was fixed and declustering
potential ±60 V was set.
2.19.5. Data process
Proteo Wizard software was used to convert the raw MS data file to MzXML file and
XCMS was used for the feature detection, alignment and for correction of retention time.
The metabolites were recognized by accuracy mass (<25 ppm) and MS/MS data which
were matched with standards database. In the feature ion extraction, the variable in at least
one group having over 50% nonzero measurements values was kept. For the mode
recognition, the SIMCA-P14.1 was used. After Pareto scaling, the principal component
analysis (PCA) and partial least-squares discriminant analysis (PLSDA) were done. For
the single dimensional statistical analysis, the student t-test and fold change were used and
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volcano plot was done with R software. For the evaluation of model, the cross-validation
and response permutation tests were used. The differential metabolites analysis was done
with the combination of variable influence on projection (VIP) values acquired from
PLSDA model and two-tailed student’s t-test. The more than 1 VIP value and less than
0.05 p values was set as a threshold for the significant differential metabolites.
2.19.5. KEGG pathway analysis
The KEGG database is used for the understanding of biochemical changes and
modification in a biological system such as an organism, cell, and ecosystem etc. The
KEGG pathways are manually constructive pathways on the basis of our understanding of
molecular interaction and chemical reaction network for the understanding of metabolic
network, genetic information, environmental, cellular processing and human diseases,
organismal system, and drug development. The KEGG pathway annotation of significantly
differentially expressed metabolites can help us understand the metabolic and signaling
pathways. High-quality KEGG database as the backend knowledgebase was used to
annotate the differentially expressed metabolites in the pathway.
2.20. RNA-sequence
RNA sequencing is used for the quantification of total RNA from biological samples. It is
also known as whole transcriptome shotgun sequencing (WTSS). There are several
methods for RNA quantification through RNA-seq. More recently an advanced method
such as next-generation sequencing (NGS) is used for the detection and quantification of
RNA from biological samples. The RNA-Seq is used to analyze the continuous
modification in cellular transcriptomics. Specifically, RNA-Seq facilitates to look
at alternatively

spliced

transcripts, post-transcriptional

modifications, gene

fusion,

mutations/SNPs and changes in gene expression over time, or differences in gene
expression in different groups or treatments. Along with mRNA, RNA-sequencing also
detects the other population of RNA such as miRNA, ncRNA, tRNA, and rRNA (Ingolia
et al., 2012). Before the RNA-sequencing method, the microarray was used for the study
of a gene at expression level but that method has several issues including, artifact, poor
hybridizations, less sensitive, and poor quantification of high and low expressed genes
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(Kukurba and Montgomery, 2015). Because of these technical issues, transcriptomics
measurements switched to sequencing-based methods. These progressed from Sanger
sequencing tag libraries to chemical tag-based methods (e.g., serial analysis of gene
expression), and finally to the current technology, next-gene sequencing (NGS) of cDNA.
2.20.1 Procedure: Total RNA was extracted from mESCs by using the RNAzol according
to the manufacturer's protocol with some minor modifications. The mRNA was separated
from total RNA by using poly-T oligo-attached magnetic beads methods and fragmentation
was done. About 200 bp long fragmented RNA was exposed for the synthesis of first and
second strand cDNA. The adaptor ligation and enrichment with a low-cycle was done
according to the instructions of NEBNext® Ultra™ RNA Library Prep Kit for Illumina
(NEB, USA). The purified library products were assessed by using the Agilent 2200 Tape
Station and Qubit®2.0(Life Technologies, USA). The libraries were single-end sequenced
(SE50, Sequencing reads were 50 bp) at Guangzhou RiboBio Co., Ltd. (Guangzhou, China)
using IlluminaHiSeq 2500 platform.
Pre-processing of sequencing reads
Per1 in-house script was used to process the raw reads data from fastq file formats. The
clean reads were acquired after removal of reads having an adapter, ploy-N and low quality
from raw data. All the following analyses were done from the clean reads data.
Quantification of gene expression level
Single-end reads were annotated to the mouse mm10reference genome with Tophat v2.0.13
software. GFOLD software was used to count the reads numbers aligned to each gene.
Expression levels of whole samples were accessed as RPKM (Reads per kilobase of
transcript sequence per Million base pairs sequenced), which is the suggested and most
common method used to estimate the gene expression level
Note. Please see the appendix C for pre-analysis.
2.20.2. Differential expression analysis
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For the statically significant differential gene expression level, <0.001 adjusted p-value and
>1.5 fold change were set as a thresh hold. The Audics method was used for the separation
of differential gene expression. The differential genes were subjected to online venney
diagram analysis. It is used for the overlapping analysis. While unchanged gene related to
pluripotency and differentiation were subjected to Genesis 1.8.1 software for heat map.
2.20.3. GO terms and KEGG pathway enrichment analysis
The differentially expressed genes were subjected to GO and KEGG analysis. The KOBAS
2.0 software was used for the GO and KEGG analysis.
2.21. Total quantitative proteomics analysis through TMT labeling method
Principle of TMT
TMT is a relative and absolute quantification method based on equal-mass in vitro labeling
kit developed by Thermo Scientific (USA). TMT can achieve MS-based protein
quantification for as much as 10 samples by labeling of different isotope compounds to
terminal amino group or amine of the lysine side chain. TMT labeling becomes a popular
high throughput proteomics technique in recent years (McAlister et al., 2012).
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Figure. 2.2: Structure of TMT reagents (10plex) and position of isotopes (*)
The tags contain three regions such as mass reporter region, a mass normalization region
and a protein reactive group (Fig. 2.2). The combined three regions of the tags have the
same total molecular weights and structure. So that during chromatographic or
electrophoretic separation and in single MS mode, molecules labeled with different tags
are indistinguishable. Upon fragmentation in MS/MS mode, sequence information is
obtained from fragmentation of the peptide backbone and quantification data are
simultaneously obtained from fragmentation of 6-10 types of tags giving rise to mass
reporter ions.
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Figure 2.3: An example of MS2 spectra of a peptide in TMT 6plex
Material required
Ultrapure water, electrophoresis SDS, Glycine, Tris, Acrylamide , Bis, Glycerol and APS,
TEMED(BIO-RAD) and so on Coomassie brilliant blue（R-250）(AMERSHAM)，
Urea, SDT, analytically pure absolute ethyl alcohol, and acetic acid, EP tube and
conventional tips, spectrophotometer (P-2000,Hitachi), electrophoresis apparatus (SE-600,
Amersham)，water purifier system (Millipore), optical density scanner (UMAX), cooling
water recycling system (Cole-Parmer), ultrasonic cell disruption system (domestic), mass
spectrometer Q-executive and LTQ-Velos (Thermo Scientific) and a software proteome
discoverer 1.4 (Thermo Scientific).
2.21.1. Samples preparation
Procedure
5ml of gelatin was coated per 10 cm plate for overnight. 2 million cells were seeded in 2i
medium per 10 cm plate after removing the gelatin. On next day, 4 plates were lysed for
control (Ctrl d0). Other cells were treated with Rotenone and Antimycin. The medium was
changed every day. On day 4 cells were lysis and considered as treatment d3.
Note. Before 2 h of each lysis, medium was replaced with fresh medium
Strategy for samples collection
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Cells were taken from carbon dioxide incubator and observed under the microscope. Cells
were washed twice with pre-cooled DPBS and once with pre-cooling normal saline (0.9%
NaCl). The supernatant was removed after every wash. 300ul of STD buffer (4% SDS,
100mM DTT, 150mM Tris-HCl pH 8.0) were added and collected into 1.5 ml EP tube.
Tubes were sealed with parafilm and flesh frozen in liquid nitrogen and then freezed in 80 until analysis.
2.21.2. Protein extraction and peptide digestion
Proteins from samples were extracted using SDT lysis method (Wisniewski et al., 2009).
The lysate was sonicated and then boiled for 15 min and total proteins were quantified
using BCA protein quantification kit. Protein samples were digested using filter aided
proteome preparation (FASP) trypsin digestion, and the concentration of peptide was
detected by OD280 measurement.
2.21.3. Tandem mass tag labeling
100μg of the peptide from each sample was taken and labeled following the TMT 6plex
reagent Kit (Thermo Fisher) instructions.
Sample and label information
9 samples were divided into 3 groups, which has 3 samples for biological triplicates.
Details of samples and TMT labeling are shows as bellow
Table 2.3: Labeling of samples

2.21.3. High pH reversed-phase fractionation
The equal quantity of labeled peptides was mixed and fractionated by using high pH
reversed-phase peptide fractionation kit. First, the column equilibration was done with
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acetonitrile containing 0.1% trifluoroacetic acid (TFA). The mixed peptide sample was
loaded into the column, and desalted by low-speed centrifuge. The peptide was eluted with
acetonitrile through gradually increasing the pH. Each eluted fraction was dried by a
vacuum then dissolved in 12μl of 0.1% FA. The concentration of peptide was detected by
measuring OD280.
2.21.4. Data collection of LC-MS/MS
LC-MS/MS analysis of TMT comparatively quantification was performed on a highresolution Q Exactive mass spectrometer (Thermo Scientific). This ‘Q Exactive’
instrument is a type of the ‘Orbitrap’ mass spectrometer, obtains high ion currents MS2
spectra due to fast HCD (Higher Energy Collisional Dissociation) peptide fragmentation
which improves the transfer of low mass ions, thus enhances the sensitivity and
quantitation performance. This instrument is especially used for the isobaric tag
experiment.
Powerful protein identification capacity and diverse data processing software are available
for a complete comparatively quantification of proteomics data. MS/MS raw spectra files
(raw files) were converted into mgf files using Proteome Discoverer 1.4 (Ashburner et al.,
2000) software and submitted to MASCOT2.2 server via the embedded tool for database
search. The generated files (data files) by MASCOT2.2 server were transferred back to
Proteome Discoverer 1.4 software, and the data was filtered at <1% false discovery rate
(FDR) to obtain a high confidence qualitative result.
2.21.5. Protein identification and quantification
The identification and quantification of protein was done by using the following
parameters.
Table 2.4: Parameters for protein identification and quantification
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Note. Please see appendix D for quality control
2.21.6. Bioinformatics analysis
2.21.6.1. Cluster analysis
First, the quantification information of proteins was normalized ((-1, 1) region). Then the
Complex heat map R package (R version 3.4) was used to classify the quantification
information in two dimensions: sample name and expression quantity (distance method:
Euclidean, linkage method: average linkage).
2.21.6.2. GO function annotation
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GO functional annotation was performed using Blast2GO software and was divided into
four steps: Blast, mapping, annotation, and annotation augmentation.
2.21.6.3. KEGG pathway annotation
KEGG pathway annotation was performed using KEGG Automatic Annotation Server
(KAAS) software.
2.21.6.4. GO and KEGG enrichment
The GO functional classification and KEGG pathways classification of differentially
expressed proteins were analyzed and enriched using Fisher’s exact test.
2.22. Effect of Ursolic acid on proliferation and induction of differentiation in mESCs
The mESCs E14 cell line was used to access the potency of Ursolic acid on the mESCs
properties such as self-renewal and pluripotency. The cell proliferation and differentiation
were access by counting the cell number with cell counter and observing the morphology
under microscope respectively. For further confirmation of pluripotency, the expression of
pluripotency markers such as Oct4, Nanog and Sox2 was measured. Furthermore,
acceleration of differentiation of mESCs by Ursolic acid was determined upon with-draw
of lif and measuring gene expression with q-PCR.
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Chapter # 3
Results
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Embryonic stem cells are the primary cells having simple metabolism system as compared
to their counterpart somatic cells. They are smaller in size than somatic cells and have high
proliferation efficiency for an unlimited period of time. They prefer glycolysis for their
biosynthetic demand as compared to oxidative phosphorylation, but maintain still low level
of mitochondrial metabolism for an unknown reason. Here we have compared the
mitochondrial function between embryonic stem cells and somatic cells during
differentiation. Furthermore, we have determined the function of mitochondria in
embryonic stem cells by modulating the mitochondrial respiration through chemical
compounds and shRNA.
3.1. Comparison of mitochondrial properties between somatic and embryonic stem
cells
The mitochondrial properties of metastable and naïve mESCs were compared with mouse
embryonic fibroblast somatic cells (Fig. 3.1A). Several earlier studies have shown that the
total reactive oxygen species (ROS) measurements can be used as the readout for
mitochondrial activity in living cells. To take advantage of this readout first we measured
the ROS level through fluorescence-activated cell sorting (FACS) in both somatic and
embryonic stem cells. The results have shown that the ROS level is low in embryonic stem
cells as compared to somatic cells (Fig. 3.1B). Furthermore, FACS analysis showed that
the mitochondrial mass measured by staining with mitoTracker red in live cells was also
low in mESCs than somatic cells (Fig. 3.1C). The mtDNA copy numbers measured through
quantitative polymerase chain reaction (qPCR) were low in mESCs than somatic cells (Fig.
3.1D). Collectively, the above analysis indicates that the mitochondrial activity, mass and
mtDNA copy number are low in mESCs than in somatic cells.
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Figure3.1: Mitochondrial level and metabolism are lower in mESCs than in somatic cell (MEF). (A)
Morphology of MEF, mESCs-serum and mESCs-2i conditions. (B) Relative ROS level (C) Relative
mitochondrial mass, and (D) Relative mtDNA copy number. Mean ± s.e.m. from n=3 independent
experiments are shown and at least 10000 cells in each experiment were analyzed *P<0.05, **P <0.01, ***P
<0.001.

3.2. Mitochondrial properties during exit of pluripotency/differentiation
To further confirm the reduced function of mitochondria in mESCs, the mESCs cultured
in N2B27-2i+lif medium (called 2i+lif cells) were differentiated in the N2B27 medium.
The mESCs cultured in N2B27-2i+lif were subjected to monolayer differentiation by
removing the 2i+lif from the medium. The morphology of mESCs changed from the dome
to flat shape during differentiation as shown in Fig. 3.2A. The qPCR was carried out from
differentiated and mESCs to measure the expression level of pluripotency markers such as
Oct4, Nanog, and Esrrb. These markers were expressed very low in differentiated cells as
compared to mESCs (Fig. 3.2B). To further confirm the differentiation, western blotting of
differentiated cells was done against anti-Oct4 and anti-Nanog. Both pluripotency markers
were reduced at the protein level in differentiated cells than in mESCs. Actin was used as
loading control (Fig. 3.2C).To compare the mitochondrial properties in mESCs and
differentiated cells, we measured the mitochondrial mass and mtDNA copy number. Both
were high in differentiated cells D3 than mESCs D0 Fig. 3.2D, E). All of these analyses
are indicating that the mitochondria mass and numbers increased during differentiation.
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Figure 3.2: Mitochondrial properties increased during exit of pluripotency. (A) Morphology of mESCs
at d0, d2, and d3 of monolayer differentiation. (B) qPCR of pluripotency marker. (C) Western blotting for
pluripotency marker in mESCs and during differentiation. (D) The relative level of mitochondrial mass
(MitoTracker) in d3 of differentiation. (E) The relative level of mtDNA copy number of mESCs and
differentiated d3 cells. Mean ± s.e.m. from n=3 independent experiments are shown and at least 10000 cells
in each experiment were analyzed *P<0.05, **P <0.01, ***P <0.001.

3.3. Inhibition of electron transport chain with Rotenone and Antimycin
It has been shown that the mitochondria are less functional in naïve mESCs than somatic
cells. So the question is what is the function of this low level of mitochondria in mESCs?
To answer this question, the mitochondrial activity was modulated through specifically
mitochondrial electron transport chain (ETC) inhibitors such as Rotenone and Antimycin.
Rotenone inhibits ETC complex I and Antimycin inhibit complex III specifically. To
optimize the dose of compounds, first dose-dependent treatments of compounds was done
on mouse embryonic stem cells and it was found that the Rotenone 32nM and Antimycin
8nM was enough to inhibit the cell proliferation in mESCs (Fig. 3.3).

109

Figure 3.3: The Rotenone 32nM and Antimycin 8nM are sufficient to block cell proliferation in mESCs.
Mean ± s.e.m. from n=3 independent experiments are shown and at least 10000 cells in each experiment were
analyzed *P<0.05, **P <0.01, ***P <0.001.

The morphology of E14 mESCs treated cells with Rotenone and Antimycin were same as
a control but the colony size was small. It indicates that cell proliferation is inhibited
without affecting the pluripotency (Fig.3.4A). To further confirm it, the cell numbers were
counted, in the Rotenone and Antimycin treatments, the cell number was very low
compared to control, indicating that cells had under-gone through the paused state (Fig.
3.4B). When another cell line, OG2-mESCs was used to give the same treatment for the 4
days, it gave the same phenotype as E14 cell line (Fig. 3.4C, D) indicating it was not cell
line specific blockade of proliferation. Western blotting was also done against pluripotency
markers such as anti-Oct4 and anti-Nanog in the presence and absence of treatments. There
was not any difference found between treated and control cells (Fig. 3.4E). It suggests that
the paused cells may under-go through apoptosis. The apoptosis was measured in treated
and untreated cells. No significant difference of apoptotic cells was found in Rotenone and
Antimycin treated cells (Fig. 3.4F). The 2 hrs treatment of apoptosis-inducing agent
staurosporine was used as positive control (Fig.3.4G). Collectively, all these results suggest
that blockade of ETC induces cell cycle arrest in mESCs.
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Figure 3.4: Inhibition of electron transport chain induces cell cycle arrest in mouse naïve pluripotent
stem cells. (A) Morphology of rotenone 32nM and Antimycin 8nM treated naïve mESCs. (B) Cell number
in millions of rotenone and Antimycin treated cells against control at d1, d2, d3, and d4. (C) Morphology of
OG2-Naïve mESCs treated with Rotenone and Antimycin at d4. (D) Relative cell number naïve OG2- mESCs
treated with rotenone and Antimycin against control at d4. (E) Western blot against Oct4 and Nanog of
Rotenone, and Antimycin treated E14 naïve mESCs at d4, histone 3 used as internal control. (F) Percentage
of apoptosis, rotenone, and Antimycin E14 naïve mESCs at d4 2 hrs naïve mESCs treated cells were used as
a positive control. Mean ± s.e.m. from n=3 independent experiments are shown and at least 10000 cells in
each experiment were analyzed *P<0.05, **P <0.01, ***P <0.001.

3.4. Genetic inhibition of ETC using shTFAM and shPeo
It is well known that the mitochondrial transcription factor A (TFAM) and Peo (Twinkle)
specifically regulate mtDNA replication and transcriptions. The depletion of TFAM and
Peo reduces mtDNA replication and transcription resulting in reduced mtDNA copy
number. The mtDNA is coupled with ETC to tricarboxylic acid cycle (TCA). Several
targets of shRNA against TFAM and Peo (Twinkle) in the lentivirus-based vector were
synthesized having Puromycin selective marker transduced into mESCs. After screening,
2 effective targets of shRNA were selected for each gene and shLuc (luciferase) was used
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as a control. The colony size was very small at day 4 of transduced cell in shTFAM and
shPeo as compared to shLuc. The morphology of colonies was same in shTFAM, shPeo,
and shLuc (Fig. 3.5A). The qPCR analysis showed that the knockdown of both genes was
good relatve to control (Fig. 3.5B). Relative cell number was counted manually with
hemocytometer under the microscope and was found low in shTFAM and shPeo than in
shLuc (Fig. 3.5C).

Figure 3.5: ETC inhibition through shTFAM and shPeo induces pause in naïve mESCs. (A)
Morphology of shLuc, shTFAM, and shPeo in naïve mESCs. (B) Relative knockdown of TFAM, and Peo
again shluc. (C) Relative cell number of shTFAM and shPeo against shluc treated naïve mESCs. (D) Relative
mtDNA copy number, shTFAM, and shPeo treated naïve mESCs against shLuc. (E) Relative expression of
Oct4 and Nanog pluripotency marker in shTFAM, shPeo and shLuc treated naïve mESCs. Mean ± s.e.m.
from n=3 independent experiments are shown and at least 10000 cells in each experiment were analyzed
*P<0.05, **P <0.01, ***P <0.001.

The qPCR analysis of mtDNA copy number showed that the mtDNA copy number is lower
in shTFAM and shPeo than shLuc (Fig. 3.5D) to confirm that the knockdown of TFAM
and Peo reduced the mtDNA copy number resulting in the blockade of cell proliferation.
The relative expression of pluripotency marker was found to be same as a control indicating
no effect on pluripotency (Fig. 3.5E). Both compounds and shRNA suggested that the
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inhibition of mitochondrial respiration induces pause in mESCs without affecting
pluripotency.
3.5. The ETC inhibition induced cell cycle arrest is reversible
To check the proliferation capability of the paused cells, a low number of cells was seeded
into p6 well plates to continuous culture for 3 days and then the treatment of Rotenone and
Antimycin was started, after 4 days treatment was removed for 3 days (Fig. 3.6A, B). After
removal of inhibitors cells again entered into proliferation indicating that the blockade of
ETC induced cell cycle arrest is reversible after removal of inhibitors. Such a pattern fits
with the paused state (Scognamiglioet al., 2016; Bulut-Karsliogluet al., 2016).

Figure 3.6: ETC inhibition induced cell cycle arrest is reversible. (A) Colony size of Rotenone and
Antimycin treated d4 cells. (B) Cell numbers before and after the release of rotenone and Antimycin
treatments indicated time points. (C) Cell numbers in millions before and after the release of treatment of
Rotenone and Antimycin. (D) Relative knockdown of TFAM at P1, P2, P3, and P4 against control. (E)
Relative expression of mtDNA encoded genes in shTFAM treated naïve mESCs at P1, P2, P3, and P4. (F)
Relative cell number at P1, P2, P3, and P4 of shluc and shTFAM in naïve mESCs.

To check how long these cells can maintain reversibility (or pause), cells were seeded into
a series of wells of p6 well plate. They were allowed to grow for 3 days before giving the
treatment of Rotenone continuously and then releasing the treatment every week for one
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well till the 32 days. Continues treatments did not induce apoptosis, cells survived for more
than one month. After the release of treatment, cells again started to proliferate (Fig. 3.6C).
These results indicate that the ETC inhibition induced pause is a very stable state.
3.6. The transient effect of shTFAM
It has been known that the effect of lentiviral shRNAs in cells can be transient during
continuous passaging without selection. Therefore, the mESCs were transduced with
lentivirus-based shRNA of TFAM. After puromycin selection, the effect of shTFAM on
mESCs was continuously monitored. The knockdown of TFAM indicated that the virus
continuously diluted and mRNA of TFAM restored (Fig. 3.6D). The mRNAs of mtDNA
encoded gene also gradually came back (Fig. 3.6E) indicating that with reduction of
shRNA effects, mESCs again started proliferation. These results confirmed that shTFAM
induced cell cycle arrest is also reversible (Fig. 3.6F).
3.7. Confirmation of pluripotency after pause through embryonic body (EB)
differentiation and chimera generation
After 3 days of release, cells from Rotenone and Antimycin treatments were subjected to
embryonic body differentiation. The size and morphology of EB were similar to control at
day 8 of differentiation (Fig. 3.7A).
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Figure3.7: Pluripotency is preserved after the release of treatments. (A) Morphology of embryonic body
differentiation from Rotenone and Antimycin treated cells after treatments release. (B) Relative expression
of pluripotency marker Oct4 and Nanog in EB differentiation against 2i mESCs. (C) Relative expression of
differentiation markers, GATA4, HNF4, Sox17, and FGF5 in EB differentiation. (D) Morphology of EB
differentiation at D8 from shLuc and shTFAM after P5. (E) Relative expression of Oct4 and Nanog from EB
differentiation at D8 after P5. (F) Relative expression of GATA4, HNF4, Sox17, and FGF5 from EB
differentiation at D8 after P5. (G) Chimera generation from Rotenone treated mESCs at d4 after treatment
release.

Next, the pluripotency and differentiation marker gene expression was analyzed (Fig. 3.7B,
C) but no significant difference between control and treated cells was observed. The
shTFAM reversed cells were subjected to EB differentiation. The morphology and size of
EB were the same in both shLuc and shTFAM (Fig. 3.7D). Then qPCR for pluripotency
and differentiation markers was done but no significant difference was found (Fig. 3.7E,
F). Also, the chimera could be normally generated from the released mESCs (Fig. 3.7G).
These results demonstrate that the paused mESCs are normal in pluripotency.
3.8. Inhibition of ETC induces pause in blastocyst ex vivo
To study whether the pause effect of ETC inhibition also exists in the blastocyst, mouse
blastocysts were generated ex vivo on 4-day of development of fertilized eggs (Fig. 3.8A).
The blastocysts were divided into two groups, control, and Rotenone treatments. The
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morphology, size, and health of embryos were monitored every day. Blastocysts of the
control group started to die at day 2 and completely died at day3 while most of Rotenone
treated blastocysts survived for several days up to embryonic day 13 (Fig. 3.8B, C)
suggesting that the inhibition of ETC induces pause in blastocysts. To check the
pluripotency of Rotenone treated blastocysts, the blastocysts were injected to surrogate
mother. The control group at D0 and Rotenone treated embryos at D3 of treatments (after
one hr release of treatment) were injected to surrogate mother. Live pups were born from
both groups, indicating that the ETC inhibited embryos are functional and pluripotent (Fig.
3.8D). Then mice from treated group were mated to each other to confirm the fertilization.
The normal mice were born, indicating that the mice are normal and fertilized. All of these
results are indicating that the ETC blockade can induce pause in ex vivo embryo and it is
reversible.

Figure 3.8: Rotenone treatment induces pause in blastocyst and it is reversible after the release of
treatment. (A) Systematic scheme of blastocysts generation. (B) OG2 florescence containing blastocysts
culture with rotenone treatments. (C) Kaplan–Maier survival curves of blastocysts cultured ex vivo with
rotenone. (D) Live mice generation from Rotenone treated blastocyst at d3 after 1 hr release of treatment. (E)
Live pups born from the mating of male and female born from paused blastocyst generated mice.

3.9. Characterization of pause phenotype
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The mitochondrial properties of paused mES cells were measured. The total ROS level
measured from both compounds inhibited ETC and shRNA inhibited ETC showed that the
total ROS level was decreased in treatments compared to control (Fig. 3.9A, E). The
membrane potential and mitoTracker was measured through FACS showing that they both
slightly increased in both treatments (Fig. 3.9B, C, F, G), but membrane protein was not
changed when detected through western blotting (Fig. 9D, H). These results indicate that
the mitochondrial activity is reduced but the mitochondrial structure remains the same in
both paused and normal cells.

Figure 3.9: Mitochondrial characterization of induced paused mESCs By ETC inhibition (A, B, C)
Relative ROS, mitoTracker red and membrane potential level of Rotenone and Antimycin treated cells
against control. (D) Western blotting of anti VDAC and anti Tim23 of rotenone and Antimycin treated cells.
(E, F, G) Relative ROS, mitoTracker red and membrane potential level of shTFAM induced cells against
control. (H) Western blotting of anti VDAC and anti Tim23 of shTFAM induced cells against shLuc. Actin
was used as an internal control. (n=3) *P <0.05, **P <0.01, ***P <0.001.

3.10. OCR and ECAR measurements
Total oxygen consumption rate (OCR) is used for measurements of mitochondrial activity.
After initial screening of mitochondrial activity, OCR measurements of paused cells were
done through seahorse. The first five cycles of measurements indicated that the basal level
of oxygen consumption was very low in paused cells compared to control. After five
cycles, oxygen consumption rate was exited with additions of FCCP for 3 cycles and
inhibited through Rotenone and Antimycin. FCCP induced the oxygen consumption rate
in control group but not in paused cells and additions of Rotenone and Antimycin inhibited
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the control group but not in paused group because paused cells already had a very low level
of OCR (Fig. 3.10A). All of these results are suggesting that the oxygen consumption rate
is inhibited in Rotenone and Antimycin treated cells compared to the control group.
Extracellular acidification rate (ECAR) is used to determine the rate of glycolysis. The
measurements of ECAR from paused and normal mESCs showed that the glycolysis rate
was higher in paused cells than normal cells (Fig. 3.10B).

Figure 3.10: ETC inhibited mESCs depend on glycolysis for survival. (A, B) OCR and ECAR
measurements of Rotenone and Antimycin treated mESCs at d4 against control. (C) Rotenone and Antimycin
treated cells in the presence and absence of glucose for 24 hrs. (D) anti-Hif1-alpha western blotting of
Rotenone and Antimycin treated cells against control. Actin was used as an internal control. (E) Relative
ATP level of Rotenone and Antimycin treated cells compared to control at day4.

To study whether upregulation of glycolysis is vital for paused cell survival, cells were
seeded and cultured for one day in normal medium. After 24 hrs the medium was switched
with either presence or absence of glucose. In the presence of glucose control group and
treatment group cells could survive. While in the absence of glucose only control group
survived due to the normal function of mitochondria (Fig. 3.10C). These results are
indicating that the paused cells rely on glucose for their survivals in the inhibition of ETC.
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The high protein level of Hif1-Alpha has been known as the marker of glycolysis (Zhou et
al., 2012). Therefore, the protein level of Hif1-alpha was measured in paused and normal
cells through western blotting. Protein level increased in paused mESCs compared to
normal cells confirming glycolysis induction in paused cells (Fig. 3.10D). However, the
total ATP level was not different in paused and normal cells (Fig. 3.10E). It suggests that
the higher level of glycolysis in paused cells maintained the ATP level in the steady state.
3.11. ETC inhibition induced pause is distinct from Myc and mTOR inhibitioninduced pause.
Earlier studies suggested that inhibition of myc through depletion of c-myc and n-myc or
by adding pharmacological inhibitor induces pause in mESCs (Scognamiglioet al., 2016).
In this study, western blotting was carried out of Rotenone and Antimycin induced paused
cells against the anti-myc proteins. The total myc protein was not changed in paused cells
compared to control. It indicated that the ETC inhibition induced pause has nothing to do
with myc (Fig. 3.11A). Another recent study demonstrated that the inhibition of
mechanistic target of rapamycin (mTOR) by the inhibitor Ink128 induces pause in
pluripotent stem cells (Bulut-Karsliogluet al., 2016). mTOR consists of two complexes,
mTORC1 and 2. During its activation, mTORC1 phosphorylates the S6K and 4E-BP,
while mTORC2 phosphorylates the AKT (Fig. 3.11B). Inhibition of both mTORC1 and 2
is needed for induction of pause in pluripotency stem cells. Western blotting of Rotenone
and Antimycin treated cells was done to check the mTORC1 and 2 activity. Ink128 was
used as a positive control. Western blot of ETC inhibited paused cells showed that the
mTORC1 was inhibited while mTORC2 was activated (Fig. 3.11C). Overall, these results
are indicating that the ETC inhibition induced pause is independent to myc and mTOR
inhibition induced pause in pluripotent cells.
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Figure 3.11: ETC inhibition did not induce pause in mESCs through Myc and mTOR signaling
pathways. (A) Western blotting of Rotenone and Antimycin treated cells against the anti-cmyc protein. (B)
Systematic scheme of the mTOR signaling pathway. (C) Western blotting of Rotenone, Antimycin and
Ink128 mTOR inhibitor-treated cells after d4 against control. H3 was used as internal control. (D) Western
blotting of TSC1 knock out cells. (E) Relative cell numbers of TSC1 knock out treated with Rotenone and
Antimycin

3.12. Omics study to identify the mechanisms of ETC inhibition induced pause
It is well known that the mitochondria are the powerhouse of the cell to control the energy
metabolism albeit in ESCs the mitochondria are less active. Due to this reason,
mitochondria get more attention in mESCs research. In this study non-targeted
metabolomics was done through LC/MS/MS in both positive and negative ion modes. Total
1770 positive and 2706 negative mode features were detected (table 3.1). The fold change
>1.5 and the P value <0.05 as a threshold was set for differentially expressed metabolites
as shown in volcano plots. Volcano plots for Rotenone (upper panel d1 and lower panel
d3) right side positive ion mode and left side negative ion mode (Fig. 3.12A) while
Antimycin (upper panel d1 and lower panel d3) right side positive ion mode and left side
negative ion mode treated cells against control d0 were plotted (Fig. 3.12B).
Table 3.1: Feature number
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Sample group

Feature number

positive mode (ESI+)

1770

negative mode (ESI-)

2706

Figure 3.12: Measurements of non-targeted metabolites from Rotenone and Antimycin treated cells.
(A) Volcano plots for Rotenone (upper panel d1 and lower panel d3) right side positive ion mode and left
side negative ion mode while (B) Antimycin (upper panel d1 and lower panel d3) right side positive ion mode
and left side negative ion mode treated cells against control D0 were plotted.

Table 3.2: Differentially expressed metabolites
Comparisons

Up-

Down-

All121

Rot-d1_vs_Ctrl-d0

17

49

66

Rot-d3_vs_Ctrl-d0

28

37

65

Ant-d1_vs_Ctrl-d0

26

41

67

Ant-d3_vs_Ctrl-d0

38

29

67

Comparisons: Comparison groups. Up-: Up-regulated differentially expressed metabolites; Down-: Downregulated differentially expressed metabolites; All-: All differentially expressed metabolites.

Total 154 metabolites were detected and identified (table 3.2). 66 and 65 differentially
expressed metabolites were identified in Rotenone d1 and d3 respectively. 66 differentially
expressed metabolites were identified in Antimycin in both time points. In Rotenone
treatments the 17 were up-regulated and 49 were down-regulated at d1 and 28 were upregulated and 37 were down-regulated at d3 of treatments. In case of Antimycin treatments,
25 were up-regulated and 41 were down-regulated at d1 while 37 were up-regulated and
29 were down-regulated at d3. For overlapping analysis, venny diagram analysis was done.
3.12.1. Venny diagram analysis of differentially expressed metabolites
The venny diagram analysis was done for all differentially expressed metabolites at alltime points. The venny diagram (Fig. 13) indicated that the 35.4% metabolites overlapped
with each other in both treatments in all time-points and much less were found in individual
time-points.
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Figure 3.13: Venny diagram analysis of differentially expressed metabolites.

3.12.2. Inhibition of ETC alter the cellular metabolism
It is well known that the mitochondrial ETC is a major source of NADH to NAD
conversion to produce the ATP. NADH/NAD ratio is coupled with TCA cycle metabolism.
The blockade of ETC induces an increase in the ratio of NADH/NAD resulting in the
inhibition of the TCA cycle (Fig. 3.14A). The malate was accumulated in paused cells. It
is suggested that it may be due to lackn of conversion of malate to oxaloacetate because of
the deficiency of NAD in mitochondria matrix.
The isoform of some TCA cycle enzymes is also present in ETC complexes such as
succinate dehydrogenase 1 (SDH1) in ETC complex II. The succinate accumulates in
Antimycin treated cells but not in Rotenone treatments, suggesting that maybe there is no
conversion of succinate into fumarate in ETC complex 2. Along with this, there are two
isoforms of IDH, IDH1/2. IDH1 converts the isocitrate to alpha-ketoglutarate (α-KG) and
needs the NAD as a cofactor while IDH2 converts the α-KG to isocitrate and needs NADP.
If the IDH2 is dysfunctioned then α-KG could be converted into 2 hydroxyglutarates as
shown in(Fig. 3.14B, C. Unfortunately, the NADPH/NADP ratio could not be detected in
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our non-targeted metabolites measurements. All these results are indicating that the
blockade of ETC alters the mitochondrial metabolism.

Figure 3.14: Inhibition of ETC alters the cellular metabolism. (A) Ratio of NADH/NAD+ (B)
accumulation of L-Malic acid and (S)-2 hydroxyglutarate in both Rotenone and Antimycin while succinate
in Antimycin treatment. (C) Systematic diagram of glycolysis, TCA, and ETC metabolism. (D) The relative
level of Aspartate in paused cells.

Recently, several studies have reported that the mitochondrial ETC regulates the aspartate
synthesis from the oxaloacetate and fuels nucleotides synthesis to sustain cell doubling
(Birsoy et al., 2015; Cardaci et al., 2015; Sullivan et al., 2015). ETC inhibition depleted
aspartate which leads to blockade of DNA/RNA synthesis. In this study sharp drop of
aspartate in mESCs treated with ETC inhibitors was validated (Fig. 14D).
3.12.3. Pyruvate or aspartate can’t rescue pause in mESCs
It’s reported that the proliferation of ETC inhibited cells can be rescued by supplementing
pyruvate or aspartate (Birsoy et al., 2015; Cardaci et al., 2015; Sullivan et al., 2015). In
this study, such a rescue effect was confirmed in NIH3T3. Cells were treated with
Rotenone 200nM and Antimycin 5 uM for 4 days and supplemented with pyruvate 1mM,
AKB 1mM, DM.ASP10mM and ASP 10mM as shown in Fig. 3.15A, B.
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Figure 3.15: Rotenone and Antimycin treated somatic cells when supplemented with pyruvate, AKB,
DM.ASP and ASP.(A) Cell images of control, Pyruvate, AKB, DM.ASP and ASP supplemented group (B)
Rotenone and Antimycin with or without Pyruvate, AKB, DM.ASP and ASP. (C) Cell numbers of Rotenone
and Antimycin with or without Pyruvate, AKB, DM.ASP and ASP relative to control. AKB, alpha keto
butyrate, DM.ASP, dimethyl aspartate, ASP, aspartate.

The cells treated with Rotenone or Antimycin alone were paused while with the
supplementation of pyruvate, alpha keto butyrate (AKB), dimethyl aspartate (DM.ASP)
and aspartate (ASP) cells could proliferate again. The pyruvate or AKB (analog of
pyruvate) supplemented cells were rescued at around 50% while DM.ASP or ASP
supplemented cells were rescued around 30%. It indicated that with either supplementation
of electron acceptor or aspartic acid, ETC deficient cells can proliferate (Fig. 3.15C).
Surprisingly, mESCs cultured in the 2i medium already contained the pyruvate and
aspartate yet cell still underwent into paused state upon the Rotenone and Antimycin
treatments. For further confirmations, mESCs-2i cells were treated with Rotenone and
Antimycin with or without pyruvate 2mM, AKB 2mM, DM.ASP 10mM and ASP 10mM
supplementations but proliferation did not take place (Fig. 3.16A, B,C). It indicates that
the mESCs are unique in their metabolism than somatic cells.
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Figure 3.16: None of the pyruvate, AKB, DM.ASP and ASP could rescue the pause in mESCs treated
with ETC inhibitors. (A) Cell images of control, Pyruvate, AKB, DM.ASP and ASP treated cells (B)
Rotenone and Antimycin treated cells with or without Pyruvate, AKB, DM.ASP and ASP. (C) Cell numbers
of Rotenone and Antimycin treated cells with or without Pyruvate, AKB, DM.ASP and ASP relative to
control. Abbreviations, AKB, alpha keto butyrate, DM.ASP, dimethyl aspartate, ASP, aspartate.

3.12.4. Global analysis of non-targeted metabolomics
A deep analysis of the non-targeted metabolites measurements was done. As expected the
glycolysis increased upon the inhibition of ETC. Most of the glycolysis intermediates and
lactate accumulated in paused cell indicating that the glycolysis rate was increased (Fig.
3.17A). Surprisingly, several PPP and hexose kinase pathways intermediate also increased.
It indicated that, either these metabolites were produced in high quantity due to the high
rate of glycolysis or were not used in their respective pathways. The aspartate is involved
in nucleotide and protein synthesis. The consequence of aspartate deficiency is reduced
nucleotide and protein synthesis. In this metabolomics data at d1 the level of most of the
nucleotides was down but at day3 the level of most of them rescued back, indicating that
the nucleotides synthesis is compensated by other synthesis pathways. The ATP level was
also rescued back (Fig. 3.17B). These results indicate that nucleotides and ATP level, are
not the reasons for blockage of the cell proliferation. To exclude this possibility, the
nucleosides were supplemented to the paused cells but still, self-renewal was not rescued.
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It strongly suggested that the nucleotides are not the reason for the blockade of cell
proliferation in mESCs (Fig. 3.17C). Most of the essential amino acids accumulated and
some of the amino acid intermediates decreased suggesting that the amino acid metabolism
was affected and protein synthesis might be inhibited (Fig. 3.17D). Then lipid metabolism
pathways were analyzed.

Most of the substrates of the membrane lipids changed

suggesting that membrane structures might be disturbed (Fig. 3.17E). Overall these results
suggest that the mitochondrial respiration controls the whole cellular metabolism. For
pathways analysis, KEGG Pathways analysis was done to find out the most affected
pathways.

Figure 3.17: ETC inhibited cells induce global change in cellular metabolism. (A) The heat map showed
that the glycolysis and PPP pathways are increased while nucleotide and amino sugars are decreased. (B)
The nucleotide metabolism decreased at d1 in both Rotenone and Antimycin treatments but at d3 it is partially
rescued. (C) Relative cell no of Rotenone and Antimycin with supplementation of nucleosides. (D) The amino
acids metabolism changed. (E) The lipid and its derivate metabolism alter in the ETC inhibited cells.

3.12.5. KEGG enrichment
Furthermore, to determine the functional categories, the differentially expressed
metabolites were subjected to KEGG enrichment analysis. The Fisher exact method was
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used to calculate the significance of the enriched KEGG pathways. KEGG enrichment
analysis of both Rotenone and Antimycin at d1 and d3 was done (Fig. 3.18). On the basis
of their p-value, top 20 pathways were selected from both treatments at each time point.
To further narrow down the analysis, these pathways were subjected to venny diagram
analysis to find out the common changed pathways in all conditions.
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Figure 3.18: KEGG analysis of non-targeted metabolites of paused cells. KEGG of Rot-d1, Rot-d3, Antd1, and Ant-d3 induced paused cells.

3.12.6. Venny diagram analysis of non-targeted metabolomics
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Venny diagram analysis of the all top 20 selected pathways was done. The common
changed pathways were mainly focused in all conditions (Fig. 3.19), these included,
lysosome, choline metabolism in cancer, central carbon metabolism, protein digestion and
absorption, Aminoacyl-tRNA biosynthesis, ABC transporters, Parkinson’s disease and
glycerophospholipid metabolism (table 3.3). Furthermore, the pyrimidine metabolism and
platelet activations were commonly found in Rot-d1 and Ant-d1 while mTOR signaling
and alcoholism were found in Rot-d3 and Ant-d3. To further confirm these analyses total
transcriptomics analysis was carried out.

Figure 3.19: Top 19 KEGG of non-targeted metabolites of each treatment in all time points.

Table 3.3: Common changed KEGG pathways in Rot and Ant
S. No.

Common changed pathways

1

Lysosome

2

Central carbon metabolism in cancer

3

Choline metabolism in cancer

4

Parkinson's disease

5

Protein digestion and absorption
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6

Aminoacyl-tRNA biosynthesis

7

Glycerophospholipid metabolism

8

Mineral absorption

9

ABC transporters

3.13. Total transcriptomics analysis
Total RNA sequence analysis was carried out. For differential gene analysis >1.5 fold
change and < 0.05 p-value was set as a thresh hold. 983 and 3763 differential genes were
identified in Rotenone and Antimycin treatments respectively. 576 were up-regulated and
407 were down-regulated by Rotenone while 1436 up-regulated and 2328 were downregulated by Antimycin treatment (table 3.4). The pluripotent and differentiated marker
genes were not changed significantly (Fig. 3.20A). For overlapping analysis, venny
diagram analysis was done of all differentiated (Fig. 3.20B) and up-regulated (Fig. 3.20C)
and down-regulated genes (Fig. 3.20D). The Rotenone included genes significantly
overlapped with Antimycin induced genes indicating that both treatments largely induced
the same changes in transcriptomics though with different severity. For functional analysis,
both GO terms and KEGG pathways analysis was done.
Table 3.4: Differentially expressed genes
Compare group

significance

Up

Down

Ctrl vs Rot

983

576

407

Ctrl vs Ant

3764

1436

2328

131

Figure 3.20: Total transcriptomic analysis of paused cells. (A) The heat map represents the pluripotency
and differentiation genes. (B) The overlapping of the differential gene in Rotenone and Antimycin treatment
analysis. (C) Overlapping of up-regulated and (D) down-regulated genes.

3.13.1. GO terms analysis
The GO analysis includes the biological process, cellular components, and molecular
function. <0.05 p-value was set as a thresh hold for significant enrichment. On the basis of
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p-value, top 10 GO terms were selected in both treatments as shown in Fig. 3.21A and B.
The GO term in both treatments largely enriched in metabolic process, cell organelles
components and protein bindings changed while no change in pluripotencyand
differentiation related processes was found. For overlapping analysis venny diagram
analysis was done. It indicated that there was not any common GO term changed in all
categories as shown in Fig. 3.21C. For further analysis, KEGG pathways enrichment
analysis was done.
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Figure 3.21: GO enrichment analysis of Rotenone and Antimycin treatment. (A) Top 10 enriched GO
terms of Rotenone treatment (B) Top 10 enriched GO terms of Antimycin treatment in each category (C)
venny diagram of GO terms in each category.

3.13.2. KEGG pathways analysis
All differentially expressed genes were subjected to KEGG pathways analysis. In the case
of Rotenone treatment the metabolic pathways while in case of Antimycin treatment, the
cell cycle was the most affected pathway. To find the commonly changed pathways, the
top 10 KEGG pathways from each treatment were subjected to venny diagram analysis.
No commonly affected pathways were found in both treatments. It indicates that RNA
expression changes did not underlie the paused phenotype from different ETC inhibitors.
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Figure 3.22: KEGG analysis of Rotenone and Antimycin treatment. (A) Top 10 enriched KEGG
pathways of Rotenone treatment (B) top 10 enriched KEGG pathways of Antimycin treatment (C) venny
diagram of KEGG.
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3.14. Total proteomic analysis
Tandem Mass Tag (TMT) based quantified proteomic method was applied in this study.
Total 5675 proteins were identified. Details of data collection and qualification are shown
in table 3.5.
Table 3.5: Overview of the number of identified proteins and peptides
Database

Spectra(PSM) Peptides Unique peptides

Uniprot_mouse 346529

38940

32348

Protein groups
5675

Database: Species in the selected database. Spectra: Matched spectra number of identified peptides.
Peptides: The number of distinct peptide sequences in the protein group. Unique peptides: The number of
peptide sequences unique to a protein group. Protein groups: Total number of identified proteins.

Only those proteins were selected for differential analysis which were identified in at least
two of three replicates. The>1.2 or < 0.83fold changes and <0.05 p-value were set as a
thresh hold for differentially expressed proteins (Fig.3.23A and B).

Figure3.23: The Volcano plot of total proteome from paused cells. (A) The volcano plot of Rot-d3 vsCtrld0. (B) The volcano plot of Ant-d3 vsCtrl-d0. X-axis: the log2 fold change between the two conditions. Y-
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axis: the negative log10 p-value. Pink dots represented the differentially expressed proteins (fold change>1.2,
p<0.05).

48 up-regulated and 38 down-regulated proteins were found in Rot-d3 vs Ctrl-d0 analysis.
In Anti-d3 vsCtrl-d0 analysis, 60 up-regulated and 43 down-regulated proteins were found.
The differential proteins were subjected to cluster analysis (table 3.6).
Table 3.6: Number of differentially expressed protein
Comparisons
UpDownAllRot-d3_vs_Ctrl-d0

48

38

86

Ant-d3_vs_Ctrl-d0

60

43

103

Comparisons: Comparison groups. Up-: Up-regulated differentially expressed proteins;
Down-: Down-regulated differentially expressed proteins; All-: All differentially
expressed proteins.
3.14.1. Cluster analysis
The hierarchical clustering analysis was applied to further characterize the specific and
unique expression patterns of the differentially expressed proteins between control and
paused mESCs. Two parameters, Euclidean distance, and average linkage were considered
when performing hierarchical clustering. The clustering result in the form of heat maps is
shown in Fig.3.24. For overlapping analysis, these differentially expressed proteins were
subjected to venny diagram analysis. The venny diagram analysis of all differentially
expressed proteins was done. More than 50% of the Rotenone induced differentially
expressed proteins were overlapped with Antimycin induced differentially expressed
proteins.
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Figure 3.24: Differentially expressed protein in paused vs control. (A) heat map of Rotenone and
Antimycin treatments versus control (B) venny diagram of differentially expressed genes.

3.14.2. Gene Ontology annotation and enrichment
To determine the functional categories which the differentially expressed proteins enriched
in all the quantitative proteins, GO enrichment analysis on three ontologies (biological
process, molecular function, and cellular component) was applied. The Fisher’ exact
method was used to calculate the significance of the enriched functional categories when
performing enrichment analysis. Four parameters were considered to calculate the Fisher’
exact test, p-values, and rich Factors. These were (1) number of differentials expressed
proteins, (2) a total number of all the quantitative proteins identified in this analysis, (3)
differentially expressed proteins and (4) all the quantitative proteins /lysine-acetylated
proteins involved in each GO category. Rich Factor = c/d. However, only functional
categories with p-values under a threshold of 0.05 were considered significant. The top 10
significantly enriched GO terms are given in Fig.3.25A and B.
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Figure 3.25: Proteomics gene ontology of paused cells. (A) From each category, top 10 terms were selected
in Rotenone treatments (B) Antimycin treatments. (C) Venny diagram of top 10 GO terms in each functional
categories.

Table 3.7: Common GO terms in both Rot and Ant
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1

Hydrolase activity, hydrolyzing O-glycosyl compounds

2

Hydrolase activity, acting on glycosyl bonds

3

N-acetyl-beta-D-galactosaminidase activity

4

Ferric iron binding

5

Beta-N-acetylhexosaminidase activity

6

Vacuole

7

Lysosome

8

Lytic vacuole

9

Melanosome

10

Neuromuscular process controlling balance

11

Lytic vacuole organization

12

Lysosome organization

3.14.3. KEGG pathway annotation
The KEGG pathway annotation of significantly differentially expressed proteins was done.
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Figure 3.26: KEGG enrichment of differentially expressed proteins of paused cells. (A) Rot top 6,
Anttop 10 KEGG enriched pathways of Antimycin induced paused cells. (B) Venny diagram of KEGG.

Table 3.8: Common KEGG pathways in both Rot and Ant
1

Lysosome

2

Glycosphingolipid biosynthesis - globo and isoglobo series

3

Glycosphingolipid biosynthesis - ganglio series

4

p53 signaling pathway

5

Glycosaminoglycan degradation

6

Drug metabolism - other enzymes

Both non-targeted metabolomics and proteomics data analysis suggested that the lysosome
and its related pathways and processes are most affected. To validate these results, the
glycosylation measurements of whole proteins lysis was done. The two different antibodies
against the same protein were used to measure the O-glycosylation from total proteins (Fig.
27A). Both antibodies showed the same pattern. The results indicated that the total Oglycosylation level was reduced in both Rotenone and Antimycin treatments against
control. Total protein expression level of O-glycosylation transferase (OGT) enzyme
which is responsible for the transfer of the O-glycan on the serine and threonine amino acid
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was checked but no change was found (Fig.3.27B). To further confirm these results,
western blotting of the LC3, one of the markers of autophagy was done. The level of LC3
was accumulating indicated that the autophagy is blocked. To validate these results, p62
was measured (Fig.3.27C). It is one of the substrates of the autophagy. The level of p62
increased suggesting that the autophagy is blocked. Overall these results demonstrate that
inhibition of mitochondrial respiration induces the blockade of lysosome function.

Figure 3.27: Glycosylation and lysosome activity. (A) Western blot of Anti-CTD110.1 and Anti-RL2 for
glycosylation. The total protein level of OGT enzyme responsible for o glycosylation. (C) LC3 and p62
detection used as the readout of lysosome activity. Actin was used as internal control.

3.15 Ursolic acid inhibits the mESCs cell proliferation and induces the differentiation
Ursolic acid (UA), was screened for its ability to inhibit the self-renewal of mESCs at two
different concentrations 15 and 18 uM/mL (Fig.3.28A&B). It was shown to possess the
strong differentiation-inducing activity. The qPCR analysis depicted that UA treatment

145

decreased the expression of Oct4, Nanog and Sox2 in mESCs in a concentration-dependent
manner as compare to control (Fig.3.28C).

Figure 3.28: Effect of Ursolic Acid on mESCs. Ursolic acid inhibit the selfrenewal and induces the
differentiation in mESCs at 15 and 18uM/mL concentrations (A,B&C).

3.15.1. Ursolic acid promotes the differentiation of mESCs
The mESCs are maintained in serum plus lif based medium in naïve condition. Upon
withdraw of lif, mESCs spontaneously undergo through differentiation on gelatin. We
hypothesized that if UA induces the differentiation then this compound must promote the
spontaneous differentiation of mESCs. The cells maintained on feeders in serum plus lif
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medium were taken and cultured on gelatin withdraw of lif for 3 days. The morphology of
cells in minus lif indicates that upon withdraw of lif cells undergo through spontaneous
differentiations. The results have shown that in Ursolic acid treated cells, the colonies
became flatter as compared to untreated upon with draw of lif. It suggested that the UA
promotes the differentiation of mESCs upon lif withdraw. To further confirm these results,
cells were lysed for RNA and qPCR analysis was done to access the expression of
pluripotency markers. The Oct4, Nanog, and Sox2 expression level droped more quickly
than control suggesting that the UA promotes the differentiation of mESCs (Fig.3.29A&B).

3.29: Ursolic acid (UA) promotes the mESCs differentiation upon withdrawal of lif. (A) Cell images
represents the cell morphology upon with draw of lif (B) q-PCR analysis of pluripotency genes.
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Chapter # 4
Discussion
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4.1. Comparisons of mitochondrial properties between ESCs and somatic cells, and
during exit of pluripotency
This study demonstrates that the mitochondrial properties such as ROS level, MT mass,
and mtDNA copy number are low in mESCs than in somatic cells. Interestingly, it was
found that in the ground state of mESCs, mitochondrial properties were even lower than
the metastable or serum-cultured state and increased during the exit of pluripotency. It is
consistent with a previous report that the mitochondria are less functional in PSCs (Zhang
et al., 2011). MS-based metabolomics data showed that the pluripotent stem cells are
enriched of unsaturated metabolites whose level decreases upon differentiation (Yaneset et
al., 2010) indicating that the mitochondrial activity is low in mESCs and increased in
differentiation. Furthermore, hyperactivation of mitochondria impairs pluripotency, as the
inducible expression of DN-POLG reduces the OCT4 expression and increases the
expression of differentiation marker T/burrchary in mouse naïve metastable pluripotent
state (Facucho-Oliveira et al., 2007). While over-expression of PGC1-β inhibit the somatic
cell reprograming to iPSCs (Wu et al., 2015) suggesting that the mitochondrial activity is
needed to be low in pluripotent stem cells. The low level of mitochondrial metabolism in
mESCs suggests that the glycolysis provides the energy and metabolites in an efficient way
to fulfill the demand for rapid proliferation (Wang et al., 2009). It will be very interesting
to know how and why mitochondria are low in mESCs and why mESCs prefer glycolysis
over oxidative phosphorylation.
4.2. Mitochondrial respiration controls self-renewal of mouse embryonic stem cells
Our current study demonstrates that ETC is needed for self-renewal of ESCs. These results
strongly agree with the earlier findings in other cell types were depletion of mitochondrial
DNA with the low dose of ethidium bromide or inducible expression of dominative
negative POLG inhibit cell proliferation in somatic cells (King and Attardi, 1989;
Jazayeriet et al., 2003; Martinez-Reyes et al., 2016). Interestingly, the inhibition of
mitochondria with either chemicals or genetics stops the stem cell self-renewal without
affecting pluripotency suggesting that the maintenance of pluripotency is independent of
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mitochondrial respiration while regulation of self-renewal is an essential function of
mitochondria in mESCs.
Recently, two independent studies demonstrated that the myc depletion/inhibition or
mTOR inhibition induces paused pluripotent state in mouse embryonic stem cells
(Scognamiglioet et al., 2016; Bulut-Karsliogluet et al., 2016). In agreement with these
studies, our results demonstrate that the inhibition of mitochondrial respiration on cell
proliferation is reversible upon removal of treatments. Furthermore, the EB differentiation
and chimera generation indicates that these cells are normal and pluripotent.
Moreover, in various invertebrates and few mammalian species (Rodent, deer) early
embryonic development can be paused as a tactic to enhance the reproductive suitability
according to surrounding living conditions (Renfree and Shaw, 2000). In breastfeeding
mice, late implantation, known as diapause, can happen in response to low intensities of
estrogen hormone, drought environment, high temperature etc., which induces blastocysts
to enter in a biosynthesis dormant state (Hondo and Stewart, 2005; Mantalenakis and
Ketchel, 1966). This study showed that the Rotenone treated blastocyst survived for 3 days
longer than the untreated blastocysts which died at d3 in vitro, confirming that the
inhibition of mitochondrial respiration arrests the blastocysts in a dormant state. When the
dormant blastocysts were injected back to surrogate mother, they gave live pups indicating
that the inhibition of mitochondrial respiration induces paused blastocyst ex vivo. Upon
mating, they gave normal F1 generation suggesting that they are normally fertile. Our
results strongly suggest that the ETC inhibited blastocysts are developmentally arrested
and this condition is reversible upon releasing treatment.
4.3. ETC inhibited induced pause is distinct from myc and mTOR inhibition-induced
pause in mESCs
Upon comparison with mTOR or Myc inhibition induced pause, our results showed no
significant change in myc protein in ETC inhibited paused cells suggesting that the ETC
inhibited pause is not mediated through Myc. Additionally, mTOR inhibition-induced
pause needs blockade from both mTORC1 and C2, while our results showed that the
mTORC1 was inhibited while mTORC2 was activated in ETC inhibition induced pause,
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suggesting that ETC inhibited pause is not mediated through mTOR. Together, ETC
inhibition induced pause is independent of Myc or mTOR pathways.
4.4. Mitochondrial characterization of ETC inhibited mESCs
Interestingly, the inhibition of mitochondrial respiration with Rotenone and Antimycin or
shTFAM reduces the ROS level but increase the mitochondrial mass, and mitochondrial
membrane proteins did not change significantly, suggesting that the mitochondrial
structure does not change. These results are supported by an earlier study in T cells that the
knock out TFAM decreases the mitochondrial function but increases the mitochondrial
mass (Baixauliet al., 2015). Another study reported that the inducible expression of DNPOLG reduces the mtDNA copy number consequently MMP decreased resulting in the
blockade of cell proliferation in HEK-293T cells. Partial restoration of MMP rescued the
blockade of cell proliferation (Martinez-Reyes et al., 2016). Surprisingly, in our analysis,
MMP increases in both Rotenone/ Antimycin, and shTFAM but still cell proliferation
blocked suggesting that the mechanism of MMP to regulate cell proliferation is cell type
dependent. However, the different inhibitory models of ETC may have a different mode of
action to regulate the respirations to control MMP. Further research is needed to find out
the regulation of MMP in reference to mtDNA in both ESCs and somatic cells to find out
the mechanism of MMP on cell proliferation.
Furthermore, ETC inhibited mESCs switch their metabolism from OXPHOS to glycolysis.
In the absence of glucose, the paused mESCs die within 24 h supporting the earlier study
that ETC inhabited cells die when the glucose-rich medium is switched with galactose
medium (Martinez-Reyes et al., 2016). Moreover, this study showed that Hif1-alpha is
most likely the major mediator of the switch (Zhou et al., 2012). Consequently, the total
cellular ATP did not change in ETC inhibited paused cells indicating that the high rate of
glycolysis maintains the total level of ATP. Overall these results strongly suggest that
paused cells shift their metabolism from mitochondrial to glycolysis.
4.5. Metabolic signature of ETC inhibited mESCs
The TCA and ETC are coupled to each other, activation or inhibition of either of them
impacts the other and thus the global mitochondrial metabolism. The NADH and FADH
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produced by TCA cycle, oxidize in ETC to generate ATP and also recycle the NAD+ and
FAD+ to fuel the next round of TCA cycle. The paused mESCs show increase of
NADH/NAD indicating that the blockade of ETC inhibits the conversion of NADH to
NAD in mitochondria, consequently resulting in blockade of TCA cycle. These findings
are consistent with earlier reports in other cell types (Sullivan et al., 2015; Chen et al.,
2016). Interestingly, the malate accumulates in both Rotenone and Antimycin treated
mESCs, contrasting the change in other cell types (Chen et al., 2016). Noticeably, (s)-2hydroxyglutarate (2-HG) accumulates upon ETC inhibition in both Rotenone and
Antimycin in paused cells, supporting the previous study that the depletion of RISP, a
subunit of ETC complex 3, induces the accumulation of (s)-2-hydroxyglutarate in
hematopoietic stem cells (Anson et al., 2017). (s)-2-hydroxyglutarate can be generated
from either IDH2 mutation (Xu et al., 2011) or hypoxia (Intlekoferet al., 2015). It is yet to
be determined that how (s)-2-hydroxyglutarate is generated and what role it plays in ETC
inhibited mESCs.
Recently, it has been reported that the ETC inhibition through chemicals or genetics,
reduces aspartic acid synthesis from oxaloacetate to block the cell proliferation in somatic
cells and rescued by supplementation of pyruvate or aspartate (King and Attardi, 1989;
Sullivan et al., 2015; Birsoyet al., 2015). Surprisingly, mESC medium contains both
pyruvate and aspartate but still, cells undergo blockade of cell proliferation. Additionally,
excessive supplementation of pyruvate or aspartate did not rescue the blockade of cell
proliferation in mESCs indicating that the stem cells have the different necessity of
metabolites for cell proliferation than somatic cells upon ETC inhibition. In addition to
this, in hematopoietic stem cell, the inhibition of ETC complex 3 by knockout of one of its
subunits has no effect on proliferation (Anson et al., 2017) suggesting that ETC has a
different function in different types of the stem cells. Overall, we found that the ETC
inhibition induced blockade of cell proliferation is different in somatic and embryonic stem
cells. How ETC regulated the cell proliferation in mESCs needs future investigation.
4.6. Omics study in ETC inhibited paused mESCs
Omics study reveals that the dysfunction of mitochondrial respiratory chain distorts the
cellular homeostasis regulating stem cell proliferation. Our data demonstrate that
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carbohydrates, nucleotide, lipid and protein metabolism alter upon ETC inhibition. The
accumulation of glycolysis intermediates and lactate corresponds to the high rate of
glycolysis in ETC inhibition. Interestingly, in somatic cells, ETC inhibition induces the
inhibition of adenine to block cell proliferation and its supplementation partially rescued
the blockade of cell proliferation (Sullivan et al., 2015) but our data showed no change in
adenine level suggesting that the mitochondria differently regulated the nucleotides
metabolism in somatic cells and ESCs and both have different necessity upon ETC
inhibition for proliferation. In addition to this, the accumulation of most of the essential
amino acids in ETC inhibited mESCs demonstrating that utilization/oxidation of these
amino acids blocked in TCA cycle (DeBerardinis et al., 2008). How and why metabolism
of these amino acids is blocked need future research. Abnormal metabolism of
sphingomyelin, SOPC, glycerol, glucosamine-1-P, stearic acid, Acetyl COA etc. are
associated with irregular lipid metabolism. In addition to these, the functional analysis
showed that the ETC inhibition severely disturbs the lysosome pathway, supporting an
earlier study that mitochondria respiration is needed for normal function of
autophagosome/lysosomes in T cells (Baixauli et al., 2015). Consistently, our proteome
data also suggests that the lysosome is the most affected pathway upon ETC inhibitions.
The accumulation of LC3 and P62 also suggests that the blockade of autophagy/lysosome
function. Moreover, the lysosomal proteins need a specific environment and modulation
including glycosylation for proper function (Guo et al., 2014). Accordingly, the global Olinked glycosylation’s reduction may be the reason for lysosome blockade. What role
lysosome play in mESCs needs future investigation. Collectively, these results suggest that
the mitochondrial respiration controls the autophagosome/lysosome pathway in mESCs.
4.7 Evaluation of effect of Ursolic acid on mESCs
Natural products are used for the treatment of various ailments due to their less injurious
effect on humans as compared to synthetic drugs. Medicinal plants have been used
throughout the world to cure different diseases including infections, diabetes and cancer,
(Awal et al., 2004; Jiang et al., 2006). For the treatment of cancer, traditional chemotherapy
or radiotherapy generally involves killing tumor cells (Della et al., 2015; Dhermain 2014).
However, cancer cells may instead be changed into normal cells by differentiation therapy,
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which targets to reactivate endogenous differentiation programs in cancer cells to restart
the maturation process and remove tumor phenotypes. Generally, differentiation agents
tend to have less toxicity than conservative cancer treatments. It is therefore, desirable to
discover more efficient natural products with the ability of induction of differentiation,
which would create a new alternative for prevention and treatment of cancer disease.
Keeping this in view, the present research work was designed to test the potential of Ursolic
acid (UA) to inhibit the proliferation of mESCs and to induce differentiation in mESCs.
In our study, UA showed the blockade of proliferation and induced the differentiation in
E14 mouse naïve embryonic stem cell line. The expression of main pluripotent
transcription factors, such as Oct4, Sox2, and Nanog, are important for self-renewal and
pluripotency. If the expression of Oct4, Nanog and Sox2 is downregulated, it will initiate
differentiation (Liu et al., 2007). Based on these studies, our results are consistant with the
published reports, as the UA treated cells had considerably downregulated transcript levels
of Nanog, Oct4 and Sox2 compared to the vehicle control.
Ursolic acid inhibited Stat3 pathway in cancer cells. Additionally, lif regulates the Stat3
pathway in mESCs and it is critical for the proliferation and maintenance of pluripotency.
Ursolic acid might be inhibit the lif-Stat3 pathway in mESCs. This study is the first to
demonstrate that Ursolic acid is a potential differentiation-inducing agent in mESCs.
4.8. Conclusions
This study has shown that the inhibition of mitochondrial respiration induces pause in
mESCs and blastocysts stage embryo. The EB differentiation, chimera generation, and live
pups from the paused blastocyst suggest that the inhibition of mitochondrial respiration
induces dormant state without affecting the pluripotency. The paused cells rely on
glycolysis for their survival. ETCi induced pause cannot be rescued by adding pyruvate or
aspartate, suggesting a distinct necessity of ETC for ESC self-renewal. Moreover, ETCi
induced pause is not through myc and mTOR inhibition-induced pause. Mechanistically
inhibition of mitochondria respiration induced blockade of cell proliferation in both mESCs
and somatic cells is different. Both metabolomics and proteomics analyses suggest that the
mitochondrial respiration regulated the autophagosome/lysosome function. It is further
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supported by the total level of LC3 and p62 proteins measurement. Furthermore, we have
reported for the first time that the Ursolic acid induces cell differentiation in mouse
embryonic stem cells. All core pluripotency markers, Sox2, Oct4 and Nanog were
downregulated after Ursolic acid treatment. Hence, Ursolic acid may be effective as a
differentiating agent in treatment of cancer. Promising compound isolated from R. stricta
can be further explored into more complex and expensive mechanistic assays, or in future
investigations against cancer stem cell lines or cancer stem cells derived from primary
tissues.
4.9. Future work
Further research is needed to answer the following questions:
How mitochondria regulate cell proliferation in mESCs?
How is it different from other cell types?
How mitochondria regulate the autophagosome/lysosome function?
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Appendix A
Table 1. MEF and NIH-3T3 medium.

Table 2. 293T medium for culturing 293T cells.

Table 3. N2B27 based 2i+Lif medium for maintenance of mouse ESCs.
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Table 4. Serum-based medium for mESCs maintenance and for feeder preparation.

Table 5. SDS-PAGE 5% acrylamide (upper gel)
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Table 6. SDS-PAGE acrylamide (lower gel)

Table 7. Transfection mix
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Table 8. EB differentiation medium

Appendix B
Quantitative Untargeted metabolomics Analysis
Experimental quality control
System stability was evaluated by QC MS spectrum
QC sample TIC spectrum comparison
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TIC spectrums of QC samples were overlapped and compared. The result indicates that the
retort intensity and retention time of each QC sample overlapped basically, indicating the
variation caused by instrumental error was very low figure 1A and B.
A

B

Fig.1. TIC spectrums overlapping of QC samples (A: (ESI+) and B: (ESI-)
Typical metabolites spectrums
Typical metabolites spectrums of all testing samples obtained by UHPLC-Q-TOF MS
were shown in figure 2.
188
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Figure 2. Typical metabolites spectrums of control-d0; Rot-d1, 3 and Ant-d1, 3 in
both modes.
Data analysis
Primary objective of differential metabolites analysis is to filter out some metabolites
making statistical and biological sense. On the basis of this, the metabolic mechanism of
cell can be explained. In many cases, the expression quantity and expression mode of some
metabolites has a certain correlation, such as the upstream and downstream metabolites in
the same pathway.
Data preprocessing
The integrity and accuracy of the data processing are the essential condition for the
biological significance. On the basis of the experimental design and experimental data
accuracy, first we checked the data integrityand normalized the data in both between
192

samples and metabolites. In the extracted ion features, the metabolites having more than
50% missing measurement values were deleted. The total peak area of all metabolites was
normalized and then Pareto-scaling was performed by SIMCA-P 14.1 (Umetrics, Umea,
Sweden).
PCA analysis
PCA is an unsupervised data analysis method that re-linearly integrates all of the
metabolites originally identified to form a new synthesis-variable. At the same time,
several synthetic variables that reflected the original variable information as much as
possible were selected according to the analyzed questions. Thus, the goal of dimension
reduction was achieved. Meanwhile, the overall distribution trend among all samples can
be observed via PCA analysis, and the possible discrete points can be found out.
The database obtained via HILIC chromatography separation conditions presented a
significant separation trend among inter-group samples in PC1 and PC2 dimensional
graphs under both positive and negative ion mode data are shown in figure 1. The
parameters of the PCA model obtained by 7-fold cross-old cross-validation are shown in
table 9.
Table 9. The parameters of the non-targeted metabolomics data analysis
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A: the principal component number; R2X: the digital model explanation ratio; Q2: the
digital model prediction ability.
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Rot-d1 vs Control-d0

195

Rot-d3 vs Control-d0

196

Ant-d1 vs Control-d0

197

Ant-d3 vs Control-d0

Fig. PCA maps of Rot-d1, Rot-d3, Ant-d1, and Ant-d3 in both modes.

Partial least squares discriminant analysis (PLS-DA)
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It is different from the PCA method, the PLS-DA is a supervised method of discriminant
analysis. The method established the relationship between metabolite expression and
sample size model via partial least squares regression to achieve the prediction of the
category. At the same time, the Variable Importance for the Projection (VIP) score was
calculated to evaluate the affecting intensity and explanation ability of metabolites
expression mode to sample category. Thus, PLS-DA analysis assisted to the biomarkers
screening (usually VIP score is > 1.0).
The typical PLS-DA model and its score were shown in figure 2. The parameters of the
PLS-DA model (R2Y, Q2) obtained by 7-fold cross-validation were shown in table 9. The
closer R2 and Q2 to 1, represents the model is more reliable and stable. In the present
experiment, R2 and Q2 ≥ 0.5, indicating the model is stable and consistent.
Rot-d1 vs Control-d0

199

200

Rot-d3 vs Control-d0

201

Ant-d1 vs Control-d0
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Ant-d3 vs Control-d0

Fig.6. PLS-DA mapof Rot-d1, Rot-d3, Ant-d1, and Ant-d3 in both positive and
negative modes.
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Orthogonal Partial Least Squares Discriminant (OPLS-DA)
Different from the main analysis PCA method, OPLS-DA is a controlled discriminant
analysis statistical method. The method established the relationship between metabolite
expression and sample size model via partial least squares regression to achieve the
prediction of the category. The method was based on the PLS-DA, but filtrating the
irrelative information and improved model resolution and effectiveness. There are two
principal components (predictive principal component and orthogonal principal
component) in PLS-DA map. There was only one analytical principal component (t1) but
several orthogonal principal components. OPLS-DA maximizes the inter-group difference
on t1, so t1 can directly distinguish inter-groups differences. The orthogonal principal
component reflected intra-group variation.
The typical OPLS-DA model and its score were shown in Fig.7. OPLS-DA model
distinguishes two sets of samples clearly. The parameters of the PLS-DA model (R2Y, Q2)
obtained by 7-fold cross-validation were shown in Table 5. The R2 and Q2 ≥ 0.5, indicating
the model was stable and reliable.
Figure 8 showed the permutation test OPLS-DA model based on both ion mode.
Overfitting did not occur in the OPLS-DA model in the present experiment.

Rot-d1 vs Control-d0
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Rot-d3 vs Control-d0
205

Ant-d1 vs Control-d0
206

Ant-d3 vs Control-d0
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Fig. 7. OPLS-DA mapof Rot-d1, Rot-d3, Ant-d1, and Ant-d3 in both positive and
negative modes.

Rot-d1 vs Control-d0
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Rot-d3 vs Control-d0

Ant-d1 vs Control-d0

209

Ant-d3 vs Control-d0

Fig. 8. The PLS-DA and OPLS-DA validation plots of Rot-d1, Rot-d3, Ant-d1, and
Ant-d3 in both positive and negative modes.

210

Appendix C
RNA-sequences
Experiments flow chart

Figure 9. RNA-sequences experimental flow chart.

211

DMSO raw data

212

DMSO clean data
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214

Rot raw data

215

Rot clean data

216

217

Ant raw data

218

Ant clean data
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Figure 10. RNA-seq raw and clean data
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Table. 10. The total mapped reads

DMSO reads density in chromosomes
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222

Rotreads density in chromosomes

223

Ant reads density in chromosomes

Figure 11. Reads density in chromosomes of DMSO, Rot, and Ant.
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DMSO gene body coverage

Rot gene body coverage

225

Ant gene body coverage

Figure 12. Gene body distribution of DMSO, Rot, and Ant.

DMSO mapped reads distribution
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Rot mapped reads distribution

Ant mapped reads distribution

Figure 13. Mapped reads distribution of DMSO, Rot, and Ant.
Table 11. Total number of genes detection
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Appendix D
Total Proteomic data analysis
Quality control
The experiment was performed using high sensitivity and high-resolution Q Exactive mass
spectrometer, which can maintain a decent mass deviation and provide high-quality MS1
and MS2 spectrum. The mass deviation of most peptides was lower than 10ppm, which
indicates that the identification results were accurate and convincing. In addition, the score
MS2 spectrum was analyzed by MASCOT, a rigorous analytical tools. Figure 5-3-1 shows
that the MASCOT score of MS2 is as expected, 70% of the peptide was given the score
over 20, and the median score is 23.76. Each TMT dataset was using the screening factor
FDR<0.01, combined with the peptide scores, it can be concluded that this MS experiment
is high-quality. In terms of the evaluation of labeled quantification, which shown in Figure
5-3-2, the abundance of two groups of sample with equal labels is closed to one.
Peptide Ion score Distribution
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Figure 14. Ion score distribution
The X-axis represents the ion score of MS2 from MASCOT software. The collective
percentage of peptides is considered as the collective number of peptides dipping within
the defined deviation range beside the total number of peptides identified.

Protein Ratio Distribution

230

Figure 15. Protein ratio distribution. The X-axis represents the log value of FC
between two groups and the Y-axis represents the no. of proteins.
Description of protein and peptide features
Molecular weight distribution

Figure 16. Distribution of molecular weight of identified protein. X-axis represents the
molecular weight (kD) of identified protein. The collective % of proteins is defined as the
collective number of proteins falling within the definite variation range against the overall
total number of proteins identified.
Isoelectric Point Distribution
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Figure 17. Distribution of Isoelectric point of identified proteins. The X-axis represents
the isoelectric point (pI) of the identified protein. The collective % of proteins is defined
as the collective number of proteins falling within the definite variation range against the
overall total number of proteins identified.
Peptide Length Distribution

Figure 18. Peptide length distribution. The X-axis represents the NO. of an amino acid
of the identified peptide and the Y-axis represents the peptide percentage.
Protein sequence coverage distribution
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Figure 19. Peptide coverage distribution. The graph presents the distribution of
different protein sequence coverage. X-axis: percentage of protein sequence coverage
distribution; Y-axis: number of identified protein.
Peptide count distribution

Figure 20. The X-axis represents the peptide counts of identified protein. The
collective % of proteins is defined as the collective number of proteins falling within the
definite variation range against the overall total number of proteins identified.
Table 12. Description of mass spectrometry identifications
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Table 13. Peptide identification
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Table 14. Protein quantification and differential analysis
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