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Summary  

Mouse embryonic stem cells (mESCs) and epiblast stem cells (mEpiSCs) are 

derived from pre- and post-implantation epiblast, respectively. These two pluripotent 

stem cell (PSC) types represent the naïve and primed pluripotent states which exhibit 

significant differences in cell morphology, gene expression pattern, epigenetic status and 

chimera formation. PSCs harbor the capacity to self-renew indefinitely in vitro and to 

differentiate into all cell types of an adult organism, which holds a significant promise for 

disease modeling, drug screening, and cell-replacement therapies as well as makes them 

ideal models to study early embryonic development in mammals. It has been accepted 

that heterogeneity is one of the underlying mechanisms which allows PSCs to maintain 

their unlimitedly self-renewal capacity while remaining capable of responding to 

inductive differentiation signals. However, how heterogeneity evolves as a molecular 

basis for PSC self-renewal and differentiation remains an open question.  

Transcription factor heterogeneity has been appreciated as an inherent feature of 

mESCs as it intertwines with the balance between self-renewal capacity and lineage 

commitment. It has been documented that individual mESCs vary in expression levels of 

pluripotency makers, such as Nanog, Stella, Rex1, Tbx3 and Klf4, fluctuating between 

sub-states of high and low expression. This discrepancy is associated with the ability of 

distinct subpopulations to either self-renew or commit toward differentiation. However, 

intrinsic factors enabling individual cells to either keep their current state or convert to 

another remain incompletely understood. To gain more insight into this phenomenon, I 
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examined the expression pattern of Rex1, a well-known pluripotency gene specifically 

expressed in mESCs. By taking advantage of a double knock-in mESC cell line where 

genes for cyan fluorescent protein (CFP) and green fluorescent protein (GFP) were 

inserted into Oct3/4 and Rex1 genes, respectively, I found that Rex1-negative cells 

possessed an increased level of glycolysis pathway relative to Rex1-postive cells at gene 

expression levels and enzymatic activity. Pharmacological or genetic inhibition of 

glycolysis pathway impaired mESC heterogeneity, resulting in a significant enrichment 

of Rex1-positive cells without causing cell death. Interestingly, I found that glycolysis 

inhibition caused an increase in the levels of reactive oxygen species (ROS) whose 

suppression by the antioxidant abolished the Rex1-negative cell-derived enrichment of 

Rex1-positive cells induced by glycolysis inhibition. Remarkably, antioxidant treatment 

alone of either Rex1-positive or Rex1-negative cells slowed the transition back to 

heterogeneity. Therefore, our data highlight a novel function of glycolysis/ROS axis in 

the regulation of dynamic equilibrium of mESC subpopulations. 

To investigate the heterogeneity in mEpiSCs, I focused on fibroblast growth factor 

5 (Fgf5) gene expression. Fgf5 has been widely used as a marker for the epiblast in the 

post-implantation embryos and epiblast stem cells in the mouse, making it valuable for 

differentiation study of various tissues and epiblast cells in vivo and in vitro. First, 

Fgf5-P2A-Venus Bacterial Artificial Chromosome (BAC) transgenic (Tg) mice were 

generated by pronuclear injection. Our data showed that the BAC Tg can recapitulate 

endogenous Fgf5 expression in the epiblast and visceral endodermal cells of E6.5 and 

E7.5 embryos.  Importantly, Tg mEpiSCs in the undifferentiated state expressed abundant 
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Venus, and upon reprogramming into naïve state, Venus was suppressed. Furthermore, 

while most Tg mEpiSCs expressed Venus abundantly, surprisingly the Tg mEpiSCs 

contained a minor subpopulation of Venus-negative cells that were capable of conversion 

to Venus-positive cells, indicating that Fgf5 expression shows dynamic heterogeneity in 

mEpiSCs. In addition, gene expression analysis revealed that, while Fgf5-positive cells 

predominantly expressed important mesendodermal markers such as T, Sox17 and Foxa2, 

Fgf5-negative cells exhibited a high expression level of the ectodermal marker Sox1. 

These results suggest the possibility that the heterogeneous expression of Fgf5 observed 

in our study may be the foundation for the distinct differentiation biases of 

subpopulations in mEpiSCs. Taken together, Fgf5-P2A-Venus BAC Tg mice and Tg 

mEpiSCs established in our study will serve as valuable tools to investigate novel 

functions of Fgf5 as well as to unravel molecular mechanisms underlying lineage 

specification in vivo and in vitro.  
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1.  Introduction 

1.1.  Origin of pluripotency  

Pluripotency is a transient state in vivo, and referred to as the ability of a single cell 

to generate all cell lineages of the adult organism (Young, 2011). It has long been 

accepted that during the mouse embryonic development the pluripotent state first 

emerges in the zygote and extends until the blastocyst (Hackett and Surani, 2014). At this 

stage (embryonic day 3.5; E3.5), two lineages are formed: the inner cell mass (ICM), 

which is progenitor of epiblast proper, and the trophectoderm (TE), which is critical for 

implantation and placental development (Johnson and McConnell, 2004). At this stage, 

the ICM contains a mixture of cells expressing either Nanog or Gata6, which is 

subsequently segregated into Nanog-postive cell-derived epiblast cells and 

Gata6-positive cell-derived primitive endodermal cells at late blastocyst (E4.5) (Chazaud 

et al., 2006; Dietrich and Hiiragi, 2007; Plusa et al., 2008; Nichols and Smith, 2009; 

2011) (Fig. 1). At around day 5.5, the embryos start to implant in the uterus, at which time 

point another pluripotent state does exist (Brons et al., 2007; Tesar et al., 2007) (Fig 1). 

The implanted embryos then undergo the gastrulation process, whereby the primary germ 

layers, namely the ectoderm, mesoderm, and endoderm, are established (Tam and 

Behringer, 1997; Tam and Loebel, 2007). One of the central questions in pluripotent stem 

cell biology is how distinct pluripotent states in vivo can be captured and maintained in 

vitro without compromising their differentiation potential, which has been appreciated to 

be prerequisite for any of downstream clinical applications.  
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Figure 1. Existence and derivation of pluripotent cells in vivo and in vitro.  

Top: existence of distinct pluripotent cells during the mouse embryonic development, 

starting from zygote to egg cylinder stage. Bottom: In vitro counterparts of in vivo 

pluripotent cells showing significant differences in cell morphology and functional 

characteristics. Mouse embryonic stem cells (mESCs) and epiblast stem cells (mEpiSCs) 

are derived from pre- and post-implantation epiblast, and classified as naïve and primed 

pluripotency, respectively. Epi: epiblast, PrE: primitive endoderm, ExEc: extraembryonic 

ectoderm, En: endoderm, Pro: proamniotic.  

 

1.2.  Derivation and maintenance of pluripotent stem cells  

1.2.1.  Mouse embryonic stem cells 

Tremendous efforts in understanding the molecular features of pluripotency had 

resulted in a breakthrough in 1981 when mouse embryonic stem cells (mESCs) are the 

first pluripotent stem cell (PSC) type that was derived from the ICM of the developing 
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blastocyst (Evans and Kaufman, 1981; Martin, 1981) (Fig 1). Self-renewal and 

pluripotency are the defining features of mESCs, meaning that these cells can be 

maintained indefinitely in culture while retaining their ability to differentiate into all cell 

lineages of an adult organism. 

It is well-known that the core pluripotency transcription factor (TF) network 

formed by Oct3/4, Sox2, and Nanog (hereafter called OSN) is connected with 

extracellular signaling pathways, such as leukemia inhibitory factor (LIF), bone 

morphogenetic protein (BMP), and WNT, which shields mESCs from differentiating 

stimuli (Loh et al., 2006; Chen et al., 2008; Ng and Surani, 2011) (Fig 2). Although it is 

experimentally documented that OSN network co-occupies overlapping genomic targets, 

several lines of evidence indicate that Nanog may possess distinct functions from Oct3/4 

and Sox2 in the regulation of mESC pluripotency. These results come from the 

observations that Oct3/4 and Sox2 are master regulators for the acquisition and 

maintenance of mESC pluripotency, whereas Nanog is known to be critical for the 

establishment, but not the maintenance of mESC pluripotency (Loh et al., 2006; 

Chambers et al., 2007; Silva et al., 2009; Ng and Surani, 2011; Hackett and Surani, 2014). 

Embryos lacking Oct3/4 or Sox2 fail to form a pluripotent ICM, resulting in a 

peri-implantation lethality (Nichols et al., 1998; Avilion et al., 2003). While Oct3/4-null 

or Sox2-null mESCs tend to differentiate into trophectoderm lineage, mESCs 

overexpressing Oct3/4 or Sox2 are poised for lineage specification (Niwa et al., 2000; 

Masui et al., 2007; Thomson et al., 2011; Hackett and Surani, 2014). Nanog-knockout 

embryos can not develop beyond implantation due to a failure to undergo normal 
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embryogenesis (Mitsui et al., 2003). Interestingly, Nanog-knockout mESCs can be 

established and maintained indefinitely without any defects in pluripotency, although 

these Nanog-knockout mESCs more vulnerable to differentiation (Chambers et al., 2007). 

Forced expression of Nanog is sufficient to drive mESC self-renewal independently of 

LIF signaling (Chambers et al., 2003; Mitsui et al., 2003).  

mESCs vary in expression levels of Nanog, fluctuating between sub-states of high 

and low Nanog expression. Nanog-negative mESCs show an enhanced differentiation 

propensity, whereas Nanog-positive mESCs are characterized by an increased 

self-renewal capacity (Chambers et al., 2007, Singh et al., 2007, Abranches et al., 2013; 

Filipczyk et al., 2013). Nanog is critically required for the formation of germ cells as 

Nanog-null primordial germ cells cannot be mature in the genital ridge (Chambers et al., 

2007). Remarkably, Nanog overexpression in epiblast-like cells is reported to efficiently 

induce germ cells independently of BMP4 and WNT-Brachyury signaling (Murakami et 

al., 2016). These above-mentioned observations imply that expression levels of OSN 

network need to be fine-tuned to ensure a delicate balance between mESC self-renewal 

and differentiation in response to environmental cues.  

Besides OSN network, an extended transcriptional network governing mESC 

pluripotency has been described, which contains multiple pluripotency-related factors, 

such as Esrrb, Rex1, Klf2, Klf4, Klf5, Sall4, Prdm14, Tcfp2l1, Zfp281, Tcf3, Smad1, E2f1, 

Zfx and n-Myc (Wang et al., 2006; Kim et al., 2008; Ng and Surani, 2011; Hackett and 

Surani, 2014). 
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Figure 2. The intertwined relationship between extrinsic signaling pathways 

and core pluripotency TF network in mESCs. LIF, BMP4 and WNT are crucial 

signaling pathways sustaining mESC pluripotency by regulating expression levels of 

pluripotency- and differentiated-related genes. This reinforces effects of 

Oct3/4/Sox2/Nanog network on regulation of mESC self-renwal and pluripotency. On 

the contrary, although ERK signaling is critically required for mESC self-renewal, 

FGF4/MEK/ERK pathway needs to be maintained within a permissive threshold level for 

preservation of the authentic pluripotent state. Consequently, combined inhibition of 

FGF4/MEK/ERK pathway and GSK3β promotes a robust pluripotent state independently 

of serum and any other exogenous molecules. Filled arrows indicate activation, whereas 

bars denote inhibition. Solid and dashed lines display clear and unclear downstream 

targets, respectively. TF: transcription factor, Chiron: CHIR99021, PD03: PD0325901, 

R: receptor, Id: inhibitor of differentiation genes, MEK: mitogen-activated protein kinase, 
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ERK: extracellular signal-related protein kinase, Gsk3β: glycogen synthase kinase 3-β, 

gp130: glycoprotein 130, PI(3)K/AKT: Phosphatidylinositol-3-Kinase and Protein 

Kinase B.  

 

mESCs can be grown in the conventional medium supplemented with LIF and 

serum. LIF is a member of interleukin-6 cytokine family, and is demonstrated to be an 

indispensable factor sustaining mESC self-renewal via binding to the gp130/LIF-R 

complex (Smith et al., 1988; William et al., 1988; Yoshida et al., 1994). This complex 

activates Janus-associated kinase-signal transducer (JAK) kinases which in turn 

phosphorylates and activates signal transducer and activator of transcription 3 (STAT3). 

Activated STAT3 then translocates into the nucleus where it positively regulates 

expression of pluripotency-related target genes, such as Klf4, Gbx2, Tfcp2l1, and c-Myc 

(Cartwright et al., 2005; Niwa et al., 2009; Tai and Ying, 2013; Martello et al., 2013; Ye 

et al., 2013) (Fig 2). In addition, LIF also activates Phosphatidylinositol-3-Kinase and 

Protein Kinase B (PI3K/AKT) cascade which then induces transcription of Tbx3 and 

Nanog (Niwa et al., 2009). It has become apparent that besides activation of two parallel 

downstream signaling cascades (JAK/STAT3 and PI3K/AKT) which help convey 

extrinsic signals to transcriptional regulatory pluripotency network, LIF does stimulate 

activity of the mitogen-activated protein kinase (MAPK) and its downstream effectors the 

extracellular signal-related protein kinase ERK1 and ERK2, which counteracts the 

PI3K/AKT pathway and therefore decreases Tbx3 and Nanog transcription (Niwa et al., 

2009) (Fig 2). These findings indicate that mESCs cultured in the conventional medium 
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self-renew in a situation where self-renewal and differentiation signals have to be 

dynamically orchestrated, whereby mESCs can be maintained indefinitely without losing 

their differentiation potential in response to differentiation stimuli.   

mESCs can also be maintained in the serum-free medium containing dual inhibitors 

for MAPK (PD032590) and glycogen synthase kinase-3β (Gsk3β) (Chiron) (also known 

as 2i) (Ying et al., 2008) (Fig 2). In contrast to the conventional culture medium, the “2i” 

system eliminates the presence of intrinsic signaling pathways that are potentially 

detrimental to mESC self-renewal. FGF4/MEK/ERK is a key signaling pathway that 

primes mESCs for differentiation, and Fgf4-knockout mESCs fail to give rise to neural 

and mesendoderm lineages. Mechanistically, FGF4 stimulates phosphorylation of 

ERK1/2, which in turn drives the exit of mESCs from a naïve state to a “poised” state that 

is more sensitive to inductive differentiation cues (Kunath et al., 2007; Stavridis et al., 

2007). Interestingly, inhibition of MEK/ERK by PD032590 blocks the activity of 

ERK1/2, therefore facilitating the stabilization of KLF2 through inhibiting its 

proteasomal degradation (Yeo et al., 2014) (Fig 2). PD032590 is also reported to enhance 

global DNA hypomethylation and uniform expression of NANOG and PRDM14 in 

mESCs (Ying et al., 2008; Silva et al., 2009; Leitch et al., 2013; Yamaji et al., 2013). 

However, PD032590-mediated MEK/ERK inhibition alone is insufficient to maintain 

mESC self-renewal in the absence of LIF. Remarkably, addition of Chiron, a Gsk3β 

inhibitor, along with PD032590 can efficiently propagate mESCs indefinitely in culture 

without supplementation of LIF or BMP4/serum (Ying et al., 2008). The effect of Chiron 

on mESC self-renewal and pluripotency is through activation of WNT signaling. 
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Chiron-mediated Gsk3β inhibition releases β-catenin from the degradation in the 

cytoplasm, therefore promoting the translocation of β-catenin into the nucleus where it 

interacts with Oct3/4 and transcriptional repressor TCF3 to stabilize the transcriptional 

network of mESC pluripotency (Lyashenko et al., 2011; Wray et al., 2011; Kelly et al., 

2010; Faunes et al., 2013). Interestingly, Esrrb, an orphan nuclear receptor, is identified 

as a direct target of Chiron-induced Gsk3β inhibition. Ectopic expression of Esrrb can 

recapitulate the effect of Chiron on mESC self-renewal, whereas mESCs lacking Esrrb 

are compromised in self-renewal capacity in response to “2i” culture condition (Martello 

et al., 2012). It is noteworthy that Esrrb is part of the pluripotency regulatory network and 

an important factor for mESC self-renewal and cellular reprogramming (Ivanova et al., 

2006; Loh et at., 2006; Wang et al., 2006; Chen et al., 2008; Kim et al., 2008; Zhang et al., 

2008; Feng et al., 2009; Berg et al., 2010). In addition, Esrrb is a direct target of Nanog 

and it can replace Nanog functions in mESC self-renewal and mEpiSC reprogramming 

(Festuccia et al., 2012). These findings indicate that Chiron governs mESC self-renewal 

by operating WNT signaling to reinforce the pluripotency regulatory network (Fig 2). 

Unlike LIF/serum condition which only supports mESC derivation from permissive 129 

mouse train, the “2i” system facilitates the derivation of the tested mouse trains including 

nonobese diabetic (NOD), FVB/N mouse trains and even rat (Buehr et al., 2008; Nichols 

et al., 2009; Berge et al., 2011, Kanda et al., 2012). Importantly, “2i” system has been 

recently demonstrated to be crucial for the acquisition of naïve human pluripotent stem 

cells (Hanna et al., 2010; Gafni et al., 2013; Theunissen et al., 2014; Ware et al., 2014; 

Takashima et al., 2014). However, whether mESCs cultured in “2i” over a long-term 
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period are karyotypically, epigenetically and functionally normal needs to be carefully 

investigated (Hackett and Surani, 2014).  

1.2.2.  Mouse epiblast stem cells 

Subsequent studies led to the establishment of another PSC type, termed epiblast 

stem cells (mEpiSCs), which was isolated from the post-implantation mouse epiblast 

(Brons et al., 2007; Tesar et al., 2007) (Fig 1). Unlike mESCs whose pluripotency relies 

on LIF/JAK/STAT3 signaling, mEpiSC and human ESC pluripotency are dependent on 

basic fibroblast growth factor (bFGF) and Activin/transforming growth factor β (TGFβ) 

signaling. mESCs grow as dome-shaped colonies and maintain both X chromosomes in 

an active state (XaXa) in female cells while mEpiSCs are recognized as flattened colonies 

and exhibit an X-chromosome inactivation (XiXa). In addition, when injected back into 

the host blastocyst, mESCs highly contribute to chimera formation while only a very 

small fraction of mEpiSCs analogous to the early postimplantation epiblast can do so 

(Han et al., 2010). However, a recent study reported that mEpiSCs could readily form ex 

vivo chimeric embryos including germ cell lineage provided they were grafted to 

gastrulating embryos that retained pluripotency of the post-implantation epiblast (Huang 

et al., 2012). Thus, the inherent discrepancies in colony morphology, molecular and 

epigenetic status and chimera formation support the notion that mESCs and mEpiSCs are 

representatives of distinct pluripotent states termed naïve and primed pluripotency, 

respectively (Nichols and Smith, 2009).  
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It is worth noting that although derived from the pre-implantation blastocysts 

(Thomson et al., 1998), human ESCs are considered as primed rather than naïve 

pluripotency. This finding comes from the observations that human ESCs share many 

defining molecular and functional characteristics with mEpiSCs (Wu et al., 2016). 

Interestingly, these naïve and primed pluripotent states can be interconverted in defined 

culture conditions. Naïve mESCs can achieve a primed-like state by stimulating bFGF 

and Activin/TGFβ signaling while mEpiSCs can be reprogrammed back into a naïve-like 

state by a combination of 2i/LIF and forced expression of pluripotency-related factors, 

such as Nanog, Esrrb, Klf2, Klf4 or Klf5 (Guo et al., 2009; Silva et al., 2009; Festuccia et 

al., 2012; Gillich et al., 2012; Jeon et al., 2016). However, our knowledge with regard to 

the underlying mechanisms of how these factors manifest their functions in the 

acquisition of naïve and primed pluripotent states remains elusive.  

1.3.  Energetics and epigenetic regulation of pluripotent 

stem cells 

1.3.1.  Energy metabolism in pluripotent stem cells and during 

reprogramming 

Given the fact that compared to terminally differentiated cells PSCs have a short G1 

phase of the cell cycle which is thought to promote the rapid cell proliferation (Wang et 

al., 2008), an exquisite balance between energetic and biosynthetic demands is stringently 

required to fuel divergent stem cell fates. Therefore, functional investigation of 

metabolism could provide a powerful tool to better understand how the function and 
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integrity of PSCs are controlled as well as how appropriate decisions are made to initiate 

lineage specification for tissue differentiation. Interestingly, rapidly growing evidence 

indicates that mouse and human PSCs largely depend on aerobic glycolysis for adenosine 

triphosphate (ATP) generation and macromolecular biosynthesis regardless of oxygen 

availability (Prigione et al., 2010; Folmes et al., 2011; Varum et al., 2011; Zhang et al., 

2011; Panopoulos et al., 2012), a feature shared with highly proliferative cancer cells with 

elevated glucose uptake and lactate production (Fig 3). This phenomenon is collectively 

known as Warburg effect or aerobic glycolysis in cancer cell metabolism, in sharp 

contrast to most nonproliferating and differentiated cells in which oxidative 

phosphorylation (OXPHOS) rather than glycolysis is the main pathway to produce ATP. 

 

 

 

 

 

 

 

 

 

Figure 3. Metabolic differences between ESCs and differentiated cells. ESCs 

are highly glycolytic compared with differentiated cells. Consistently, ESC 

differentiation is accompanied by a metabolic shift to OXPHOS, which is thought to be 
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crucial for generation of huge amounts of ATP for differentiated cells. Interestingly, 

metabolic rewiring from OXPHOS to glycolysis has been accepted as a hallmark of 

mouse and human somatic cell reprogramming. G-6-P: glucose 6-phosphate, ETC: 

electron transport chain, OXPHOS: oxidative phosphorylation, ATP: adenosine 

triphosphate, NAD: nicotinamide adenine dinucleotide, NADPH: nicotinamide adenine 

dinucleotide phosphate.  

 

Along this line, unlike adult somatic cells, PSCs possess functionally immature 

mitochondria with a globular shape, poorly developed cristae, and low copy number of 

mitochondrial DNA (mtDNA) (Prigione et al., 2010). Conversely, during PSC 

differentiation energy production shifts from glycolysis to the mitochondrion in order to 

produce high amounts of energy which are thought to be necessary to sustain specialized 

functions in different tissues (Fig 3). In accordance with changes observed in energy 

production, PSC-derived differentiated cells’ mitochondria become more mature with 

well-developed cristae, denser matrix, and elongated appearance, therefore resulting in a 

dramatic increase in mitochondrial mass, tricarboxylic acid cycle (TCA) cycle-related 

enzyme expression levels, oxygen consumption and reactive oxygen species (ROS) 

generation (Facucho-Oliveira et al., 2007; Chung et al., 2010).  

In fact, accumulating data have provoked the question of why PSCs adapt such a 

wasteful form of aerobic glycolysis, a metabolic pathway that is less efficient in terms of 

energy production. In principle, OXPHOS can generate up to 38 mol ATP per mol 

glucose molecule oxidized. It has become increasingly clear that aerobic glycolysis is 



 16 

considered as a hallmark of PSCs in culture as PSCs tend to consume a large amount of 

glucose to generate cofactors and substrates to support cell growth and proliferation, thus 

providing sufficient ATP and anabolic precursors for rapid proliferation (Zhang et al., 

2012). Another advantage of dependency of PSCs on aerobic glycolysis rather than 

OXPHOS is reduced generation of ROS, which is important for the maintenance of 

pluripotency under hypoxic conditions. Human PSCs are demonstrated to have a high 

glycolytic flux (Prigione et al., 2010) and increased pentose phosphate pathway is 

essential for mouse ES cell fate determination (Manganelli et al., 2012). Recent studies of 

PSC metabolism have reported that defects in electron transport chain (ETC) may be an 

important cause of elevated dependence of PSCs on glycolysis (Zhang et al., 2011; Zhou 

et al., 2012), supporting the hypothesis that reduced ETC activity may suppress the PSC 

differentiation and protect PSCs from genome damage mainly through decreased 

production of ROS. Although less activated in PSCs, mitochondrial function appears to 

play a role in the maintenance of pluripotency as observed by several studies. Inhibition 

of mitochondrial respiration promotes human ESC pluripotency (Varum et al., 2009), 

whereas knockdown of mitochondria DNA polymerase gamma catamytic subunit 

(POLG) in mESCs leads to reduced Oct3/4 expression and slightly increased levels of 

mesodermal marker T (also known as Brachyury) (Facucho-Oliveira et al., 2007). 

Intriguingly, distinct pluripotent states display significant differences in cellular 

metabolism. mEpiSCs possess a higher activity of glycolysis, but a lower activity of 

OXPHOS than mESCs do (Zhou et al., 2012). Consequently, a significant increase and 

decrease in glycolysis and OXPHOS activity controlled by HIF1α and LIN28A/B, 
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respectively, are reported during mESC-to-mEpiSC transition, although the synergistic 

effects of HIF1α and LIN28A/B on this transition process remain to be determined (Zhou 

et al., 2012; Zhang et al., 2012; Zhang et al., 2016). Conversely, STAT3, a downstream 

target of LIF signaling, promotes OXPHOS activity, thus contributing to metabolic 

resetting during the transition from mEpiSCs to mESCs (Carbognin et al., 2016). These 

dramatic changes in cellular metabolism also takes place in vivo in which 

pre-implantation embryos with enhanced OXPHOS activity become 

glycolysis-dependent following implantation (Johnson et al., 2003; Folmes et al., 2012; 

Zhou et al., 2012).  

Remarkably, somatic reprogramming into induced pluripotent stem cells (iPSCs) 

by Yamanaka’s factors is accompanied by a rewiring of metabolic pathways. In 

agreement with this notion, defined factor-mediated human somatic reprogramming 

reveals the transitions from somatic oxidation into pluripotency-dependent glycolysis 

(Takahashi et al., 2007; Folmes et al., 2011; Panopoulos et al., 2012). More interestingly, 

inhibition of glycolysis by blocking glucose uptake with 2-Deoxy-D-Glucose (2-DG) or 

impairment of pyruvate dehydrogenase kinase 1 (Pdk1), or 3-bromopyruvate 

acid-inducible abolishment of hexokinase 2 (Hk2) activity significantly reduces 

reprogramming efficiency, whereas stimulation of glycolysis by D-fructose-6-phosphate 

or activator of Pdk1 dramatically enhances reprogramming efficiency (Zhu et al., 2010; 

Folmes et al., 2011; Panopoulos et al., 2012), meaning that glycolysis positively regulates 

somatic reprogramming efficiency by unknown mechanisms. A potential mechanism 

may come from the observation that expression of the key glycolytic genes precedes that 
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of pluripotent genes (Folmes et al., 2011), and that early upregulation of glycolysis 

pathway mediated by HIF1 and 2α is crucial for the induction of human iPSCs. 

Mechanistically, HIF1 and 2α induce the expression of glycolysis-related genes, which in 

turn facilities metabolic reprogramming during the early stage of reprograming process 

(Prigione et al., 2013; Mathieu et al., 2014). Surprisingly, a significant increase in 

OXPHOS induced by ERRα/γ and their cofactors PGC-1α/γ during the early stage of 

reprogramming was demonstrated to enhance reprogramming efficiency in mouse and 

human somatic cells (Kida et al., 2015). In accordance with this, early generation of ROS 

by NADPH oxidase 2 (Nox2), a product of OXPHOS, is required for reprogramming of 

mouse embryonic fibroblast (MEF), while stable generation of ROS during MEF 

reprogramming suppresses reprogramming efficiency, indicating that optimal levels of 

ROS are critically required for MEF reprograming (Zhou et al., 2016). These studies 

strongly demonstrated that a metabolic reprograming in pathways associated with 

glycolysis and OXPHOS is prerequisite for the establishment of pluripotency in both 

mouse and human cells.  

1.3.2.  Regulation of epigenetics by cellular metabolism in 

pluripotent stem cells 

Recent studies have shown significant advances in our understanding of metabolic 

regulation in PSC identities. OSN network is demonstrated to regulate expression of 

glycolysis-associated key genes, which contributes to the maintenance of mESC 

self-renewal and pluripotency even under differentiation culture conditions (Kim et al., 
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2015). Importantly, by analyzing changes in metabolites during early stages of ESC 

differentiation, Moussaieff and coworkers identified Acetyl Coenzyme A (Ac-CoA), a 

downstream product of Glycolysis, as a crucial signaling molecule regulating histone 

acetylation (H3K9/K27, H3 and H4 acetylation). More specifically, loss of Ac-CoA 

during the first hours of differentiation led to a concomitant decrease in histone 

acetylation following the exit of ESC from pluripotency (Moussaieff et al., 2015), 

suggesting that a glycolytic switch during ESC differentiation connects epigenetic 

changes to transcriptional remodeling to release ESCs from pluripotency. This is 

reminiscent of previous studies showing that pluripotent states of mESCs and human 

ESCs are dependent on threonine and methionine metabolism, respectively (Wang et al., 

2009; Shiraki et al., 2014).  

A growing body of evidence suggests that fluxes generated from threonine and 

methionine metabolism (Glycine and Ac-CoA) are substantial sources for 

S-adenosylmethionine (SAM) synthesis which is required for the maintenance of 

trimethylation of histone 3 lysine 4 (H3K4) and DNA methylation in ESCs (Wang et al., 

2009; Shyh-Chang et al., 2013; Shiraki et al., 2014). In addition, the intermediate 

metabolites derived from TCA, fatty acid oxidation (FAO), and electron transport chain 

(ETC) are capable of regulating epigenetic marks, such as histone acetylation, histone and 

DNA demethylation which contribute to transcriptional regulation of PSCs (Lu and 

Thompson, 2012; Ryall et al., 2015). For instance, Shi and coworkers showed that the 

protein lysine-specific demethylase 1 (LSD1, also known as KDM1a) catalyzed 

demethylation of mono- and di-methylation of H3K4 and H3K9, and its catalytic activity 
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required flavin adenine dinucleotide (FAD), a product synthesized from riboflavin, TCA, 

FAO and ETC (Shi et al., 2004; 2005; Forneris et al., 2005). Interestingly, 

LSD1-mediated demethylation of H3K4 or K9 was found at enhancer regions of OSN 

target genes during ESC differentiation. Consequently, mESCs lacking LSD1 failed to 

differentiate appropriately due to defects in turning off gene expression program of 

mESCs (Whyte et al., 2012). Histone demethylation is also catalyzed by Jumonji C 

(JmjC) protein family. In contrast to LSD1, the demethylation activity of JmjC needs 

α-ketoglutarate (α-KG), a key product of TCA, as a cofactor (Tsukada et al., 2006). α-KG 

is also essential for the ten-eleven translocation methylcytosine deoxygenase (TET) of 

DNA demethylation (Tahiliani et al., 2009, Yang et al., 2014). Interestingly, Tet1 

knockdown caused profound defects in mESC self-renewal, which is partially rescued by 

forced expression of Nanog. This strongly indicated that Nanog a critical direct target of 

Tet1 (Ito et al., 2010). Mechanistically, NANOG physically interacts with TET1/TET2 to 

increase 5’-hydroxymethylcytosine (5’-hmC) levels at target loci. This resets expression 

levels of key reprograming genes to facilitate somatic reprogramming (Costa et al., 2013). 

Intracellular α-KG can be replenished mostly by glutamine catabolism (Lunt and Vander 

Heiden, 2011). Remarkably, naïve mESCs consume high amount of glucose and 

glutamine to maintain a high level of intracellular α-KG as compared with differentiated 

cells, which helps maintain pluripotency by promoting histone/DNA demethylation. 

Consistently, when cultured in the presence of cell-permeable dimethyl α-KG (dm-α-KG), 

mESCs exhibit an enhanced self-renewal capacity by inducing Nanog expression (Carey 

et al., 2015). Recently, Hwang and coworkers showed that intracellular level of α-KG is 
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regulated by phosphoserine aminotransferase 1 (Psat1), a direct target of OSN network. 

Psat1-knockdown mESCs lost their self-renewal capacity and pluripotency due to a 

decrease in 5’-hmC and and a concomitant increase in the levels of histone methylation. 

More importantly, the authors also found that intracellular level of α-KG and Psat1 

expression were gradually decreased during mESC differentiation, and any changes in 

Psat1 expression level resulted in profound defects in teratoma formation (Hwang et al., 

2016). This strongly indicated that Psat1-directed intracellular level of α-KG needs to be 

tightly controlled to maintain mESC self-renewal as well as a proper differentiation when 

needed. In contrast to mESCs, α-KG promotes early differentiation of primed mEpiSCs 

and hPSCs by regulating global histone and DNA demethylation, indicating that effects 

of intracellular α-KG on PSC identities are context-dependent (TeSlaa et al., 2016).  

In summary, these previous studies reinforce the possibility that transcriptional 

regulatory network of PSCs is strongly affected by metabolic status from which 

intermediate metabolites are derived. These intermediate metabolites then act as 

signaling molecules controlling epigenetic marks during PSC self-renewal, 

differentiation and somatic reprograming.  
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1.4.  Transcription factor heterogeneity in pluripotent stem 

cells  

1.4.1.  Transcription factor heterogeneity in peri-implantation 

embryos and mESCs 

It has been accepted that heterogeneity is one of the underlying mechanisms which 

allows PSCs to maintain their unlimitedly self-renewal capacity while remaining capable 

of responding to inductive differentiation signals. Transcription factor (TF) heterogeneity 

has been appreciated as an inherent feature of mESCs as it intertwines with the balance 

between self-renewal capacity and lineage commitment. TF heterogeneity in 

embryogenesis was first observed in the blastocyst stage in which the ICM are mixture of 

Nanog-expressing and Gata4- and Pdgfrα-expressing cells. At late blastocyst (E4.5), 

cells are segregated into two subpopulations where Pdgfrα-positive cells are present in 

the blastocoelic surface and form primitive endoderm, whereas Nanog-expressing cells 

are attributed to epiblast progenitors (Chazaud et al., 2006; Plusa et al., 2008). These 

initial results suggest that the nature of pluripotency might be related to the intrinsic 

factors that allow for the correct location of progenitor cells in the developing embryos.  

Interestingly, heterogeneity is a defining characteristic of mESCs when grown in 

the conventional culture condition containing LIF and serum, or even in “2i” system 

(Furusawa et al., 2004; Chambers et al., 2007; Toyooka et al., 2008; Hayashi et al., 2008; 

Morgani et al., 2013; Abranches et al., 2014). Several pluripotency-related TFs have been 

reported to be expressed heterogeneously in mESCs. Among them, Nanog is the most 



 23 

extensively studied TF with regard to heterogeneous expression. Chambers and 

co-workers found that mESCs vary in expression levels of Nanog, fluctuating between 

sub-states of high (approximately 80%) and low (around 20%) Nanog expression 

(Chambers et al., 2007, Kalmar et al., 2009). Nanog-negative mESCs show an enhanced 

differentiation propensity, whereas Nanog-positive mESCs are characterized by an 

increased self-renewal capacity (Chambers et al., 2007; Singh et al., 2007). These 

findings suggest that dissecting Nanog expression would be an ideal platform to explore 

the critical time-window for changes in the transcriptional differentiation programs right 

before mESCs are subjected to lineage specifications. Several mechanisms have been 

proposed to explain how Nanog fluctuations occur in mESCs. These range from a 

stochastic process driven by transcriptional noise (Kalmar et al., 2009), transcriptional 

autorepression (Navarro et al., 2012), feedback and crosstalk between signaling pathways 

and TFs (Lanner and Rossant, 2010; MacArthur et al., 2012; Adachi and Niwa, 2013) to 

allele switching (Miyanari and Torres-Padilla, 2012), protein synthesis and cell cycle 

dynamics (Torres-Padilla and Chambers, 2014). Other TFs has also been demonstrated to 

be expressed in a heterogeneous manner, such as Rex1 (Toyooka et al., 2008), Esrrb 

(Berg et al., 2008), Stella (Payer et al., 2006; Hayashi et al., 2008), Klf4 and Tbx3 (Niwa 

et al., 2009), Hex (Canham et al., 2010; Morgani et al., 2013) and Zscan4 (Zalzman et al., 

2010) (Table 1). 
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Protein Characteristics References 

mESC 

NANOG •   Nanog fluctuates between high and low expression levels 

•   Nanog expression level is a key player for self-renewal 

efficiency 

•   Nanog-negative cells lack the capacity to differentiate into 

primordial germ cells 

Chambers et al., 2007 

Kalmar et al., 2009 

Abranches et al., 2013 

Filipczyk et al., 2013 

REX1 •   Rex1-positive cells are ICM-like cells, whereas 

Rex1-negative cells are PrE-like cells 

•   Rex1-positive and negative cells are interconvertible and vary 

in differentiation potential 

Toyooka et al., 2008 

STELLA •   Stella-positive and -negative cells are representatives of 

ICM-like and epiblast-like cells, respectively 

•   Two subpopulations are able to convert to each other and 

show significant differences in differentiation potential 

•  Metastable Stella expression is dependent on MEF feeder and 

histone acetylation 

Hayashi et al., 2008 

HEX •  Hex-postive and -negative cells are interconvertible 

•  Hex-positive cells contribute to primitive endoderm lineage, 

whereas Hex-negative cells are capable of chimera formation 

Canham et al., 2010 

ZSCAN4 •  About 5% of mESCs express Zscan4 Zalzman et al., 2010 

mEpiSCs 

OCT3/4 •  Oct4-positive and -negative cells can convert to each other 

•  Only a small fraction of cells showing Oct4 expression can 

contribute to chimera formation   

Han et al., 2010 

BRACHYURY T •   T-positive and -negative cells can convert to each other 

•  WNT activation promotes induction of T-positive cells 

•   T-positive cells tend to differentiate into mesendoderm 

lineage while T-negative cells are poised for neuroectoderm 

commitment 

Tsakiridis et al., 2014 

BRACHYURY T •   The authors complement and extend the observation from 

Tsakiridis et al. (2014) by showing that BMP4 signaling 

drives the differentiation capacity of T-positive and 

T-negative cells 

Song et al., 2016 

Table 1. Transcriptional heterogeneity in mESCs and mEpiSCs. ICM: inner 

cell mass, PrE: primitive ectoderm, MEF: mouse embryonic fibroblast. 
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Reduced expression-1 gene (Rex1, also known as zinc finger protein 42, Zfp42) 

encodes a zinc-finger protein containing four Cys-His motifs, which was first cloned in 

pluripotent F9 embryonal carcinoma (EC) (Hosler et al., 1989). Later studies 

demonstrated the expression of Rex1 in various cell types including undifferentiated 

mouse and human ESCs (Rogers et al., 1991; Eiges et al., 2001), multipotent adult 

progenitor cells (Jiang et al., 2002) and amniotic fluid cells (Karlmark et al., 2005). 

Although considered as a well-known pluripotency maker, Rex1 is dispensable for the 

normal development of embryos (Masui et al., 2008, Scotland et al., 2009), and its role in 

maintenance of mESC pluripotency remains unclear. Rex1 was expressed in all stages of 

the pre-implantation mouse embryos, and Rex1-knockout male and female mice were 

normal and fertile (Climent et al., 2013). Surprisingly, Rex1-overexpressing embryos 

were shown to exhibit a retardation in entering the 4-cell stage, therefore causing a 

reduction in the number of embryos reaching to the blastocyst stage (Climent et al., 2013). 

Similarly, functional analysis of Rex1 in mESCs have raised conflicting results. Using 

RNA interference (RNAi), Zhang and colleagues found that RNAi-mediated Rex1 

knockdown caused a loss of mESC self-renewal and induced mESCs to differentiate 

towards mesendoderm lineage, whereas forced expression of Rex1 led to a reduced 

self-renewal capacity (Zhang et al., 2006). In contrast, Masui and coworkers showed that 

compared with WT mESCs, Rex1-knockout mESCs did not exhibit profound defects in 

self-renewal capacity and gene expression profile, but failed to induce the expression of 

visceral endodermal genes during embryonic body formation (Transthyretin (Ttr), Indian 

hedgehog (Ihh) and Sox7) (Masui et al., 2008). 
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It has long been demonstrated that Rex1 is strongly expressed in ICM, whereas its 

dowregulation is characterized in the epiblast and primitive ectoderm (PrE) (Rogers et al., 

1991, Pelton et al., 2002). Hence, Rex1 expression is considered as a landmark to 

distinguish the epiblast and PrE from ICM. By taking advantage of a double knock-in 

mESC cell line where genes for CFP and GFP were inserted into Oct3/4 and Rex1 genes, 

respectively, Toyooka and colleagues reported that undifferentiated mESC culture 

included at least 2 subpopulations, Rex1-positive/Oct3/4-positive cells and 

Rex1-negative/Oct3/4-positive cells (hereafter called Rex1-positive and Rex1-negative 

cells). Remarkably, Rex1-positive and Rex1-negative cells could convert to each other in 

the presence of LIF. More interestingly, Rex1-positive and Rex1-negative cells shared 

features similar to those of ICM and early-PrE cells, respectively. For instance, 

Rex1-positive cells predominantly differentiated into early PrE cells and efficiently 

contributed to chimera formation, whereas Rex1-negative cells tended to give rise to cells 

of somatic lineages and were incapable of contributing to chimera formation (Toyooka et 

al., 2008) (Table 1). Thus, these two cell types represent an ideal platform to investigate 

early biological events occurring when ICM-like cells convert to a later state of 

pluripotency, early PrE cells, before lineage differentiation. 

1.4.2.  Transcription factor heterogeneity in mEpiSCs 

mEpiSCs also exhibit heterogeneous expression of Oct3/4 and T, resulting in 

differences in differentiation potential of subpopulations (Han et al., 2010; Tsakiridis et 

al., 2014). Oct3/4-negative mEpiSCs could not incorporate into the host blastocyst for 
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chimera contribution, whereas a very small fraction of Oct3/4-positive mEpiSCs 

harboring distal enhancer activity of Oct3/4 could efficiently form chimeras (Han et al., 

2010) (Table 1). Furthermore, while T-positive mEpiSCs were prone to differentiate 

towards mesoderm and endoderm fates, a feature similar to that of in vivo epiblast cells 

that ingress through the primitive streak during gastrulation process, T-negative mEpiSCs 

had a propensity to give rise to the neuroectoderm cell lineage (Tsakiridis et al., 2014). 

The neuroectoderm-specific gene Sox1 was reported to be heterogeneous in mEpiSCs 

derived from 46C mESCs. Sox1-GFP-positive mEpiSCs predominantly expressed 

neural-specific genes (Sox1 and Pax6), but exhibited lower levels of early primitive 

streak genes than Sox1-GFP-negative mEpiSCs did (Tsakiridis et al., 2014).  

Fibroblast growth factors (FGFs) are structurally related proteins comprising 22 

members in mammals (Ornitz and Itoh, 2015). It has been shown that the interactions 

between FGFs and FGF receptors (FGFRs) play important roles in regulating a wide 

variety of biological processes, ranging from modulation of tissue repair, inflammation, 

cell proliferation, survival and differentiation (Mason et al., 1994) to pluripotency and 

lineage specification (Lanner and Rossant, 2010) and regulation of energy expenditure 

(Straub and Wolfrum, 2015). Among the FGF family members, Fgf5 is transiently 

expressed at different stages of the developing embryo (Haub and Goldfarb, 1991). 

Subsequent studies proposed a potential role of Fgf5 in the process of gastrulation 

through stably maintaining the mobility of cells subjected to become the prospective 

embryonic germ layers (Hébert et al., 1990; 1991; Yeom et al., 1991; Pelton et al., 2002). 

Fgf5 has since been used as a marker for epiblast in pre-streak and streak stages of mouse 
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embryos (Di-Gregorio et al., 2007; Li et al., 2013; Guzman-Ayala et al., 2014). Fgf5 is 

also strongly expressed in mEpiSCs (Brons et al., 2007; Guo et al., 2009; Bernemann et 

al., 2011; Kojima et al., 2014), whereas it is hardly detectable in mESCs (Trott et al., 

2013). Fgf5-knockout mice exhibited the abnormal hair elongation because of the loss of 

Fgf5 expression at anagen VI stage of the hair growth cycle, indicating that Fgf5 is a 

negative regulator of the hair growth cycle (Hébert et al., 1994). The same phenotype was 

also reported in Fgf5-mutant cats (Kehler et al., 2007), dogs (Dierks et al., 2013) and 

monkeys (Legrand et al., 2014). In addition, a potential function of Fgf5 in the 

progression of hepatic fibrosis was recently pointed out in the mouse liver (Hanaka et al., 

2014). These findings implicated Fgf5 as a valuable marker for differentiation study of 

various tissues and epiblast cells in vivo and in vitro. However, although substantial 

efforts have been made, the biological functions of Fgf5 during embryonic and adult 

development remain poorly understood. Furthermore, in vitro expression pattern of Fgf5 

have not been extensively investigated in PSCs. This is likely due to obstacles in fully 

recapitulating the endogenous expression of Fgf5. For instance, prior studies focused on 

detection of either Fgf5 RNA transcript by RNA in situ hybridization or FGF5 protein 

expression by immunohistochemistry. Both of which are laborious and not entirely 

accurate to mirror Fgf5 expression over time. Therefore, generation of an animal model 

mimicking Fgf5 expression in vivo and in vitro would be useful for a better understanding 

of epiblast cell identities and other biological events occurring during development as 

well as cell fate decision made by mEpiSCs.  
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2.  Aims of the thesis  

The main purpose of this thesis was to examine how the heterogeneity of PSCs, 

including mESCs and mEpiSCs, is regulated. To investigate metabolic regulation of 

mESC heterogeneity, I took advantage of a double knock-in cell line where genes for CFP 

and GFP were respectively inserted into Oct3/4 and Rex1 genes to trace their expression 

patterns. I first examined global gene expression of FACS-sorted Rex1-positive and 

Rex1-negative cells by microarray analysis. Considering that I found significant 

differences in the expression levels of glycolysis- and antioxidant-related genes, I then 

focused on the potential functions of glycolysis and ROS in the dynamic and mutual 

conversion of Rex1-positive and Rex1-negative cells. 

To examine the heterogeneity in mEpiSCs, I focused on Fgf5 gene expression 

which has not been studied with regard to heterogeneous expression. First, 

Fgf5-P2A-Venus Bacterial Artificial Chromosome (BAC) transgenic (Tg) mice were 

generated. Our data showed that the BAC Tg can recapitulate endogenous Fgf5 

expression in the epiblast and visceral endodermal cells of E6.5 and E7.5 embryos. We 

then established Tg mEpiSCs in vitro from E6.5 Tg embryos, and explored heterogeneous 

expression of Fgf5 based on Venus expression. To determine whether there are distinct 

differentiation biases of subpopulations in Tg mEpiSCs, I compared gene expression 

patterns in each subpopulation of Tg mEpiSCs and found significant differences in 

expression levels of lineage-specific genes. 
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3.  Materials and Methods 

3.1.  Cell culture 

mESCs were maintained at 37oC and 5% CO2 in ESC medium containing 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS), 1 mM sodium pyruvate, 0.1 mM 2-mercaptoethanol, 1X nonessential 

amino acids, 1 mM L-glutamine, 100 u/ml penicillin/streptomycin and 1000 U LIF per ml 

(prepared in house). All mESC lines used in this study were grown on 0.1% 

gelatin-coated dishes and passaged every two days using 0.25% trypsin-EDTA 

(Sigma-Aldrich, St. Louis, MO, USA) as previously described by Ema et al. (2008). A 

double knock-in cell line harboring Oct3/4-Ecfp-ires-pac/Rex1-Gfp-ires-BSD (hereafter 

called OCRG9 cells) was kindly provided by Dr. Hitoshi Niwa (Kumamoto University, 

Japan). These mESCs were derived from E14Tg2a and cultured in the presence of 

puromycin (1 µg/ml) to maintain Oct3/4-positive population. 

For colony-forming assay, 500 facs-sorted single cells were seeded on 6 cm tissue 

culture dishes. After incubation for 5 days, plates were subjected to Leishman staining 

and the number of colonies were counted by ImageJ software. Reagents were purchased 

from Life Technologies (Carlsbad, CA, USA) otherwise indicated. 2-Deoxy-D-glucose 

(2-DG, D8375), 2-Fluoro-2-deoxy-D-glucose (2-FDG, F5006) and N-acetylcysteine 

(NAC, A9165) were purchased from Sigma-Aldrich.  

A mEpiSC line carrying an Oct3/4-GiP (eGFP-ires-pac) transgene was a kind gift 

from Prof. Austin Smith (Wellcome Trust-Medical Research Council Stem Cell Institute, 



 31 

University of Cambridge, United Kingdom), and maintained in NDiff227 (StemCells Inc., 

Newark, CA, USA) medium containing human Activin A (20 ng/ml; R&D Systems), 

bFGF (12 ng/ml; Wako Pure Chemical Industries, Osaka, Japan) and puromycin (1 

µg/ml). This cell line was used as an appropriate control when necessary. 

3.2.  Generation of Hk2-knockdown mESC induced by 

Doxycyline (Dox) 

I used a Dox-inducible system to generate a stably knockdown OCRG9 ES cells. 

First, the pre-miR-155 hairpin from BLOCK-ITTM Pol II miR RNAi (Invitrogen) was 

cloned into the first piggyBac vector under the control of the third-generation 

Tet-responsive promoter (TRE3G). The double-stranded oligo sequences for targeting 

Hk2 generated by ligation of top and bottom sequences were cloned into the pre-miR-155 

hairpin by linearizing the vector with NotI and MluI restriction enzymes, giving rise to 

the resulting vector: 

“Flox-pPB-CAG-mCherry-ires-Hyromycin-TRE3G-miRNA-155-Hk2-RNAi” 

The oligo sequences for targeting Hk2 are as follows: 

-   Top:5’-TGCTGATATCATTGAGTGTACCATCGGTTTTGGCCACTGACT

GACCGATGGTACTCAATGATAT-3’ 

-   Bottom:5’-CCTGATATCATTGAGTACCATCGGTCAGTCAGTGGCCAA

AACCGATGGTACACTCAATGATATC-3’ 
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The third-generation Tet activator (TET3G) was cloned into the second piggyBac 

vector under the control of a constitutive CAG promoter, resulting in 

“pPB-CAG-TET3G-ires-Neomycin”. 

OCRG9 ES cells were transfected with these two above piggyBac vectors alongside 

with the pCAG-HyPBase vector using Lipofectamine 2000 (Life Technologies) 

according to the manufacturer’s instructions. 24 h later, cells were cultured in the 

presence of 250 µg/ml Hygromycin B (InvivoGen, San Diego, CA, USA) for 7-10 days. 

Hygromycin B-resistant and mCherry-positive colonies were then picked and expanded 

for generation of stably transfected cell lines. To suppress Hk2 expression, Dox (0.1 

µg/ml, Sigma-Aldrich) was added for 4 days. 

3.3.  Cell sorting and flow cytometry analysis 

Cells were dissociated by 0.25% trypsin-EDTA and resuspended in DMEM 

supplemented with 10% FBS. To exclude dead cells, the single cell suspension was 

incubated with propidium iodide (Cat #P3566, Molecular Probes Inc., Eugene, OR, USA) 

for 10 min on ice. Flow cytometry analysis was performed with FACSCalibur (Becton 

Dickinson Biosciences, San Jose, CA, USA). Cell sorting was performed with a 

FACSAria Fusion (Becton Dickinson Biosciences).   

3.4.  Lactate production assay 

Extracellular lactate production was determined with the Lactate Colorimetric 

Assay Kit II (Biovision Inc., Milpitas, CA, USA). In principle, lactate is oxidized by 

lactate dehydrogenase to generate a product which interacts with a lactate probe and 
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produce a color (λmax = 450 nm). Briefly, 2.5x105 cells were plated onto 24-well plates 

and incubated for 24 h in the normal growth medium. Before the assay, cells were gently 

washed once with PBS and incubated in 300 µl of DMEM for 30 minutes. 280 µl of 

medium was then collected and cell numbers were counted. Lactate concentration was 

then measured in accordance with the manufacturer’s instructions and normalized to cell 

numbers.  

3.5.  Apoptosis assay 

Apoptotic cells were detected by using Annexin V-PE Apoptosis Detection Kit 

(Biovision Inc.) according to manufacturer’s recommendation. Briefly, 3x105 cells were 

harvested, stained with Annexin V-PE for 5 min at room temperature and subjected for 

flow cytometry analysis. 

3.6.  ROS determinations 

Cytosolic and mitochondrial ROS levels were determined by staining cells with 

Dihydroethidium (Sigma Aldrich, Cat. No. D7008) and MitoSox Red (Molecular Probes 

Inc., Cat. No. M36008), respectively. Briefly, Cells were washed with PBS and gently 

dissociated by 0.25% trypsin-EDTA. Cells were then washed twice in PBS and 

resuspended in the complete medium containing 5 µM of Dihydroethidium or 3.5 µM of 

MitoSox Red, followed by an incubation for 30 min at 37oC in dark. Stained cells were 

washed and resuspended in PBS. ROS levels were measured by a bandpass filter FL-2 of 

a FACSCalibur (BD Biosciences) within 10 minutes to reduce background signals. For 

data analysis by Flowjo software (Tree Star Inc), the unstained cells were used for setting 
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up an appropriate gate. For capturing images of Dihydroethidium staining, facs-sorted 

Rex1-positive and Rex1-negative cells were grown for 24 h, stained with 

Dihydroethidium for 30 min at 370C, and observed under a Leica TCS-SP8 confocal 

microscope (Leica Microsystems, Wetzlar, Germany). 

3.7.  Reverse transcription (RT)-quantitative (q) PCR 

analysis 

Total RNAs were extracted using the RNeasy Micro Kit (Qiagen, Hilden, 

Germany), followed by cDNA synthesis using the ReverTra Ace (TOYOBO CO., LTD, 

Osaka, Japan) according to the manufacturer’s instructions. Real-time PCR was 

performed with the Thermal Cycler Dice Real Time System (Takara Bio Inc., Otsu, Shiga, 

Japan) and SYBR Premix EX Taq II (Takara Bio Inc.). Data were normalized against the 

expression of β-actin gene. Primer sequences are listed in Table 2. 

Gene Primer sequence (Forward) Primer sequence (Reverse) 

Oct3/4 TATTGAGTATTCCCAACGAGAAGAG CTCAGGAAAAGGGACTGAGTAGAGT 

Nanog CTTTCACCTATTAAGGTGCTTGC TGGCATCGGTTCATCATGGTAC 

Sox2 CATGAGAGCAAGTACTGGCAAG CCAACGATATCAACCTGCATGG 

Esrrb ATGAATGTGAGATCACCAAACG GTTCAGGTAGGGGCTGTTCTC 

Rex1 TCCATGGCATAGTTCCAACAG TAACTGATTTTCTGCCGTATGC 

Tfcp2l1 CACTGTCAGCTGCTGTCTCA AAAGGAGAAGGGAACCGCTG 

Klf2 TCGAGGCTAGATGCCTTGTGA AAACGAAGCAGGCGGCAGA 

Klf4 TACCCCTACACTGAGTCCCG GGAAAGGAGGGTAGTTGGGC 

Klf5 CGATTCACAACCCAAATTTACC GTATGAGTCCTCAGGTGAGCTTTTA 

Sox1 ACAGCGTTTTCTCGGCTTCG GAGCTGGCGGGAAGTAAACC 

Fgf5 ACCCACTTCCTACCCAGGTT AGTTGTTTCCCACAAGGCCA 

Fgf5(Exon3-3'UTR) CACTTCATTCTCAACCCAAATTCCA TACGCCTCTTTATTGCAGCATTTAG 

T CATGTACTCTTTCTTGCTGGACTTC GAGCTTGTTGGTGAGTTTGACTTT 

Sox17 CAGTATCTGCCCTTTGTGTATAAGC GTAGTTGCAATAGTAGACCGCTGAG 

Foxa2 AGACTACTGCTTCTCAAGACATCTG CCTCTTTTCAACATCAGTACAACCC 

Nestin CCTCAACCCTCACCACTCTATTTTA TTCTTTACAAGTTCCCAGATTTGCC 

Pax6 ATGGAGAAGAGAAGAGAAACTGAGG CTGGTAGACACTGGTACTGAAGC 
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Ck19 GTGGAAGTTTTAGTGGGACCCTG AAGTAGGAGGCGAGACGATCATT 

β-actin CTGAGCGCAAGTACTCTGTGTG GTGTAAAACGCAGCTCAGTAACAGT 

Hk2 TGATCGCCTGCTTATTCACGG AACCGCCTAGAAATCTCCAGA 

Glut1 GTCCTATTCCATGGTTCATTGTG ACAATGAAGTTTGAGGTCCAGTTG 

Gapdh CTACATGGCCTCCAAGGAGTAAG ATTGATGGTATTCAAGAGAGTAGGG 

Eno3 CACATGGACCTCATTCCTCTCT CAATTGCAGGCCTTCTTCTC 

Pgk1 AACCTCCGCTTTCATGTAGAG GACATCTCCTAGTTTGGACAGTG 

Ldha AGGCTCCCCAGAACAAGAT TCTCGCCCTTGAGTTTGTCT 

Gfp CTCGTGACCACCCTGACCTACG CCGTTCTTCTGCTTGTCGGCCAT 

Sod1 GAAAGTACAAAGACTGGAAATGCTG GTTTAATGGTTTGAGGGTAGCAGAT 

Sod2 CTTGTCTTTACAAACCAACAGTGTG AGGGTCCAGTTCTCCAGAGATATAC 

Gpx2 GCTCTAAGTCTGGGGTAGGTTCT CCACACCTACACTTTATTGGACTCT 

Gpx4 TCTCTAGCTAGCCCTACAAGTGTGT TTTCAGGCAGACCTTCATGAGT 

Gsta3 CATTGACATGTACACAGAAGGAGTG CTTTTCAAAGGCAGGGAAGTAAC 

Gsta4 CTACAATTAAGAAGTTCCTGCAACC TATATACCTTGCTTCTGGAATGCTC 

Table 2. List of RT-qPCR primer sequences. Hk2 and Pgk1, and Ldha primer 

sequences were designed by Panasyuk et al. (2012) and Odet et al. (2008), respectively.  

 

3.8.  Immunohistochemical analysis 

Mice were sacrificed by cervical dislocation. Embryos were then dissected, staged 

in accordance with Downs and Davies (1993), and fixed in 4% paraformaldehyde for 30 

min at 4°C. After washing twice in PBS, embryos were permeabilized in 0.5% 

TritonX-100 (Sigma-Aldrich) in PBS (0.5% TPBS) for 30 min at 4°C. Permeabilized 

embryos were then blocked in blocking solution containing 10% donkey serum (Immuno 

Bioscience, Mukilteo, WA, USA), 0.1% bovine serum albumin (Sigma-Aldrich) and 

0.01% PBST (0.01% Tween20 in PBS, Nacalai Tesque, Inc., Kyoto, Japan) for 1 h at 4°C, 

followed by incubation overnight at 4°C with anti-Oct3/4 rabbit polyclonal antibody 

(1:300; Cat #Ab19857, Abcam, Cambridge, UK) and anti-Gata4 goat polyclonal 

antibody (1:300; Cat #sc-1237, Santa Cruz Biotechnology, Dallas, TX, USA) or anti-T 
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goat polyclonal antibody (1:200; Cat #AF2085, R&D Systems, Minneapolis, MN, USA). 

After three washes with 0.5% TPBS, embryos were incubated with donkey anti-goat IgG 

Alexa-Fluor633-conjugated secondary antibody (1:500; Cat #A21082, Molecular Probes 

Inc.) and donkey anti-rabbit IgG Cy3-conjugated antibody (1:500; Cat #711-165-152, 

Jackson ImmunoResearch, West Grove, PA, USA) for 3 h at 4°C. Embryos were then 

washed three times with 0.5% TPBS and incubated with anti-GFP rabbit polyclonal 

antibody Alexa-Fluor488 conjugate (1:300; Cat #A21311, Molecular Probes Inc.) for 3 h 

at 4°C. Nuclei were stained with Hoechst33342 (2 µg/ml; Cat #H3570, Molecular Probes 

Inc.) for 20 min at 4°C. Images were captured using a Leica TCS-SP8 confocal 

microscope (Leica Microsystems). 

Immunohistochemical analysis for mESCs and mEpiSCs was performed using the 

same procedure as described above. Images were captured using either a Leica TCS-SP8 

confocal microscope (Leica Microsystems) or a BIOREVO BZ-9000 fluorescence 

microscope (Keyence, Illinois, USA). 

3.9.  Western blot analysis 

Facs-sorted cells were washed twice in ice-cold PBS, lysed in 

radioimmunoprecipitation (RIPA) buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 % 

sodium deoxycholate, 1 % Nonidet P-40, 0.1 % SDS) containing complete protease 

inhibitor cocktail mix (Roche, Basel, Switzerland), and placed on ice for 10 min. The 

extracts were then centrifuged (15000 rpm) for 5 min at 4oC. The suspension was 

collected and resuspended in SDS-sample buffer (Nacalai Tesque). 10 µg of protein was 
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loaded on a 10% SDS-polyacrylamide gel, followed a transfer onto polyvinylidine 

difuloride membrane (Millipore, Billerica, MA, USA). The membrane was blocked in 

blocking solution (5% bovine serum albumin (Sigma-Aldrich) in 0.1 % 

tween20/Tris-buffered saline (TBS) 1X) for 1 h at room temperature. Blots was then 

incubated overnight at 4oC with the primary antibody diluted in blocking solution, and 

washed 3 times in 0.1 % tween20/TBS 1X. Blots was incubated with the HRP-conjugated 

secondary antibody for 1 h at room temperature, washed 5 times with 0.1 % tween20/TBS 

1X and exposed to Chemi-Lumi One Super (Nacalai Tesque) for 1 min at room 

temperature. Images were captured by the FUJIFILM Luminescent Image Analyzer 

LAS-3000 (Fuji photo film Co., Ltd, Tokyo, Japan). The primary antibodies used include: 

Anti-β-Actin pAb-HRP Direct-T (1:1000, Code #PM053-7, Medical and Biological 

Laboratories Co., Ltd, Nagoya, Japan) and Anti-GFP rabbit polyclonal antibody 

Alexa-Fluor488 conjugate (1:300; Cat #A21311, Molecular Probes Inc.).  

3.10.  Microarray analysis 

The Affymetrix GeneChip Expression Analysis Manual (Affymetrix, Shiba, 

Tokyo, Japan) was used for microarray analysis as previously described by Ema et al. 

(2008). Briefly, Biotin-labeled cRNA was synthesized from 3 to 5 µg of total RNA and 

hybridized to a GeneChip Mouse Genome 430 2.0 Array (Affymetrix). Arrays were 

gently washed, stained with streptavidin-phycoethrin and subjected to a scanner. Data 

analysis was performed, normalized and converted to log values using GeneSpring 

software according to manufacturer’s recommendation.   
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3.11.  Construction of the Fgf5-P2A-Venus BAC Tg 

The BAC clone (RP23-153I24) harboring the Fgf5 gene was purchased from 

Invitrogen (Carlsbad, CA, USA). For generation of the reporter cassette, the 

PGK-gb2-neo sequence flanked by FRT sites was ligated to a DNA fragment encoding 

for P2A-Venus-ipacpA (Gene Bridges, Heidelberg, Germany). The cassette was then 

inserted into either the first or third exon of Fgf5 by PCR amplification. The resulting 

BAC targeting vector and RED/ET expression plasmid (Gene Bridges) were 

co-transformed into Escherichia coli. After screening with Kanamycin, recombinants 

were identified by PCR analysis.  

3.12.  Generation of Tg mice 

Recombinant BAC DNAs were purified with a NucleobondXtra BAC Kits 

(Macherey-Nagel, Düren, Germany) and then linearized by Pl-SceI digestion. Pronuclear 

injection was performed in fertilized eggs isolated from C57B6/J females, followed by 

transplantation into pseudo-pregnant ICR females (SLC Inc., Shizuoka, Japan). Tg mice 

were confirmed by PCR genotyping with the following primer sequences: 

-   Forward sequence: 5′-TTCAAGGACGACGGCAACTACAAGAC-3′ 

-   Reverse sequence: 5′-GCTTCTCGTTGGGGTCTTTCTCAG-3′ 

The Tg mice were maintained on an ICR or B6 genetic background. This study was 

approved and conducted in accordance with the Regulations for Animal Experimentation 

of Shiga University of Medical Sciences.  
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3.13.  Whole-mount in situ hybridization 

To check endogenous Fgf5 expression, fluorescent mRNA labeling by cytoplasmic 

fluorescence in situ hybridization (FISH) was performed as described previously by 

Gasnier et al. (2013). The full-length coding region of mouse Fgf5 was amplified by PCR 

from mEpiSC cDNA using following primers:  

- mFgf5-forward: 5’-ATGAGCCTGTCCTTGCTCTTCCTC-3’ 

- mFgf5-reverse: 5’-TCATCCAAAGCGAAACTTCAGTCTG-3’ 

Digoxigenin (DIG)-11-UTP (Cat# 11209256910, Roche) -labeled antisense RNA 

probes were generated by T7 RNA polymerase using SP6/T7 transcription kit (Cat# 

10999644001, Roche). Hybridization with DIG-labeled probes was performed overnight 

at 65oC. The embryos were then incubated with a peroxidase conjugated anti-DIG 

antibody (Cat# 11207733910, Roche) for 1 h at room temperature. Fluorescent staining 

was carried out with a Tyramide signal amplification cyanine 3 system (TSA-Cy3) kit 

(Code# NEL704A, Perkin-Elmer, Waltham, MA, USA) according to the manufacturer’s 

recommendations. To amplify the fluorescence signals, a TSA-biotin amplification kit 

(Code# NEL700A, Perkin-Elmer) was used. 

3.14.  Establishment of Fgf5-P2A-Venus BAC Tg mEpiSCs 

Fgf5-P2A-Venus BAC Tg mEpiSCs were derived from E6.5 embryos 

(Fgf5-P2A-Venus BAC Tg male line #571 x ICR female) as described by Tesar et al. 

(2007) with a minor modification in culture medium. We used NDiff227 (StemCells Inc.) 

medium containing human Activin A (20 ng/ml; R&D Systems) and bFGF (12 ng/ml; 
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Wako Pure Chemical Industries). Briefly, E6.5 Tg embryos were first removed from 

decidua in ice-cold PBS. Then, the embryonic regions containing the epiblast and visceral 

endoderm were separated from the extraembryonic ectoderm by a scalpel. To derive the 

epiblast, we used 30G needles to flake off the visceral endoderm. The epiblast was then 

placed onto 4-well dishes pre-coated with MEF at the density of 1x105 cells/well, and 

grown until the cultures reached confluency. The Tg mEpiSCs were then dissociated by 

Accutase (Innovative Cell Technologies Inc., San Diego, CA, USA), passaged and 

maintained on human fibronectin-coated dishes at appropriate cell density.  

3.15.  Cellular Reprogramming  

To overexpress Nanog or Klf5 in Fgf5-P2A-Venus BAC Tg mEpiSCs, we used 

piggyBac transposon and a transposase system. The 

pPB-CAG-Flox-Nanog/Klf5-dsRedT4-iresHygroR plasmid was generated by 

combination of the PB-CAG backbone and 

pPyCAG-Flox-Nanog/Klf5-dsRedT4-iresHygroR, both of which were kindly provided 

by Dr. Hitoshi Niwa (Kumamoto University, Japan). Plasmids were then co-transfected 

with piggyBac transposase into the Tg mEpiSCs using Lipofectamine 2000 (Life 

Technologies) according to the manufacturer’s instructions. After 7 days of selection with 

250 µg/ml Hygromycin B (InvivoGen), colonies were picked for generation of stable Klf5 

or Nanog-overexpressing Tg mEpiSC lines. 

For reprogramming experiments, 2-4 × 104 cells were seeded onto 

fibronectin-coated 6-well plates in mEpiSC culture conditions. After 24h, the medium 
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was switched to 2i/LIF conditions; the 2i inhibitors included 1 µM Mek inhibitor 

PD0325901 (Wako Pure Chemical Industries) and 3 µM Gsk3 inhibitor CHIR99021 

(Wako Pure Chemical Industries). After 7 days, immunofluorescence analysis was 

performed. To check the characteristics of the resulting miPSCs, several miPSC colonies 

were picked up, expanded and cultured in 2i/LIF conditions for further experiments. 

3.16.  Statistical analysis 

Student’s t-test was applied for statistical analysis. Data are presented as means and 

standard errors. Statistical significance was determined at P < 0.05. 
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4.  Results 

4.1.  Metabolic regulation of mESC heterogeneity  

4.1.1.  Significant differences in glycolytic metabolism in mESC 

subpopulations 

To address the underlying mechanisms as to how mESC heterogeneity is regulated, 

I first cultured OCRG9 ES cells (details described in “materials and methods” section) in 

standard mESC culture containing LIF and serum. To ensure that all OCRG9 ES cells 

expressed a comparable level of Oct3/4, a master regulator for the maintenance of mESC 

pluripotency, puromycin was added at the concentration of 1 µg/ml. Under this culture 

condition, I observed the coexistence of Rex1-positive and Rex1-negative cells (Fig 4A), 

consistent with the previous report (Toyooka et al., 2008). Interestingly, I found that 

when plated in standard mESC culture, facs-sorted Rex1-positive cells displayed a much 

higher self-renewal efficiency than facs-sorted Rex1-negative cells did (Fig 4B), 

suggesting that each subpopulation is able to harbor defining features that may allow 

them to either maintain their current state or convert to another.  
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Figure 4. Self-renewal capacity of Rex1-positive and Rex1-negative cells. (A): 

Coexistence of Rex1-positive and Rex1-negative colonies in OCRG9 ES cell culture. 

Arrow signifies colony of Rex1-negative cells. Images were captured by a BIOREVO 

BZ-9000 fluorescence microscope. Scale bar: 100 µm. (B): The number of colonies were 

manually counted by ImageJ software. Representative graph shown is the mean of 3 

technical replicates and are from 1 of 2 independent experiments. Rex1+: Rex1-positive 

cells, Rex1-: Rex1-negative cells.   

 

We hypothesized that inherent differences in transcriptional responses of each 

subpopulation may be a molecular basis for the dynamic interconversion of Rex1-positive 

and Rex1-negative cells in culture. To clarify this hypothesis, we facs-sorted 

Rex1-positive and Rex1-negative cells with more than 98% purity, and performed 

microarray analysis (Fig 5A). Consistent with the previous report, pluripotency-related 

genes were detected at higher levels in Rex1-positive cells than in Rex1-negative cells, 

whereas a much higher level of Fgf5, a primitive ectoderm marker, was observed in 

Rex1-negative cells relative to Rex1-positive cells (Fig 5B). Moreover, while genes 

encoding for proteins related to TCA, OXPHOS and β-fatty acid oxidation were 

significantly enriched in Rex1-positive cells, there was a light increase in the expression 

levels of genes related to pentose phosphate pathway (PPP) in Rex1-negative cells 

relative to Rex1-positive cells (Fig 5C-F).  
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Figure 5. Expression patterns of genes related to mitochondrial metabolism 

in Rex1-positive and Rex1-negative cells. (A): Experimental scheme for exploring 

differences in global gene expression of facs-sorted Rex1-positive and Rex1-negative 

cells. OCRG9 ES cells cultured at 80% confluency were sorted to harvest high-purity 

Rex1-positive and Rex1-negative cells for microarray analysis, RT-qPCR analysis and 

lactate production assay. Expression levels of GFP and β-actin analyzed by western blot 

are shown in the insert. (B): Ratios of pluripotency-associated gene expression in 
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facs-sorted Rex1-positive and Rex1-negative cells were analyzed by RT-qPCR. β-actin 

was used as an endogenous control. Mean and SD of 3 independent experiments are 

shown. (C-F): Scatter plots showing expression levels of genes related to TCA, OXPHOS, 

β-fatty acid oxidation, and PPP in Rex1-positive cells compared with Rex1-negative cells. 

The color bar at top of each panel denotes the gene expression levels in log2 scale. 

 

Notably, we found that highly expressing genes associated with glycolysis pathway, 

such as Glut1, Gapdh, Pgk1, Eno3, and Ldha, were preferentially detected in 

Rex1-negative cells as compared to Rex1-positive cells (Fig 6A and B). These microarray 

data were validated by RT-qPCR analysis in facs-sorted Rex1-positive and Rex1-negative 

cells (Fig 6C), suggesting that Rex1-negative population may possess an increased level 

of glycolysis relative to Rex1-positive population. Indeed, lactate production rate, which 

is considered as a critical indicative of glycolysis, was lower in Rex1-positive cells than 

Rex1-negative cells (Fig 6D). These findings are reminiscent of the previous study 

showing that mEpiSCs are highly glycolytic as compared to mESCs (Zhou et al., 2012).  

Given that glycolysis has recently been appreciated to play crucial roles in the 

maintenance and establishment of ESC pluripotency (Zhu et al., 2010; Panopoulos et al., 

2012; Prigione et al., 2013; Mathieu et al., 2014; Moussaieff et al., 2015; Kim et al., 2015; 

Zhang et al., 2016; Gu et al., 2016), we decided to explore the potential roles of glycolysis 

in the regulation of mESC heterogeneity which have not been investigated.  
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Figure 6. Significant differences in glycolytic metabolism in Rex1-positive and 

Rex1-negative cells. (A): Scatter plots of glycolysis-related gene expression comparing 

Rex1-positive and Rex1-negative cells. The color bar at top denotes the gene expression 

levels in log2 scale. (B): Glycolysis pathway map. Note that genes showing significant 

differences in expression levels between two subpopulations are highlighted in red. (C): 

RT-qPCR analysis for genes associated with glycolysis pathway. Data was normalized to 

Rex1-positive cells. β-actin was used as an endogenous control. Mean and standard 

deviation (SD) of 3 independent experiments are shown. (D): Lactate production rate was 

performed on media collected from Rex1-positive and Rex1-negative cell culture. 

mEpiSCs were used as a positive control. Mean and SD of 3 independent experiments are 

shown. *P < 0.05, **P < 0.01, #P < 0.001, also hereafter in other experiments. Glut1: 
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Glucose transporter-1, Hk: Hexokinase, Gpi: Glucose-6-phosphate isomerase, Pfkm: 

Phosphofructokiase isoform m, Pfkp: Phosphofructokiase isoform p, Pfkl: 

Phosphofructokiase isoform l, Ald: Aldolase, Gapdh: Glyceraldehyde-3-phosphate 

dehydrogenase, Pgk1: Phosphoglycerate kinase-1, Pgam: Phosphoglycerate mutase, 

Eno3: Enolase-3, Pk: Pyruvate kinase, Ldha: Lactate dehydrogenase.  

 

4.1.2.  Pharmacological inhibition of glycolysis pathway impairs 

mESC heterogeneity 

To explore the effect of differences in glycolytic metabolism on the ratio of 

Rex1-positive and Rex1-negative cells in OCRG9 ES cells, OCRG9 ES cells were 

exposed to 2-Deoxy-D-Glucose (2-DG, 0.5 mM, also hereafter in other experiments 

unless otherwise indicated), a well-known glycolysis inhibitor (Fig 7A). I found that 

2-DG-mediated suppression of glycolysis did not cause significant changes in expression 

levels of Oct3/4, Sox2 and Nanog (Fig 7B), although a slight reduction in cell 

proliferation was observed in 2-DG-treated cells (Fig 7C). Interestingly, 2-DG treatment 

resulted in a decrease in Rex1-negative population while an increase in Rex1-positive 

population was observed (Fig 7D, F). 

 

 

 

 



 48 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. 2-DG-mediated inhibition of glycolysis impairs Rex1 

heterogeneous expression. (A): Glycolysis pathway map showing the suppressive 

function of 2-DG or 2-FDG in Hk2 expression. Dashed arrow signifies the intermediate 

steps of glycolysis pathway. (B): Pluripotency-related gene expression was examined by 
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RT-qPCR. β-actin was used as endogenous control, and data was normalized to 

H2O-treated samples. Representative graph shown is the mean of 3 technical replicates 

and is from 1 of 2 independent experiments. (C): Proliferation rate in OCRG9 ES cells 

treated with 2-DG compared with those treated with H2O. Data shown are the mean of 3 

technical replicates and are from 1 of 2 independent experiments.  (D, E): Histograms of 

flow cytometry analysis comparing percentage of Rex1-positive cells in H2O and 2-DG 

or 2-FDG-treated cells. Representative histograms of 3 independent experiments are 

shown. (F): Immunofluorescence analysis of OCRG9 ES cells cultured in the presence of 

2-DG or 2-FDG. Note that 2-DG or 2-FDG treatment reduced OCRG9 ES cell 

heterogeneity (merged images), and heterogeneous expression of Rex1 and Nanog is 

overlapping. Images were captured by a BIOREVO BZ-9000 fluorescence microscope. 

Scale bar: 100 µm. 

 

The observation that glycolysis inhibition caused a slight reduction in cell 

proliferation in 2-DG-treated cells raised the possibility that alongside with glycolysis 

inhibition, 2-DG treatment may cause side effects which may give rise to a significant 

impact on the ratio of subpopulations. To eliminate this issue, we employed another 

glycolysis inhibitor 2-Fluoro-Deoxy-D-Glucose (2-FDG, 0.5 mM) which was shown to 

possess a more potent glycolysis inhibition than 2-DG do (Lampidis et al., 2006; 

Kurtoglu et al., 2007). We found that 2-FDG incubation also led to a dramatic increase in 

Rex1-positive cells (Fig 7E, F), comparable to that of 2-DG treatment. These data support 

the hypothesis that glycolytic metabolism is involved in the behavior of subpopulations in 
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mESC culture, and that suppression of glycolysis pathway compromises mESC 

heterogeneity. 

It was reported that percentages of subpopulations in OCRG9 ES cell culture are 

not equal. Instead, they are in a dynamic equilibrium with approximately 85% of 

Rex1-positive population being detectable (Toyooka et al., 2008). Therefore, it would be 

a lack of concrete evidence to denote the impact of glycolysis on the behavior of 

subpopulations if I only use OCRG9 ES cells. To further characterize the dynamic effect 

of 2-DG-mediated glycolysis inhibition on the mutual conversion of subpopulations, we 

next examined the temporal interchange and speed of interconversion of facs-sorted 

Rex1-positive and Rex1-negative cells cultured in the presence of 2-DG (Fig 8A). As a 

quantitative readout, percentages of GPF-positive cells were determined by flow 

cytometry analysis. Remarkably, 2-DG addition significantly enhanced Rex1-positive 

population from both Rex1-positive and Rex1-negative cell culture. More specifically, 

2-DG-mediated suppression of glycolysis in facs-sorted Rex1-positive fraction remained 

approximately 95% of cells to be Rex1-positive cells after 6-day culture, whereas control 

cells underwent a conversion back into the original state with about 85% of cells being 

Rex1-positive cells (Fig 8B). Regarding facs-sorted Rex1-negative fraction, we noted that 

in the absence of 2-DG, Rex1-negative cells reverted back to the original state more 

slowly than Rex1-positive cells did. However, 2-DG treatment dramatically promoted a 

rapid conversion back to the original state, which was not the case in control cells (Fig 

8C). 
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Figure 8. 2-DG-mediated inhibition of glycolysis enhances Rex1-positive 

cells during the interconversion of two subpopulations without causing cell death. 

(A): Experimental scheme for determining the dynamic effects of glycolysis inhibition on 

the mutual interconverison of two subpopulations. (B, C): Quantification data of flow 
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cytometry analysis in facs-sorted Rex1-positive and Rex1-negative cells grown in the 

presence or absence of 2-DG. Mean and SD of 5 (B) and 4 (C) independent experiments 

are shown. (D, E): Early apoptosis detection in facs-sorted Rex1-positive and 

Rex1-negative cells treated with 2-DG for 24 h relative to H2O-treated cells. Percentages 

of Annexin V+ cells shown are mean and SD of 3 independent experiments. *P < 0.05, #P 

< 0.001. 

 

To exclude the possibility that the enrichment of Rex1-positive population may 

result from a selective effect through cell survival caused by 2-DG treatment, we 

measured early apoptosis in facs-sorted Rex1-positive and Rex1-negative cells in 

response to 2-DG treatment using Annexin V staining. Notably, when exposed to a high 

concentration of 2-DG (1 mM), Rex1-negative cells, but not Rex1-positive cells, showed 

a significant increase in the percentage of apoptotic cells (Fig 8D, E). These data further 

support our findings in that Rex1-negative cells displayed an elevated glycolysis relative 

to Rex1-positive cells, which is likely to make Rex1-negative cells become more 

apoptotic in response to a high concentration of 2-DG. Surprisingly, we could not detect 

any apoptotic cells at the working concentration of 2-DG (0.5 mM) (Fig 8D, E). These 

results rule out the contribution of apoptosis to 2-DG-induced enrichment of 

Rex1-positive cells.  

Collectively, these results demonstrate that glycolysis inhibition to a certain extent 

may be a critical factor accelerating the enrichment of Rex1-positive cells, therefore 



 53 

indicating an important role of glycolysis pathway in maintaining the stability of mESC 

heterogeneity.  

4.1.3.  Suppression of glycolysis pathway by Hk2 knockdown 

abolishes mESC heterogeneity 

To genetically recapitulate the effect of glycolysis on mESC heterogeneity 

observed in our pharmacological experiments (Fig 7 and 8), I knock-downed Hk2 

expression, a gene encoding for the first rate-limiting glycolysis enzyme Hexokinase-2, 

by using the third-generation Tet-responsive promoter (TRE3G) and the third-generation 

Tet activator (TET3G) coupled with RNA interference (RNAi) (Fig 9A). In principle, in 

the presence of Dox, a tetracycline analog, TET3G protein forms a complex with Dox, 

which allows it to bind to TET operator repeats located in TRE3G promoter. This in turn 

activates the knockdown system controlled by miRNA-155 (Fig 9A). 

Upon generation of stably transfected cell lines expressing mCherry, we added 

doxycycline (Dox) for 4 days to activate the knockdown system (Fig 9B). We found that 

approximately 80% of Hk2 mRNA expression level were suppressed, which resulted in a 

reduction of Rex1-negative cells with a concomitant increase in Rex1-positive cells (Fig 

9C, D). These data strongly indicated that similar to the results observed in 2-DG or 

2-FDG treatment, Hk2 knockdown-mediated suppression of glycolysis impaired the 

metastable state of mESCs, reinforcing our observation in that glycolysis pathway is 

indeed an intrinsic factor regulating mESC heterogeneity.  
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Figure 9. Hk2-mediated inhibition of glycolysis enhances the enrichment of 

Rex1-positive cells. (A): Schematic for generation of Dox-inducible Hk2 knockdown. 

(B): OCRG9 ES line stably expressing mCherry after clone expansion. Images were 

captured by a BIOREVO BZ-9000 fluorescence microscope. Scale bar: 100 µm. (C): 

RT-qPCR analysis for Hk2 mRNA expression. β-actin was used as an endogenous 

control. Mean and SD of 2 independent experiments are shown. (D): Histograms of flow 

cytometry analysis comparing percentage of Rex1-positive cells in control and 

Dox-inducible Hk2-knockdown OCRG9 ES cells. Neo: neomycin, ires: internal 
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ribosome entry site, TET: Tetracycline, TA: transactivator, TET3G: Third-generation Tet 

activator, TRE3G: Third-generation Tet-responsive promoter.    

 

4.1.4.  2-DG-induced generation of ROS is required for the 

transition from Rex1-negative cells to Rex1-positive cells 

Glycolysis has been recently demonstrated to be important for the maintenance 

and re-establishment of PSCs (Zhu et al., 2010; Panopoulos et al., 2012; Prigione et al., 

2013; Mathieu et al., 2014; Moussaieff et al., 2015; Kim et al., 2015, Zhang et al., 2016; 

Gu et al., 2016). Our current data have shown that each subpopulation in mESC culture 

exhibited a distinct level of glycolysis, and suppression of glycolysis to a certain extent 

drove the enhancement of Rex1-positive fraction. We next attempted to unravel the 

connection between glycolysis inhibition and the enrichment of Rex1-positive fraction by 

ascertaining the downstream effectors of 2-DG-mediated glycolysis downregulation. 

Previous studies indicated that 2-DG-induced ROS production is indispensable for 

endothelial cell survival in response to hypoxia stress (Wang et al., 2011), whereas 2-DG 

addition dramatically induced cell death in blood cancer cells through ROS-mediated 

caspase-dependent apoptosis (Kaushik et al., 2015). These results pinpointed ROS as a 

bona fide downstream target of 2-DG treatment. However, downstream effectors of 

glycolysis inhibition in undifferentiated ESCs remain unclear. Interestingly, I found that 

expression levels of genes encoding for antioxidant enzymes were significantly higher in 

Rex1-positive cells than in Rex1-negative cells (Fig 10A). In accordance with microarray 
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data, RT-qPCR analysis showed high expression levels of antioxidant enzyme-encoding 

genes, such as Sod1, Sod2, Gpx2, Gpx4, Gsta3 and Gsta4, in Rex1-positive cells as 

compared to Rex1-negative cells (Fig 10B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Glycolysis inhibition induces the generation of ROS. (A): Heatmap 

of antioxidant-related gene expression was analyzed by microarray analysis in facs-sorted 

Rex1-positive and Rex1-negative cells. The color bar at the bottom indicates the gene 

expression levels in log2 scale. (B): Antioxidant-related gene expression in facs-sorted 

Rex1-positive and Rex1-negative cells was measured by RT-qPCR analysis. β-actin was 

used as an endogenous control. Mean and SD of 3 independent experiments are shown. 
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(C, D): Flow cytometry analysis for cytoplasmic ROS determinations were performed in 

OCRG9 ES cells after 3-day treatment as indicated. Cyto: cytoplasmic. #P < 0.001, WP < 

0.0001. Sod1: Superoxide dismutase-1, Sod2: Superoxide dismutase-2, Gpx2: 

Glutathione peroxidase-2, Gpx4: Glutathione peroxidase-4, Gsta3: Glutathione 

S-transferase alpha-3, Gsta4: Glutathione S-transferase alpha-4.  

 

 The above results suggest the possibility that a significant increase in expression 

levels of genes encoding for antioxidant enzymes in Rex1-positive cells would be to 

respond to elevated levels of ROS which might exist in Rex1-positive cells compared 

with Rex1-negative cells. We speculated that an increase in ROS levels induced by 2-DG 

may be a driving force for the enhancement of Rex1-positive cells. There was, indeed, an 

induction in cytoplasmic (cyto) ROS levels in 2-DG-treated OCRG9 ES cells, which 

could be completely rescued by co-treatment with antioxidant N-acetylcysteine (NAC) 

(Fig 10C). Likewise, an increase in ROS levels caused by 2-FDG treatment was also 

observed. This increase in ROS levels was completely blocked by NAC addition (Fig 

10D). On the basis of these data, we hypothesize that 2-DG treatment might cause a slight 

change in ROS levels, therefore stimulating a certain cellular response which in turn 

induces a rapid conversion of Rex1-negative cells to Rex1-positive cells in order to escape 

the cellular stress caused by glycolysis inhibition. To test this hypothesis, I grew 

facs-sorted Rex1-positive and Rex1-negative cells in the presence of 2-DG with or 

without NAC treatment. Although NAC incubation was not able to interfere with the 

2-DG-mediated enhancement of Rex1-positive cells from facs-sorted Rex1-positive 
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fraction (Fig 11A, B), it significantly dampened 2-DG-mediated enrichment of 

Rex1-positive cells from Rex1-negative fractions within a period of 6 days, up to the point 

similar to that of H2O-treated cells (Fig 11C-E).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 59 

Figure 11. ROS generation by glycolysis inhibition is required for 

Rex1-negative to Rex1-postive cell transition. (A, C): Quantification of flow cytometry 

analysis in facs-sorted Rex1- positive cells (A) and Rex1-negative cells (C) cultured with 

H2O or 2-DG or 2-DG and NAC at indicated days. Note that addition of NAC suppressed 

the 2-DG-induced transition from Rex1-negative cells to Rex1-positive cells (C). Mean 

and SD of 3 (A) and 5 (C) independent experiments are shown. (B, D): Representative 

histograms of (A) and (C) are shown. (E): Immunofluorescence analysis of facs-sorted 

Rex1-negative cells cultured with H2O or 2-DG or 2-DG and NAC at day 6. Note that 

compared to 2-DG treatment alone, addition of NAC restored the Rex1-negative cells (see 

the merged images). Images were captured by a BIOREVO BZ-9000 fluorescence 

microscope. Scale bar: 100 µm.  

 

Taken together, our results demonstrate that ROS generation downstream of 

glycolysis inhibition is an essential factor controlling the process of Rex1-negative to 

Rex1-positive cell conversion, and that glycolysis pathway might maintain the metastable 

state of mESCs by possibly adjusting ROS generation to appropriate levels. 

4.1.5.  ROS are crucial for the dynamic equilibrium of mESC 

heterogeneity 

It has been well-documented that intracellular ROS are generated by two major 

sources, the electron transport chain (ETC), mainly complex I and complex III, and the 

membrane-bound protein NADPH oxidase (Nox) (Fig. 12A, B). Intracellular ROS 
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include superoxide anion (O2
-), hydrogen peroxide (H2O2) and hydrogen radicals (OH-), 

and are formed through a series of chemical reactions. The primary form of ROS, O2
-, is 

generated when O2 accepts one electron from electron carriers. O2
- is quickly reduced to 

H2O2 by superoxide dismutase (SOD) enzymes. H2O2 is subsequently converted to either 

H2O and O2 by the antioxidant system or OH- by ferrous iron (Fe2+) or copper ion (Cu+) 

(Holmstrom and Finkel, 2014; Bigarella et al., 2014).  

Although potential functions of ROS in regulating cell proliferation, self-renewal, 

differentiation, reprogramming and aging have been reported in various cell types 

(Bigarella et al., 2014), little is known about the functional roles of ROS in 

undifferentiated ES cells. Interestingly, our above data indicated a crucial role of ROS in 

facilitating the transition from Rex1-negative to Rex1-positive cells under the condition 

where glycolysis was inhibited (Fig 11). Moreover, we also found differences in 

expression levels of many genes associated with glycolysis, PPP, TCA, OXPHOS and 

β-fatty acid oxidation in Rex1-positive and Rex1-negative cells (Fig 5 and 6), which can 

be theoretically involved in regulation of intracellular ROS through production of 

electron carriers and antioxidants. Thus, we asked whether intracellular ROS also play a 

role in the regulation of mESC heterogeneity under the normal self-renewal condition. To 

this end, I first measured the levels of cytosolic and mitochondrial ROS in Rex1-positive 

and Rex1-negative cells, and found that Rex1-positive cells possessed significant higher 

levels of both mitochondrial and cytosolic ROS as compared with Rex1-negative cells 

(Fig 12C-E).  

 



 61 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. ROS are required for the re-establishment of mESC heterogeneity. 

(A): Generation of mitochondrial ROS is mediated mainly via complex I and complex III 

of the electron transport chain (ETC), although other metabolic enzymes, such as GPDH, 

FQR, OGDH and PDH can also contribute to levels of mitochondrial ROS. Modified 

from Holmstrom and Finkel (2014). (B): Production of ROS can also be implemented by 

NADPH oxidase located in the cell membrane. Note that in order to operate as a 
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secondary messenger, mitochondrial ROS need to escape into cytoplasm where they 

modify protein functions mostly by oxidization of cysteine residues. (C, D): 

Determinations of mitochondrial and cytosolic ROS were performed in Rex1-positive and 

Rex1-negative cells by MitoSox Red (C) and 2-DHE (Dihydroethidium, D) staining. (E): 

Confocal microscope analysis for facs-sorted Rex1-positive and Rex1-negative cells 

stained for 2-DHE. (F, G): Quantification of flow cytometry analysis in facs-sorted 

Rex1-positive and Rex1-negative cells cultured with H2O or NAC at indicated days. Note 

that NAC treatment alone of either Rex1-positive cells or Rex1-negative cells slowed the 

transition back to heterogeneity. Mean and SD of 2 independent experiments are shown. 

ADP: Adenosine diphosphate, Pi: inorganic phosphate, ATP: Adenosine triphosphate, 

GPDH: glycerol-3-phosphate dehydrogenase, FQR: electron transfer 

flavoprotein-ubiquinone oxidoreductase, OGDH: 2-oxoglutarate dehydrogenase and 

PDH: pyruvate dehydrogenase.  

 

To further investigate potential roles of ROS during the formation of mESC 

heterogeneity, I treated facs-sorted Rex1-positive and Rex1-negative cells with a 

well-known antioxidant NAC and flow cytometry was performed in a time-dependent 

manner. Remarkably, we observed that reduction of ROS by NAC treatment inhibited the 

re-establishment of mESC heterogeneity from both facs-sorted Rex1-positive and 

Rex1-negative cells (Fig 12F, G). These data, therefore, suggested a previously unknown 

function of ROS in the regulation of dynamic equilibrium of mESC subpopulations. 
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4.2.  Investigation of mEpiSC heterogeneity  

4.2.1.  Generation of Fgf5-P2A-Venus BAC Tg mice 

To generate transgenic (Tg) mice recapitulating endogenous Fgf5 expression, we 

took advantage of the enhanced yellow fluorescence protein Venus, which possesses 

valuable features for visualization, such as quick maturation and resistance to acidosis 

(Nagai et al., 2002). As the first trial, a BAC clone was used to cover the entire genomic 

region of Fgf5 with a modification at the first exon in which an in-frame fusion Venus 

was implemented right after the start codon (Fig 13). Although we obtained six Tg lines, 

Venus expression was not found in the epiblast of E6.5 and 7.5 Tg embryos. 

 

 

 

 

 

 

 

 

 
 

Figure 13. Construction of the first exon Fgf5-Venus BAC Tg. The Fgf5 BAC 

clone (RP23-153I24) covering 72 kb upstream and 112 kb downstream of Fgf5 gene was 

used. Note that Venus was fused in frame after the start codon. 
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Because we anticipated that the reporter cassette perturbed potential regulatory 

regions located around the first exon and intron, we inserted the P2A (porcine 

teschovirus-1 self-cleaving peptide)-Venus reporter cassette into the third exon of Fgf5 in 

the BAC clone (Fig 14A), and generated six lines of Fgf5-P2A-Venus BAC Tg mice. To 

check Venus expression, we dissected embryos at E6.5 and 7.5 from 6 Tg lines, and found 

strong Venus expression in the epiblast of all Tg lines (Fig 14B, C), indicating that 

Fgf5-P2A-Venus BAC Tg construct can efficiently direct expression in the epiblast. 

 

 

 

 

 

 

 

 

 

 

Figure 14. Generation of Fgf5-P2A-Venus BAC Tg mice. (A): Construction of 

the Fgf5-P2A-Venus BAC Tg. The Fgf5 BAC clone (RP23-153I24) covering 72 kb 

upstream and 112 kb downstream of Fgf5 gene was used. Note that the PGK-gb2-neo 

cassette was removed from the BAC construct prior to generation of Tg mice. P2A: 

porcine teschovirus-1 self-cleaving peptide; ipac: ires (internal ribosome entry 
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site)-puromycin resistant gene. (B, C): Venus expression in WT and Tg embryos at E6.5 

(line #2 and #571). Ex: extraembryonic region; Em: embryonic region. Scale bar: 100 

µm. 

 

To exclude the possibility that the BAC transgene could cause a knock-in of 

Venus at the endogenous locus of Fgf5, I designed a pair of specific primers to amplify 

the third exon and 3’-UTR region of endogenous Fgf5. As a result, there was no 

significant difference in endogenous Fgf5 expression, thus ruling out the introduction of 

Venus at the endogenous Fgf5 locus (Fig 15). 

 

 

 

 

 

 

 

 

Figure 15. RT-qPCR analysis of endogenous Fgf5 expression. β-actin was 

used as an endogenous control for normalization. mESCs were used as a negative control. 

Mean and SD of two independent experiments are shown. ns: not significant. 
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4.2.2.  Venus expression in Fgf5-P2A-Venus BAC Tg embryos  

The observation that Venus expression was detectable in the postimplantation 

epiblast of Tg embryos prompted us to examine detailed expression of Venus directed by 

the Tg. Embryos collected at E6.5 and E7.5 were stained for the epiblast marker Oct3/4 

and endodermal marker Gata4 or mesodermal marker T (Fig 16 and 17). I found uniform 

expression of Venus in the epiblast of the Tg embryo at E6.5 (Fig 16A), consistent with 

previous reports (Hébert et al., 1990; 1991; Yeom et al., 1991; Pelton et al., 2002). Venus 

was also weakly seen in the visceral endodermal layer, in accordance with previous 

observations (Hébert et al., 1990; 1991; Pelton et al., 2002). Higher magnification 

confirmed our observation that Venus and Oct3/4 expression were expressed uniformly 

throughout the epiblast, whereas Gata4 protein was only discernible in the visceral 

endoderm (Fig 16A). Importantly, fluorescent mRNA labeling by cytoplasmic FISH 

revealed the presence of endogenous Fgf5 mRNA signals in the epiblast and visceral 

endodermal layer of Tg embryos at E6.5 (Fig 16B). These results indicated that the 

Fgf5-P2A-Venus BAC Tg construct recapitulated endogenous Fgf5 expression in Tg 

embryos at E6.5. In Tg embryo at E7.5, Venus and Oct3/4 expression was found to be 

overlapping in the epiblast regions while Venus was also detected abundantly in the 

anterior visceral endoderm layer (Fig 17A), consistent with previous reports (Hébert et al., 

1991; Mesnard et al., 2011). We also confirmed endogenous Fgf5 mRNA expression in 

the epiblast and visceral endodermal layer of Tg embryos at E7.5 (Fig 17B). Collectively, 

these results demonstrated that Fgf5-P2A-Venus BAC Tg is capable of recapitulating 
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endogenous Fgf5 expression in the postimplantation epiblast and visceral endodermal 

layer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Venus expression in Fgf5-P2A-Venus BAC Tg embryo at E6.5. 

(A): Immunofluorescence analysis of the Tg embryo at E6.5 for Oct3/4 (red), Venus 

(anti-GFP, green), Gata4 (purple) and Nuclei (Hoechst33342, blue). Higher 
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magnification of optical sections is shown in panels X and Y. Note that Oct3/4 and Venus 

were co-expressed in the epiblast of the Tg embryo, while Gata4 expression was 

specifically observed in the endoderm regions of the Tg embryo. Venus expression was 

also seen in visceral endodermal layer. Open and closed arrowheads indicate endodermal 

and epiblast cells, respectively. Ex: extraembryonic region; Em: embryonic region; Epi: 

epiblast; En: endoderm. Scale bar: 50 µm. All images were captured by a Leica TCS-SP8 

confocal microscope using a 40x/1.25 oil objective lens. (B): Whole-mount fluorescence 

in situ hybridization of Fgf5 in the Tg embryo at E6.5. Open arrowheads indicate 

cytoplasmic localization of endogenous Fgf5 mRNA. Scale bar: 20 µm. Images were 

captured by a Leica TCS-SP8 confocal microscope using a 40x/1.25 oil objective lens. 

 

While epiblast cells that ingress through the primitive streak can form the 

mesoderm and endoderm, epiblast cells that do not traverse the primitive streak can give 

rise to the ectoderm (Lawson, 1999; Tam and Loebel, 2007). It is of note that at E8.25, we 

observed Venus expression in the neuroepithelium of the forebrain (Fig 18), consistent 

with Venus expression in the anterior epiblast at E7.5. 
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Figure 17. Venus expression in Fgf5-P2A-Venus BAC Tg embryo at E7.5. 

(A): Immunofluorescence images of the Tg embryo at E7.5 for Oct3/4 (red), Venus 
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(anti-GFP, green), T (purple) and Nuclei (Hoechst33342, blue). Higher magnification of 

optical sections is shown in panels X and Y. Note that Oct3/4 and Venus were 

co-expressed in the epiblast of the Tg embryo, while T expression was observed in the 

mesodermal layer of the Tg embryo. Venus expression was also seen in visceral 

endodermal layer. Open and closed arrowheads indicate mesodermal and epiblast cells, 

respectively. Ex: extraembryonic region; Em: embryonic region; Epi: epiblast; Me: 

mesoderm; T: Brachyury/T.  Scale bar: 50 µm. All images were captured by a Leica 

TCS-SP8 confocal microscope using a 20x/0.7 dry objective lens (projection images) and 

40x/1.25 oil objective lens (section, X and Y images). (B): Whole-mount fluorescence in 

situ hybridization of Fgf5 in the Tg embryo at E7.5. Open arrowheads indicate 

cytoplasmic localization of endogenous Fgf5 mRNA. Scale bar: 50 µm.  

 

 

 

 

 

 

 

 

 

Figure 18. Venus expression in Fgf5-P2A-Venus BAC Tg embryos at E8.25. 

Immunofluorescence staining of the Tg embryo at E8.25 for Venus (green). Note that 
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Venus was expressed in the neuroepithelium of the Tg embryo. Ne: neuroepithelium. 

Scale bar: 100 µm. 

 

4.2.3.  Derivation and characterization of Fgf5-P2A-Venus BAC 

Tg mEpiSCs 

mEpiSCs represent a primed pluripotent state that can be utilized as a useful model 

for studying biological events that take place during the transition from the primed to 

naïve state and vice versa. To confirm the Fgf5-P2A-Venus BAC Tg expression in vitro, 

we established mEpiSCs, by culturing the epiblast of E6.5 Fgf5-P2A-Venus BAC Tg 

embryos in NDiff227 medium supplemented with bFGF and Activin. 

Immunofluorescence analysis revealed that the Tg mEpiSCs expressed pluripotency 

markers Oct3/4 and Nanog (Fig 19A). RT-qPCR analysis showed that Oct3/4 expression 

is significantly higher in the Tg mEpiSCs than in mESCs, while expression levels of 

Nanog and Sox2 were lower in the Tg mEpiSCs than in mESCs. Notably, Fgf5 and Sox1 

expression were detected at much higher levels in the Tg mEpiSCs than in mESCs (Fig 

19B). Flow cytometric analysis showed that most Tg mEpiSCs, if not all, expressed 

Venus, consistent with uniform Venus expression in the epiblast of the E6.5 Tg embryo 

(Fig 19C). Taken together, these results indicated that Fgf5-P2A-Venus BAC Tg 

mEpiSCs have similar properties to bona fide mEpiSCs. 
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Figure 19. Derivation and characterization of Fgf5-P2A-Venus BAC Tg 

mEpiSCs. (A): Immunofluorescence analysis of the Tg mEpiSCs for Venus (anti-GFP, 

green), Oct3/4 (purple), Nanog (red) and Nuclei (Hoechst33342, blue). Scale bar: 20 µm. 

All images were captured by a Leica TCS-SP8 confocal microscope using a 63x/1.4 oil 

objective lens. (B): RT-qPCR analysis of genes associated with pluripotency and lineage 

commitment in the Tg mEpiSCs and mESCs. β-actin was used as an endogenous control 

for normalization. The mean and SD of three independent experiments are shown. *P < 

0.05. (C): Venus expression in control and the Tg mEpiSCs was analyzed by flow 

cytometry.  
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4.2.4.  Reprogramming of Fgf5-P2A-Venus BAC Tg mEpiSCs 

into miPSCs erases Venus expression 

Reprogramming of mEpiSCs into miPSCs can be accomplished by ectopic 

expression of Nanog, Esrrb, Klf2, Klf4 or Klf5 cultured in the presence of 2i/LIF (Guo et 

al., 2009; Silva et al., 2009; Festuccia et al., 2012; Gillich et al., 2012; Jeon et al., 2016). 

The reprogramming process upregulates many naïve state-associated markers containing 

Nanog, Esrrb, Tfcp2l1, Cd31, Rex1, Stella, Nr0b1, Prdm14, Nr5a2, Tbx3, Klf2, Klf4 and 

Klf5, with a parallel rapid reduction in the expression of primed state-associated markers 

such as Fgf5. Next, we asked whether Venus fluorescence is suppressed during the 

reprogramming process toward miPSC state. After ectopic expression of Nanog or Klf5 in 

the Tg mEpiSCs, the culture medium was changed from bFGF and Activin to 2i/LIF (Fig 

20A). We found that mES-like colonies emerged in the Klf5- and Nanog-overexpressing 

Tg mEpiSCs within 5–7 days after addition of reprogramming medium. 

Immunofluorescence analysis revealed that overexpression of Klf5 or Nanog could 

reactivate the expression of CD31 (also known as PECAM-1: platelet endothelial cell 

adhesion molecule-1), a useful marker of inner cell mass cells, and increase Nanog 

expression in the miPSCs (Fig 20B). Importantly, Venus expression in the Tg mEpiSCs 

was markedly reduced in the miPSCs (Fig 20B).  

To further validate the characteristics of the miPSCs, several miPSC colonies were 

randomly picked to generate miPSC lines. These miPSC lines were maintained in 2i/LIF 

conditions and used for further experiments. RT-qPCR analysis showed upregulation of 

pluripotency factors Nanog, Rex1, Esrrb, Tfcp2l1, Klf2, Klf4, and Klf5, and 
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downregulation of lineage commitment factor Fgf5 in miPSCs (Fig 20C). Taken together, 

these results demonstrated that Venus expression can be used as an indicator when the Tg 

mEpiSCs are forced to reprogram into miPSCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Reprogramming of Fgf5-P2A-Venus BAC Tg mEpiSCs into 

miPSCs. (A): Experimental scheme for reprogramming of the Tg mEpiSCs into miPSCs. 

The Tg mEpiSCs stably expressing Klf5 or Nanog were cultured in NDiff227 medium 

supplemented with the Mek inhibitor (PD0325901), Gsk3β inhibitor (CHIR99021) and 
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LIF. After 7 days, miPSC colonies were subjected to immunostaining. (B): 

Immunostaining for Venus (anti-GFP, green), CD31 (purple) and Nanog (red) in 

untransfected, vector control and miPSCs. OE: overexpression. Scale bar: 100 µm. (C): 

RT-qPCR analysis of Tg mEpiSCs and miPSCs. β-actin was used as endogenous control 

for normalization. The mean and SD of two independent experiments are shown. *P < 

0.05. 

 

4.2.5.  Dynamic heterogeneity of Fgf5 expression in 

Fgf5-P2A-Venus BAC Tg mEpiSCs 

mEpiSCs consist of several subpopulations: T-positive and -negative populations, 

and also Sox1-positive and -negative populations; these positive/negative populations are 

interconvertible (Tsakiridis et al., 2014). Although we found that Fgf5-P2A-Venus BAC 

Tg embryo showed uniform Venus expression in the epiblast, and most Tg mEpiSCs 

expressed Venus abundantly, we investigated whether the Tg mEpiSCs contained a 

Venus-negative population. Careful examination of flow cytometry revealed that a minor 

fraction of the Tg mEpiSCs was Venus-negative (about 4%) (Fig 19C). To further explore 

this phenomenon, we purified Venus-positive and -negative mEpiSCs by cell sorting (Fig 

21A) and cultured each cell fraction in mEpiSC growth conditions to investigate the 

ability to re-establish heterogeneity from each subpopulation. Interestingly, 

Venus-positive cells quickly emerged from the sorted Venus-negative cells, and the 

sorted Venus-negative cells could re-establish the original cell state within 4 days in 
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culture (Fig 21A). Similarly, the purified Venus-positive cells also generated 

Venus-negative cells, although the re-establishment of heterogeneity from 

Venus-positive cells occurred more slowly compared with that from Venus-negative cells 

(Fig 21A). These results indicated that the Tg mEpiSCs contain at least two 

subpopulations that can be interconverted.  

We also examined gene expression patterns in Venus-positive and -negative 

mEpiSCs by RT-qPCR analysis (Fig 21B). We confirmed that Fgf5 mRNA expression 

was significantly enriched in Venus-positive cells (Fig 21Ba). Importantly, we found that 

the expression levels of other epiblast markers, Oct3/4, Nanog, and Sox2, were 

predominantly detectable in Venus-positive cells (Fig 21Ba). Furthermore, both 

subpopulations expressed very low levels of naïve pluripotency markers Rex1, Esrrb, 

Tfcp2l1, and Klf2 compared with mESCs (Fig 21Bd). Interestingly, we found that 

mesendodermal markers T, Sox17 and Foxa2 were expressed at significantly higher 

levels in Venus-positive cells than in Venus-negative cells (Fig 21Bb). On the other hand, 

among the tested ectodermal markers, only Sox1 expression was enriched in 

Venus-negative cells relative to Venus-positive cells (Fig 21Bc). Taken together, while it 

was thought that Fgf5 marks mEpiSCs uniformly, our experiments clearly demonstrated 

that even Fgf5 expression shows dynamic heterogeneity in mEpiSCs.  
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Figure 21. Dynamic heterogeneity of Fgf5 expression in Fgf5-P2A-Venus 

BAC Tg mEpiSCs. (A): Venus-positive and -negative populations were purified, 

cultured and subjected to flow cytometry analysis at indicated days. Note that 

Venus-positive and -negative cells were interchangeable within 48h post culture, and 

Venus-positive and -negative cells could re-establish the original cell state within 6 and 4 

days, respectively. (B): Gene expression was examined by RT-qPCR in Venus-positive 

and -negative cells. β-actin was used as an endogenous control for normalization. The 

mean and SD of three independent experiments are shown. *P < 0.05. 
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5.  Discussion 

5.1.  Glycolysis/ROS axis regulates mESC heterogeneity 

ESCs are pluripotent cells which possess two characteristic features: indefinite 

self-renewal and multilineage differentiation potential. These defining features are of a 

significant promise for disease modeling, drug screening, and cell-replacement therapies. 

Although the underlying molecular mechanisms of how pluripotency is determined and 

maintained have been extensively studied (Niwa, 2007; Young, 2011; Hackett and Surani, 

2014), a host of intriguing questions concerning the biological and physiological roles of 

ESCs have been still under investigation. For instance, how ESCs can control their 

physiology and fate or how intracellular signaling pathways can sense nutrient-induced 

signals from outside microenvironment to initiate specific biological functions remains 

completely unresolved. It has been well-documented that many adult stem cells, such as 

intestinal stem cells and hematopoietic stem cells, undergo an asymmetric cell division to 

balance self-renewal and differentiation (Barker et al., 2007; Sangiorgi and Capecchi, 

2008; Haug et al., 2008; Graf and Stadtfeld, 2008). In contrast, ESCs are known to 

symmetrically give rise to two identical sister cells, while retaining their differentiation 

capacity (Jasnos and Sawado, 2014). These findings suggest that there could be 

intrinsically unknown mechanisms that drive ESC self-renewal in a manner that is poised 

to respond to various differentiation signals.  

Accumulating evidence has indicated that heterogeneity might have evolved as a 

fundamental mechanism whereby each stem cell subpopulation harbors discrete 
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differentiation potentials, while their self-renewal capacities remain unchanged (Graf and 

Stadtfeld, 2008). Transcription factor heterogeneity has been appreciated as an inherent 

feature of mESCs as it intertwines with the balance between self-renewal capacity and 

lineage commitment. It is well-known that individual mESCs vary in expression levels of 

pluripotency makers, such as Nanog, Stella, Rex1, Tbx3 and Klf4, fluctuating between 

sub-states of high and low expression (Chambers et al., 2007; Singh et al., 2007; Payer et 

al., 2006; Hayashi et al., 2008; Niwa et al., 2009). This discrepancy is associated with the 

ability of distinct subpopulations to either self-renew or commit toward differentiation. 

Using a double knock-in mESC cell line called OCRG9, Toyooka and colleagues 

reported that Rex1-positive and Rex1-negative cell subpopulations are able to convert to 

each other in the conventional culture condition, and that Rex1-positive and 

Rex1-negative cells share features similar to those of ICM and early-PrE cells, 

respectively. Rex1-positive cells predominantly differentiate into early PrE cells and 

efficiently contribute to chimera formation, whereas Rex1-negative cells tend to 

differentiate into cells of somatic lineages and are incapable of contributing to chimera 

formation (Toyooka et al., 2008). These lines of evidence support the idea that expression 

threshold of Rex1 may mark distinct cell subpopulations capable of recognizing various 

differentiation-inducing signals to form different cell lineages during lineage 

specification.  

Although substantial efforts have been made over the past decade, our 

understanding with regard to intrinsic regulation of mESC heterogeneity remains elusive. 

For instance, intrinsic factors enabling individual mES cells to either keep their current 
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state or convert to another remain incompletely understood. To shed a new insight into 

this scenario, we utilize OCRG9 ES cells as a model to dissect how Rex1 heterogeneous 

expression is gained and maintained in culture. We have shown that each subpopulation 

in OCRG9 ES cell culture inherently varies in expression levels of metabolic genes. More 

specifically, we found that Rex1-negative cells possess an increased level of glycolysis 

pathway relative to Rex1-positive cells at gene expression levels and enzymatic activity 

(Fig 6). Importantly, pharmacological or genetic inhibition of glycolysis pathway impairs 

mESC heterogeneity, resulting in a significant enrichment of Rex1-positive cells without 

causing cell death (Fig 7-9). These results demonstrate a crucial role glycolysis pathway 

plays in maintaining the stability of mESC heterogeneity. A prominent role of glycolysis 

pathway in regulating mESC heterogeneity is further supported by the observation that 

2-DG-mediated glycolysis inhibition has a profound impact on dynamic interconversion 

of each subpopulation in which 2-DG treatment results in an enrichment of Rex1-positive 

cells (Fig 8A-C). To our knowledge, this is the first experimental evidence indicating a 

connection between glycolytic metabolism and heterogeneity of mESCs. It is noteworthy 

pointing out that suppression of glycolysis pathway in our experimental systems did not 

cause significant changes in expression of pluripotency-related genes, although a slight 

decrease in cell proliferation was observed (Fig 7A-C). These observations provide 

further support for the idea that glycolysis-controlled maintenance of heterogeneity might 

be at least to some extent independent on pluripotent and proliferation status of mESCs. 

Interestingly, a recent study reported that glycolysis inhibition by 2-DG at the 

concentration of 1.25 mM led to a loss of pluripotency in human ESCs (Moussaieff et al., 
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2015). They further showed that in human ESCs glucose is predominantly metabolized to 

generate Ac-CoA which is subsequently used as a substrate to regulate histone acetylation 

(H3K9/K27, H3 and H4 acetylation) (Moussaieff et al., 2015), a histone mark shown to 

be important for active gene expression in PSCs through reorganization of chromatin 

structures (Meshorer, 2007; Niwa, 2007; Efroni et al., 2008; Melcer et al., 2012). The 

discrepancy in effects of glycolysis inhibition on mESC pluripotency observed in our 

study compared with those in Moussaieff and coworkers’ one may be species-related 

differences. This is a reminiscent of a previous study demonstrating that human ESCs and 

mEpiSCs are highly glycolytic and can not survive in the presence of 2-DG, whereas 

mESCs cultured in 2-DG proliferate slowly but still remain typical phenotypes (Zhou et 

al., 2012). Whether glycolysis pathway maintains mESC heterogeneity through 

regulation of histone acetylation and how glycolysis pathway executes its role in 

differentiation propensity of Rex1-positive and Rex1-negative cells would be interesting 

topics for future investigation.  

Interestingly, we found that glycolysis inhibition causes an increase in the levels 

of ROS whose suppression by the antioxidant NAC abolished the 2-DG-induced 

transition from Rex1-negative cells to Rex1-positive cells (Fig 10 and 11). On the contrary, 

NAC-mediated suppression of ROS had no effect on the Rex1-positive to Rex1-negative 

cell transition induced by 2-DG (Fig 10 and 11). Our results indicate that a potential role 

of glycolysis in the maintenance of mESC heterogeneity might be to control the levels of 

intracellular ROS up to the point where they allow for the dynamic conversion of 

Rex1-negative cells to Rex1-positive cells (Fig 22). This is further reinforced by the fact 
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that genes associated with oxidative arm of PPP are predominantly detected in 

Rex1-negative cells (Fig 5). PPP diverges from glycolysis pathway and consumes G-6-P 

as a substrate (Patra and Hay, 2014). Besides generation of ribonucleotides for nucleotide 

synthesis, PPP is known to produce NADPH which is critically required for fatty acid 

synthesis and generation of reduced glutathione (GSH), a major scavenge of ROS (Fig 

22). Therefore, a higher activity of glycolysis pathway observed in Rex1-negative cells 

might be accompanied by an increase in PPP-induced NADPH generation, which in turn 

maintains intracellular ROS within a permissible threshold to stabilize mESC 

heterogeneity. Our data therefore highlight a novel function of glycolysis/ROS axis in the 

regulation of dynamic equilibrium of mESC subpopulations. Future studies will be 

needed to determine whether glycolysis/PPP/ROS axis is a central player in the 

preservation of mESC heterogeneity. It should be important to note that NAC treatment 

has no effect on rescuing the 2DG-induced transition from Rex1-positive cells to 

Rex1-negative cells (Fig 11A, B), suggesting that glycolytic regulation of Rex1-positive 

to Rex1-negative cell conversion is ROS-independent. The underlying mechanism behind 

these results is currently unknown. Investigation of whether glycolysis inhibition causes 

significant changes in downstream signaling cascades, such as MEK/ERK, BMP4, WNT 

or TGFβ, will provide more insights in this regard.  
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Figure 22. Proposed model of glycolysis/ROS axis functions in regulation of 

mESC heterogeneity. When compared to Rex1-negative cells, Rex1-positive cells 

display lower levels of glycolysis pathway, but higher expression of genes related to 

mitochondrial metabolism. As a result, suppression of either glycolysis pathway or ROS 

destroys mESC heterogeneity. Interestingly, ROS act as negative effectors downstream 

of glycolysis pathway in the Rex1-negative to Rex1-positive transition, whereas the role 

of glycolysis/ROS axis is not observed during the conversion from Rex1-positve cells to 

Rex1-negative cells. 

 

ROS are by-products of aerobic metabolism and thought to be toxic due to their 

ability to oxidize multiple biological molecules (DNA, proteins and lipids) in cells. 

However, it has become apparent that when produced at low levels, ROS can function as 

signaling molecules that mediate various biological processes, ranging from gene 

expression and protein functions to protein-protein interactions (Holmstrom and Finkel, 
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2014; Schieber and Chandel, 2014). This leads to activation and/or suppression of 

intracellular signaling pathways in response to environmental cues, resulting in profound 

effects on cellular processes, such as cell proliferation, self-renewal, differentiation, 

reprogramming and aging, etc. (Bigarella et al., 2014). However, connections between 

ESC pluripotency and ROS are only beginning to be explored. Several lines of evidence 

suggest a correlation between ROS and stem cell fate determination. When mESCs are 

forced to differentiate into smooth muscle cells (SMCs), upregulation of NADPH oxidase 

NOX4 induces generation of H2O2 which in turn promotes induction of SMC-related 

transcription factors (Xiao et al., 2008). In addition, CD38-mediated generation of H2O2 

by NADPH oxidase is essential to induce mESC differentiation into neural lineage (Wei 

et al., 2015). Human ESCs cultured under the physiologic oxygen (2%), a condition 

known to reduce ROS generation, is reported to enhance clonal recovery and to maintain 

normal karyotypes (Forsyth et al., 2006). Conversely, prolonged exposure to ROS causes 

apoptosis in mESCs (Guo et al., 2010). Han and coworkers reported that endogenous 

ROS induced by 2-mecaptoethanol (2-ME) withdrawal result in downregulation of 

Nanog expression in mESCs through Sirt1-mediated inhibition of p53 nuclear 

translocation (Han et al., 2008), suggesting that regulation of endogenous ROS is crucial 

to maintain healthy mESCs. Consistently, glutamine metabolism is important for 

generation of antioxidant glutathione GSH which prevents ROS-induced degradation of 

OCT4, a key regulator of human ESC pluripotency (Marboom et al., 2016). Surprisingly, 

physiological levels of ROS are required for maintenance of genomic stability in human 

ESCs (Li and Marban, 2010). While acute loss of ROS induced by high dose of 
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antioxidants induces DNA damage, low concentrations of antioxidants suppress DNA 

damage (Li and Marban, 2010). These findings indicate that endogenous ROS need to be 

fine-tuned in a manner that not only prevents their detrimental effects, but allows them to 

act as signaling molecules. Remarkably, we found that levels of cytosolic and 

mitochondrial ROS are significantly higher in Rex1-positive cells than in Rex1-negative 

cells, and that antioxidant NAC treatment alone of either Rex1-positive or Rex1-negative 

cells slowed the transition back to heterogeneity (Fig 12). Our results indicate a novel 

function of ROS in regulating mESC heterogeneity (Fig 22). ROS have been found to act 

as a secondary signaling molecules through oxidation of cysteine residues on amino acids 

of target proteins, such as kinase, phosphatase or transcription factors (Salmeen et al., 

2003; Bigarella et al., 2014). We speculate that moderate levels of ROS might function as 

a fine-tuning rheostat for stabilization of LIF/STAT3 signaling in mESCs by suppressing 

protein tyrosine phosphatase, a negative regulator of STAT3 phosphorylation. Moreover, 

ROS-induced activation of MEK/ERK pathway has been reported in several cell types 

(Sano et al., 2001; Bhagatte et al., 2012; Keshari et al., 2013) but this effect is completely 

unknown in undifferentiated mESCs. As LIF/STAT3 and MEK/ERK are both critical for 

the maintenance of mESC heterogeneity, investigation of transcriptional profiles and 

changes in these downstream signaling cascades in response to ROS would provide 

detailed mechanisms of how ROS play a role in regulation of mESC heterogeneity. 

Moreover, identifying major sources of endogenous ROS that participate in regulation of 

mESC heterogeneity will be of a considerable interest to gain more insights in this regard.   
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5.2.  mEpiSC heterogeneity is revealed by Fgf5-P2A-Venus 

BAC Tg mice and mEpiSCs 

To investigate the heterogeneity in mEpiSCs, we focus on Fgf5 gene expression. 

Fgf5 has been widely used as a marker for the epiblast in the post-implantation embryos 

and epiblast stem cells in the mouse, making it valuable for study of differentiation of 

various tissues and epiblast cells in vivo and in vitro. First, we generate Fgf5-P2A-Venus 

BAC Tg mice and demonstrate that the BAC transgene can recapitulate endogenous Fgf5 

expression in the postimplantation epiblast and visceral endoderm of Tg embryos (Fig 

14-18 and 23). To the best of our knowledge, this is the first Tg mouse model allowing for 

the visualization of endogenous Fgf5 expression during early embryonic development. 

Initial Tg lines carrying Venus at the first exon failed to drive epiblast Venus expression 

while Tg lines carrying P2A-Venus in the place of the stop codon drove strong Venus 

expression in the epiblast of all Tg lines (Fig 14). The exact reason underlying these 

observations is currently not clear. Because many genes harbor important regulatory 

elements around the first intron, the insertion of the Venus-pA reporter cassette into the 

first exon could have potentially abolished transcription by perturbing the epiblast 

promoter/enhancer elements. 

Previous studies show that primitive streak formation in the posterior portion of 

epiblast is a crucial event through which the body plan is established during the 

gastrulation process (Tam et al., 1997). More specifically, while epiblast cells that ingress 

through the primitive streak can form the mesoderm and endoderm, epiblast cells that do 

not traverse the primitive streak can give rise to the ectoderm (Lawson, 1999; Tam and 
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Loebel, 2007). Future work will delineate the actual cell fates of Fgf5-positive epiblast 

cells, which would provide important insights into how the ectoderm lineage is 

established and regulated in the gastrulating mouse embryo. 

Gastrulation begins when a population of epiblast cells is triggered to move to the 

primitive streak located in the posterior epiblast while the other cells remain in the 

epiblast. This cell movement leads to the formation of the primary germ layers, namely 

the ectoderm, mesoderm, and endoderm (Tam, 1997; Tam and Loebel, 2007). However, 

how epiblast cell movement is regulated and which factors stimulate and determine the 

fates of cell populations at the onset of gastrulation is not fully understood. In contrast to 

Fgf5 expression pattern detected in the current study, Brachyury T, a marker for the 

primitive streak, was reported to be strongly expressed in the prospective mesoderm and 

endoderm in the posterior epiblast, and its expression preceded the movement of epiblast 

cells to the posterior region (Perez and Magnuson, 2005; Burtscher and Lickert, 2009). 

Brachyury T was expressed in the node and notochord, and shown to be important for the 

formation of mesoderm layer during gastrulation (Inman and Downs, 2006). This raises 

the hypothesis that separation of Fgf5 and Brachyury T expression into each part of the 

epiblast at the onset of gastrulation might be an important event through which epiblast 

cells might be instructed to move to their future destinations. Therefore, a detailed 

analysis of Fgf5 and T expression pattern will be required to understand the molecular 

basis of epiblast cell behavior during gastrulation. 

mESCs consist of several subpopulations; the subpopulations expressing either 

Pecam1, Rex1 or Stella efficiently form chimeric animals when injected back into 
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blastocysts. mEpiSCs are also heterogeneous in terms of gene expression: T-positive cells 

are primed to differentiate into mesoderm and endoderm lineages, while T-negative cells 

are primed to ectoderm (Tsakiridis et al., 2014). Our data show that Fgf5 overall 

uniformly marks mEpiSCs, consistent with the previous report (Di-Gregorio et al., 2007; 

Li et al., 2013; Guzman-Ayala et al., 2014; Tsakiridis et al., 2014). However, surprisingly, 

there is a small subpopulation of Fgf5-Venus-negative cells in mEpiSCs that are capable 

of conversion to Fgf5-Venus-positive cells (Fig 21A), indicating that Fgf5 expression 

shows dynamic heterogeneity in mEpiSCs. Our gene expression analysis revealed that, 

while Fgf5-Venus-positive cells predominantly expressed important mesendodermal 

markers such as T, Sox17 and Foxa2, Fgf5-negative cells exhibited a high expression 

level of the ectodermal marker Sox1 (Fig 21B). Currently, the actual cell type of 

Fgf5-Venus-negative cells is unknown, but these results suggest the possibility that the 

heterogeneous expression of Fgf5 observed in our study may be the foundation for the 

distinct differentiation biases of subpopulations in mEpiSCs. A recent study suggests that 

T-positive and -negative mEpiSCs differently respond to BMP signaling during unbiased 

differentiation process (Song et al., 2016). BMP signaling is shown to drive T-positive 

mEpiSC differentiation to mesendoderm fates through Snail, whereas T-negative 

mEpiSCs sense BMP signaling via Id1 for epidermal lineage specification (Song et al., 

2016). As Fgf5-Venus-positive mEpiSCs display a lower expression level of T than 

Fgf5-Venus-negative mEpiSCs do, investigation of the differentiation propensity of 

Fgf5-Venus-positive and -negative mEpiSCs in response to differentiation stimuli, such 

as BMP signaling, will be of a great interest in future studies (Fig 23). 
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Figure 23. Fgf5-P2A-Venus BAC transgene can mirror endogenous Fgf5 

expression both in vivo and in vitro. Venus expression was seen in the postimplantation 

epiblast and visceral endoderm of Tg embryos. Tg mEpiSCs established from E6.5 Tg 

embryos contain two subpopulations according to Fgf5 expression. Interestingly, 

Fgf5-postive and Fgf5-negative Tg mEpiSCs are interconvertible, and exhibit 

differentiation potential towards mesendoderm and ectoderm lineages, respectively. The 

responses of these two subpopulations to WNT and BMP4 signaling during the mutual 

conversion and lineage specification, respectively, are of great interest in future work.  
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Previous studies indicated potential roles of Fgf5 in the progression of hepatic 

fibrosis (Hanaka et al., 2014), the process of gastrulation (Hébert et al., 1990; 1991) and 

hair growth cycle (Hébert et al., 1994), but the molecular basis of how Fgf5 manifests its 

functions has not been clearly understood. In addition, the impact of biological events on 

lineage commitment initiated by mEpiSCs is not known. Taken together, 

Fgf5-P2A-Venus BAC Tg mice and mEpiSCs established in our study may be used to 

investigate novel functions of Fgf5 as well as to unravel molecular mechanisms 

underlying lineage specification in vivo and in vitro.   
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6.  Conclusion  

 Heterogeneity has been appreciated as one of the intriguing mechanisms that 

maintains the delicate balance between self-renewal capacity and differentiation potential 

in PSCs. Our results reveal that each subpopulation in mESCs varies in glycolysis and 

TCA-related metabolic pathways. More specifically, Rex1-positive cells are more active 

in TCA cycle, OXPHOS and β-fatty acid oxidation pathways, whereas Rex1-negative 

cells are highly glycolytic. Consequently, suppression of either glycolysis pathway or 

ROS destroys mESC heterogeneity. Interestingly, ROS act as negative effectors 

downstream of glycolysis pathway during the transition from the Rex1-negative cells to 

Rex1-positive cells. Taken together, we identify a previously unrecognized function of 

glycolysis/ROS axis in regulation of mESC heterogeneity, providing a novel evidence for 

an intertwined relationship between mESC metabolism and pluripotency.  

By generation of Fgf5-P2A-Venus BAC Tg mice that can mimic endogenous Fgf5 

expression during early embryonic development and in Tg mEpiSCs, we also 

demonstrate that mEpiSCs contain at least two subpopulations, called Fgf5-positive and 

-negative mEpiSCs, that can be interconvertible. Gene expression profile reveals that 

Fgf5 heterogeneous expression may operate as the foundation for the distinct 

differentiation biases of subpopulations in mEpiSCs. We find that while Fgf5-positive 

cells predominantly express important mesendodermal markers, Fgf5-negative cells 

exhibit a high expression level of the ectodermal marker. Collectively, the Tg mouse 

model and mEpiSCs generated in our study would serve as valuable tools for marking 
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Fgf5-expressing cells during development and studying lineage commitment initiated by 

mEpiSCs. 
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