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ABSTRACT OF THE DISSERTATION 

 

Alpha-Ketoglutarate Influences the  

Self-Renewal and Differentiation of Pluripotent Stem Cells 

 

by 

 

Tara Ann TeSlaa 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2017 

Professor Michael Alan Teitell, Chair 

 

Human pluripotent stem cells (hPSCs) hold great potential for regenerative medicine due to their ability 

to self-renew indefinitely in in vitro culture and to differentiate into all three germ layers. However, the 

use of hPSCs in the clinic has been limited by the lack of differentiation protocols that produce fully 

mature and functional cell types. Development of more efficient differentiation strategies therefore will be 

key to fully realizing the therapeutic potential of hPSCs. Differentiation occurs through epigenetic 

changes that turn off genes important for self-renewal and activate genes required for cellular maturation 

and specialization. In addition, cellular metabolism shifts to address varying energetic and biosynthetic 

demands. Many metabolites, whose levels are influenced by the overall metabolic network, act as 

cofactors for enzymes that control the epigenetic state of the cell. α-Ketoglutarate (αKG), a TCA cycle 

metabolite, acts as a cofactor for αKG-dependent dioxygenases which included the JmjC-domain containing 

family of histone demethylases (JHDMs) and the Ten-eleven translocation (TET) methylcytosine oxidases. 

Succinate, another TCA cycle metabolite, acts as an inhibitor of the same αKG-dependent dioxygenases. 

Therefore, changes in the αKG-to-succinate ratio caused by changes in cellular metabolism impact the activity 

of αKG-dependent dioxygenases and therefore gene expression. Both JHDMs and TETs have known roles in 
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pluripotent stem cell self-renewal and differentiation. Recently, αKG has been reported to support self-renewal 

in mouse embryonic stem cells (mESCs). However, mESCs differ from traditionally maintained hPSCs in 

numerous ways including their stages of pluripotency. Both mESCs and human embryonic stem cells are 

derived from the inner cell mass, but mESCs are traditionally maintained in an earlier developmental state, 

called the naïve state, corresponding to the preimplantation embryo. hESCs are traditionally maintained in a 

more differentiated state, called the primed pluripotent state, corresponding to the post-implantation epiblast. 

Therefore, because the role of αKG in hPSCs has not previously been investigated, we examined the role of 

αKG in primed hPSC differentiation. We discovered that αKG can accelerate the differentiation of primed 

hPSCs likely through its action on αKG-dependent dioxygenases. Because αKG promotes self-renewal in 

mESCs, we investigated whether αKG promotes differentiation of primed mouse pluripotent stem cells derived 

from the post-implantation embryo called Epiblast stem cells (EpiSCs). αKG also promoted differentiation in 

mouse EpiSCs which suggests that the role of αKG is dependent on the stage of pluripotency and is not species 

dependent. To further confirm the role of αKG in hPSC differentiation, we decreased the αKG-to-succinate 

ratio by inhibition of αKG producing enzymes or succinate consuming enzymes during hPSC differentiation. 

Both manipulations led to a delay of hPSC differentiation. Finally, manipulation of the αKG-to-succinate ratio 

led to changes in DNA hydroxymethylation and histone methylation levels suggesting an epigenetic 

mechanism. Taken together, my data suggests that αKG plays a context specific, differentiation promoting role 

in primed pluripotent stem cells. 
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Chapter 1: 

 

Introduction 



 
 

2 

 

Clinical Potential and Current Roadblocks of Human Pluripotent Stem Cells (hPSCs) 

 

Human pluripotent stem cells (hPSCs) encompass both human embryonic stem cells (hESCs) which are 

derived from the inner cell mass (ICM) of the human blastocyst (Thomson et al., 1998) and human 

induced pluripotent stem cells (hIPSCs) which are reprogrammed from somatic cells to a pluripotent state 

through forced expression of a combination of transcription factors required for pluripotency (Boyer et 

al., 2005; Takahashi et al., 2007). hPSCs self-renew in culture and can differentiate into all three germ 

layers making them useful for regenerative medicine applications in which cell replacement is a viable 

therapy (Gearhart, 1998). However, some current differentiation protocols produce cell types that are 

immature and as a result exhibit only limited functionality (Später et al., 2014). Extended time in culture 

can induce maturation of hPSC derived cells (Lundy et al., 2013). However, time in culture increases the 

cost and labor required for production of hPSC-derived cells decreasing the feasibility of their use 

clinically. Furthermore, protracted time in culture of hPSCs can lead to chromosomal aberrations (Baker 

et al., 2007; Draper et al., 2004; Laurent et al., 2011; Mayshar et al., 2010).   

 

Variability exists between individual hESC and hIPSC lines resulting in a disparity in the ability of 

individual lines to differentiate into each of the three germ layers.  This problem, termed lineage bias, 

complicates efforts to improve differentiation protocols (Burrows et al., 2016; Cahan and Daley, 2013; 

Nazareth et al., 2013; Newman and Cooper, 2010; Osafune et al., 2008). Genetic diversity, epigenetic 

alterations, or genetic alterations contribute to lineage bias (Burrows et al., 2016; Cahan and Daley, 2013; 

Kim et al., 2011). In the case of hIPSCs, cell type of origin can also lead to an epigenetic memory that 

influences lineage bias (Kim et al., 2011). Strategies to overcome lineage bias are also important in 

enabling the use of hPSCs clinically (Wright et al., 2014).  In addition, considerable heterogeneity exists 
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within single hPSC lines. Both lineage primed and self-renewing subpopulations exist within single hPSC 

lines (Hough et al., 2014).  

 

Developmental Stages of Pluripotency in Mouse and Human 

 

Pluripotent cells can be derived from two stages of development: the inner cell mass (ICM) of the 

preimplantation blastocyst or from the epiblast after implantation into the uterus (Tesar et al., 2007). In 

mice, cells derived from the developmentally immature ICM of the embryo, referred to as mouse 

embryonic stem cells (mESCs), are in maintained in this undifferentiated state that has been termed the 

naïve pluripotent state. Mouse cells derived from the slightly more mature postimplantation epiblast are 

termed epiblast stem cells (EpiSCs) and are maintained in this more differentiated state termed the primed 

pluripotent state (Brons et al., 2007; Martin, 1981; Tesar et al., 2007). Self-renewal of naïve mESCs is 

promoted in vitro by the presence of leukemia inhibitory factor (LIF). Naïve mESCs can also efficiently 

contribute to chimera production (Smith et al., 1988; Williams et al., 1988). Mouse EpiSCs, in contrast, 

self-renew in response to basic fibroblast growth factor (bFGF) and transforming growth factor beta 

(TGFβ), and cannot contribute to chimera formation when transplanted into the early preimplantation 

gastrula (Greber et al., 2010; Mascetti and Pedersen, 2016).  

 

Traditionally cultured hPSCs, despite being derived from the ICM, share several characteristics with 

EpiSCs including similar morphologies, metabolism and epigenetics and therefore are considered primed 

pluripotent stem cells (PSCs) (Nichols and Smith, 2009). While primed PSCs cannot produce a chimeric 

mouse when injected into the early blastocyst, when transplanted into the post-implantation gastrula 

primed hPSCs are able to colonize the gastrula and depending on the site of injection can differentiation 

into each germ layer in a predictable manner (Mascetti and Pedersen, 2016). This stage-matched 
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incorporation of PSCs into the developing embryo emphasizes the differences in developmental stages in 

these cell states and culture conditions despite shared their potential to differentiate into all germ layers.  

 

Naïve pluripotent stem cells have some practical advantages over the primed pluripotent state. Naïve 

PSCs have low levels of both DNA methylation and trimethylation of histone H3 lysine 27 when 

compared to primed PSCs (Bernstein et al., 2006; Hayashi et al., 2008; Leitch et al., 2013; Marks et al., 

2012; Mikkelsen et al., 2007; Pan et al., 2007; Zhao et al., 2007). These epigenetic differences result in 

naïve mESC cell lines that are relatively homogeneous and do not exhibit lineage bias (Marks et al., 

2012). Furthermore, primed PSCs generally undergo apoptosis in response to dissociation into single cells 

(Chen et al., 2010; Ohgushi et al., 2010; Watanabe et al., 2007). In contrast to primed pluripotent stem 

cells, mESCs can easily survive dissociation into single cells for clonal expansion making them easier to 

genetically modify. Therefore, much research has been aimed at identifying conditions in which hPSCs 

can be either reprogrammed from a primed to a naïve state or to derive hPSCs in a naïve pluripotent state. 

This goal has been achieved through a variety of different protocols that utilize many approaches to 

promote naïve pluripotency including the expression of naïve state transcription factors, the addition of 

growth factors, and treatment with small molecule inhibitors (Gafni et al., 2013; Takashima et al., 2014; 

Theunissen et al., 2014; Ware et al., 2014). Gene expression analysis and transcriptional analysis of 

transposable elements determined that naïve hPSCs produced with protocols from Theunissen et al. and 

Takashima et al. best resembled the in vivo human preimplantation ICM (Huang et al., 2014; Theunissen 

et al., 2016). Interestingly, naïve hPSCs exhibit two active X chromosomes despite XIST expression 

which is lost when naïve hPSCs transition into the primed pluripotent state. Further differentiation causes 

XIST re-expression and X chromosome inactivation (XCI) which is maintained during differentiation 

(Sahakyan et al., 2017). This is an improvement from conventional primed hPSCs which do not undergo 

XCI during differentiation (Patel et al., 2017). While these naïve hPSCs exhibit many features of in vivo 

preimplantation pluripotency, incorporation into the mouse blastocyst remains inefficient. It is unclear 
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whether this is due to species differences or imperfect naïve hPSC conditions. In addition, naïve hPSCs 

produced with Theunissen et al. protocol have a scrambled pattern of DNA methylation and lose 

methylation at imprinted loci (Pastor et al., 2016). Furthermore, transition of naïve hPSCs to the primed 

pluripotent state, which is the first step of differentiation, is inefficient and slow. Therefore, much more 

work needs to be done to determine the differences between the naïve and primed pluripotent state and to 

improve PSCs differentiation for clinical application. 

 

Beyond the traditional naïve mESC culture, mouse PSCs can be grown in an even more homogeneous 

undifferentiated pluripotent state termed the ground state. Rather than being maintained on a feeder layer 

with serum and LIF (S/L), ground state mESCs are grown in feeder free conditions in the presence of LIF 

and two inhibitors (2i/L) that support self-renewal, a FGF/Mek/Erk inhibitor PD184352 and a Gsk-3 

inhibitor CHIR99021 (Nichols et al., 2009; Ying et al., 2008). Ground state mESCs exhibit lower levels 

of both DNA and histone methylation when compared to mESCs cultured on feeders (Ficz et al., 2013; 

Habibi et al., 2013).  Furthermore, the gene expression pattern of mESCs cultured in 2i/L confirms a more 

homogeneous population than when mESCs are cultured in S/L (Ficz et al., 2013). 

 

Metabolism in Pluripotency and Differentiation  

 

Previous work from our lab and others has shown that primed hPSCs rely on glycolysis for ATP 

production and shift toward oxidative phosphorylation (OXPHOS) during differentiation (Zhang et al., 

2011; Zhou et al., 2012). Upon differentiation, changes in metabolism can be seen before the decrease in 

the expression of pluripotent markers NANOG and OCT4 (Moussaieff et al., 2015). One regulator of 

primed hPSC metabolism is uncoupling protein 2 (UCP2) which is highly expressed in primed hPSCs and 

decreases during retinoic acid induced differentiation (Zhang et al., 2011). UCP2 is thought to promote 

glycolysis in hPSCs by acting as a transporter of C4 metabolites out of the mitochondria suppressing 
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respiration (Vozza et al., 2014).  Enhancement of glycolysis, by use of hypoxic environments for 

example, promotes pluripotency (Covello et al., 2006; Forristal et al., 2010).  Culture in hypoxic 

conditions enhances reprogramming of fibroblasts to iPSCs by enhancing the shift to glycolytic 

metabolism that occurs during the acquisition of the pluripotent state (Mathieu et al., 2014; Yoshida et al., 

2009). 

 

While OXPHOS is low in primed hPSCs when compared to many differentiated cells, glutamine is 

critical for hPSC survival and self-renewal as it fuels the TCA cycle and is a precursor of glutathione 

(GSH), an important antioxidant in hPSCs (Marsboom et al., 2016; Tohyama et al., 2016; Zhang et al., 

2016). High levels of GSH are maintained and used to combat oxidative stress and DNA damage by high 

expression of glutathione peroxidase 2 (GPX2) in primed hPSCs (Dannenmann et al., 2015). UCP2 

expression in hPSCs also promotes the pentose phosphate pathway, which produces NADPH important 

for reducing glutathione disulfide (GSSG) back to GSH for antioxidant protection (Zhang et al., 2011). 

Low GSH levels induced by the withdrawal of glutamine from hPSC media results in oxidation and 

degradation of pluripotency transcription factor OCT4 leading to differentiation. In this way OCT4 acts as 

a sensor of the redox state of the cell coordinating growth factor signaling and oxidative stress with 

differentiation (Marsboom et al., 2016).  

 

Feeder cells can greatly influence the metabolic state of primed hPSCs. Feeder free conditions promote 

greater dependence on glycolysis when compared to primed hPSCs co-cultured with mouse embryonic 

fibroblasts (MEFs). This feeder free induced shift in metabolism involves increase serine, nucleotide, and 

lipid biosynthesis (Gu et al., 2016; Zhang et al., 2016). Furthermore, feeder free conditions enhance use of 

glucose and glutamine into the TCA cycle while feeder MEF conditioned medium causes more 

respiration, probably due to an increase in fatty acid oxidation. Supplementation of feeder free medium 
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with lipid results in primed hPSC metabolism with increased respiration similar to MEF conditioned 

medium metabolism (Zhang et al., 2016).   

 

Differences in metabolism also exist between the naïve and primed pluripotent states. When compared to 

primed hPSCs, naïve hPSCs have a higher flux of overall glucose metabolism with both glycolysis and 

OXPHOS reported to be higher in the naïve state when compared to the primed pluripotent state. In 

contrast to the human system, mouse naïve PSCs are less glycolytic and more oxidative than their primed 

counterparts, mouse EpiSCs (Zhou et al., 2012). This difference may reflect a developmental difference 

that exists between human and mouse species. In human embryos and naïve hPSCs, high levels of nuclear 

N-Myc may promote increased glucose metabolism and a greater localization of N-Myc is seen in the 

nucleus of the ICM when compared to trophoblast cells. Furthermore an N-Myc inhibitor decreases the 

proliferation of naïve hPSCs while having no effect on primed hPSCs (Gu et al., 2016).  

 

Interconnections Between Metabolism and Epigenetics 

 

Epigenetic alterations are chemical modifications to histones or DNA that result in changes in gene 

expression. Cofactors and co-substrates of many of these reactions are intermediates of metabolic 

pathways, and therefore serve as a link between the metabolic state of the cell and gene expression 

(Kaelin Jr and McKnight, 2013). Naïve mESCs are dependent on threonine catabolism for their survival 

as threonine can fuel one carbon metabolism that is required for nucleotide biosynthesis and s-adenosyl 

methionine (SAM) production, which acts a methyl donor for DNA and histone methylation (Wang et al., 

2009). Inhibition of threonine dehydrogenase (TDH), which converts threonine to serine, in naïve mESCs 

decreases trimethylation of histone H3 lysine 4 (H3K4me3) and promotes differentiation (Shyh-Chang et 

al., 2013). In humans, however, the TDH gene is no longer functional due to three inactivating mutations 

(Wang et al., 2009). In primed hPSCs, methionine acts as the methyl donor for DNA and histone 
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methylation and withdrawal of methionine from the medium potentiates differentiation into all three germ 

layers (Shiraki et al., 2014).  Acetyl-CoA acts as an acetyl group donor for histone acetylation and 

addition of acetate to culture media promotes self-renewal in both naïve mESCs and primed hPSCs 

(Moussaieff et al., 2015).  

 

Several enzymes involved in demethylation of DNA and histones require a TCA cycle metabolite, α-

ketoglutarate (αKG), to act as a cofactor. This group of enzymes, called αKG dependent dioxygenases 

include the JmjC-domain containing family of histone demethylases (JHDMs) and the ten-eleven 

translocation (TET) methylcyotsine dioxygenases (Loenarz and Schofield, 2011). JHDMs hydroxylate 

methylated lysines forming an unstable hydroxymethyl group that is spontaneously lost as formadehyde 

effectively removing the methyl group (Klose and Zhang, 2007). TET enzymes function by hydroxylating 

5-methylcytosine (5mc) in DNA to form 5-hydroxymethylcytosine (5hmc), which can either exist as a 

stable epigenetic mark or be further converted back to an unmethylated cytosine by the same TET 

enzymes (Ito et al., 2010; Tan and Shi, 2012).  When maintained in 2i/L medium in the ground state, 

mESCs use αKG to support self-renewal and maintain the demethylation of DNA and histones (Carey et 

al., 2014).  

 

However, many studies support the role of αKG and αKG-dependent enzymes in promoting 

differentiation. Knockout of the ten eleven translocation (Tet) enzymes, members of the αKG-dependent 

dioxygenase family, impairs differentiation of mESCs through deregulation of developmental promoters 

(Dawlaty et al., 2014). Knockout of only Tet2 leads to delayed gene induction during differentiation (Hon 

et al., 2014). Several JmjC domain containing histone demethylases (JHDMs), also members of the αKG-

dependent dioxygenase family, have been shown to be important in pluripotent stem cell (PSC) 

differentiation. Jumonji and AT-Rich Interaction Domain Containing 2 (JARID2), also known as 

Jumonji, knockout mESCs display delayed expression of differentiation markers due to delayed 
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demethylation of H3K27 (Shen et al., 2009). UTX (ubiquitously transcribed tetratricopeptide repeat X), a 

H3K27 demethylase, is important for the activation of HOX genes in early differentiation, while another 

H3K27 demethylase, JMJD3, is involved in gonad development (Agger et al., 2007; Hong et al., 2007). 

Furthermore, an oncometabolite produced by mutations in isocitrate dehydrogenase (IDH), 2-

hydroxyglutarate (2HG), acts as a competitive inhibitor of αKG-dependent dioxygenases resulting in a 

block in differentiation in tumors harboring these mutations (Losman et al., 2013; Lu et al., 2012; Xu et 

al., 2011). The role of αKG in primed hPSC differentiation has previously been unexplored despite these 

numerous connections. Addition of αKG could serve as a simple way to promote epigenetic remodeling, 

which is required for hPSC differentiation. In addition, because epigenetics play a role in primed hPSC 

line to line variability and lineage bias, αKG-promoted differentiation could be a strategy to address these 

problems and enable efficient differentiation of hPSCs for clinical applications (Burrows et al., 2016; Kim 

et al., 2011; Nazareth et al., 2013). 
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Chapter 4: 

 

Low oxygen tension inhibits human pluripotent stem cell 

differentiation 
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INTRODUCTION 

Hypoxic conditions can promote self-renewal of human pluripotent stem cells (hPSCs) and 

reprogramming of somatic cells to pluripotency (Ezashi et al., 2005; Forristal et al., 2013; 

Forristal et al., 2010; Forsyth et al., 2006; Mathieu et al., 2013; Mathieu et al., 2014; Prasad et 

al., 2009; Yoshida et al., 2009; Zhou et al., 2012). One mechanism by which low oxygen tension 

is thought to promote pluripotency is through hypoxia inducible factor 1α (HIF1α) and hypoxia 

inducible factor 2α (HIF2α).  HIF2α has been shown to promote expression of stem cell 

transcription factor Oct4 (Covello et al., 2006), while both HIF1α and HIF2α can promote a shift 

to glycolysis during reprogramming (Mathieu et al., 2014; Prigione et al., 2014). The stability of 

HIF enzymes in response to oxygen tension is regulated by prolyl hydroxylase enzymes that 

depend on O2, Fe2+, ascorbate and α-ketoglutarate (αKG) for their activity (Bruick and 

McKnight, 2001; Jaakkola et al., 2001; Yu et al., 2001).  

 

Oxygen tension can also play a role in promoting the differentiation process. Low oxygen 

environments favor ectoderm differentiation in hPSCs and promote gliogenesis in human neural 

progenitor cells (Xie et al., 2014).  Furthermore, hypoxia can improve human embryonic stem 

cell (hESC) differentiation into retinal progenitors and endothelium (Bae et al., 2011; Prado‐

Lopez et al., 2010).  In the mouse system, physiologic hypoxia has been shown to be required for 

proliferation and survival of hematopoietic precursors during development (Adelman et al., 

1999).  In summary, low oxygen environments can both enhance self-renewal of hPSCs and 

promote their differentiation in some contexts. 
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TCA cycle metabolite αKG can promote differentiation of hPCSs probably through the 

activation of αKG-dependent dioxygenases including Jumonji domain containing histone 

demethylases (JHDMs) and ten-eleven translocation (TET) methylcytosine oxidases (TeSlaa et 

al., 2016). Like HIF prolyl hydroxylases, these enzymes are also dependent on O2, Fe2+, 

ascorbate and α-ketoglutarate (αKG), and can be inhibited by metabolites with chemical 

structures similar to αKG, such as succinate and L-2-hydroxyglutarate (L-2HG). L-2HG has 

recently been shown to be produced in low oxygen environments through promiscuous activity 

of lactate dehydrogenase A (LDHA) and malate dehydrogenase (MDH) (Intlekofer et al., 2015; 

Intlekofer et al., 2017; Oldham et al., 2015; Xu et al., 2011). Therefore, hypoxia may affect self-

renewal and differentiation through three mechanisms: 1) direction inhibition of αKG-dependent 

dioxygenases, including JHDMs, TET, and PHDs due to low oxygen availability, 2) inhibition of 

αKG-dependent dioxygenases by L-2HG or 3) stabilization of HIF leading to gene expression 

changes. 

 

In this chapter, the role of hypoxia in hPSC differentiation is investigated. We show that very 

low oxygen environments cause HIF-independent inhibition of hPSC differentiation and 

investigate whether this is due to 2HG accumulation or direct inhibition of αKG-dependent 

dioxygenases.  

 

MATERIALS AND METHODS 

hPSC Culture 

hPSCs (H9, UCLA1, HIPS2) (Diaz Perez et al., 2012; Lowry et al., 2008; Thomson et al., 1998) 

were cultured on CF-1 irradiated MEF (Global Stem) feeder layer in DMEM/F12 supplemented 
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with 20% KnockOut serum replacement (ThermoFisher), 1% Glutamax, 1% Pen/Strep, 1% non-

essential amino acids, 0.1mM 2-mercaptoethanol, and 10ng/ml bFGF (R&D Systems). Cells 

were passaged with collagenase IV (Life Technologies) and converted to feeder-free conditions 

prior to differentiation or exposure to hypoxia. Feeder-free hPSCs were grown on growth factor 

reduced Matrigel (Corning) in mTeSR1 (Stem Cell Technologies) and passaged using gentle cell 

dissociation reagent (Stem Cell Technologies). Oxygen level was controlled using a HeraCell 

150i Tri-Gas Incubator (ThermoFisher Scientific). 

 

Lentivirus-mediated shRNA Knockdown 

pLKO.1 vectors were obtained from Sigma-Aldrich containing either shRNA targeting ARNT 

RNA transcripts (TRCN0000003819 (shARNT #19) and TRCN0000003816 (shARNT#16)) or a 

scrambled control sequence.  Lentivirus production was achieved by co-transfection of each 

vector with pCMV-dR8.9 and pCMV-VSVG into HEK 293FT cells using TransIT-293 

Transfection Reagent (Mirus Bio). Transfected HEK 293FT cells were treated with 5mM sodium 

butyrate (Sigma) for 8 hours on the day following transfection. Culture medium was collected 48 

and 72 hours post-transfection and lentivirus was concentrated from culture media using Lenti-X 

Concentrator (Clonetech). Lentivirus was aliquoted and stored at -80°C until use on hPSCs. 

Feeder-free hPSCs were transduced by addition of 25μl of 1 x 107 TU/ml of viral particles 

overnight. Transduction was repeated 4 times before initiation of selection by treatment with 

1μg/ml puromycin.  Initially puromycin was maintained in the medium for 3 passages and 

thereafter added to the medium for two days prior to passaging of the cells.  

 

Chemicals and Antibodies 
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Dimethyl 2-oxoglutarate (dm-αKG) was purchased from Sigma.  Dm-αKG was diluted in 

DMEM/F12 to 800mM and the pH was adjusted to 7.2 before addition to cell culture and final 

concentration. Antibodies used in this study are listed in the table below. 

Primary Antibodies 
Antigen Application Conjugation Source (catalog 

number) 
Dilution 

PAX6 Flow cytometry PerCP-Cy5.5 BD Bioscience 
(562388) 

5μl/sample 
 

ARNT/HIF1beta Immunoblot n/a Novus Biologicals 
(NB100-124) 

1:500 

HDAC1 Immunoblot n/a Santa Cruz Biotech 1:1000 

  

 

Neuroectoderm Differentiation 

For differentiation, hPSCs were dissociated into single cells by exposure to gentle cell 

dissociation reagent (Stem Cell Technologies) for 15 minutes. Cells plated in mTeSR (Stem Cell 

Technologies) with 10μM Y-27632 (BioPioneer) at a concentration of 4 x 105 or 8 x 105 cells per 

well of a 12 or 24 well plate, respectively.  One day after plating (day 0), medium was changed 

to RPMI (ThermoFisher) supplemented with 2% B27 (ThermoFisher), 1% N-2 supplement 

(ThermoFisher), 10μM SB431542 (Stemgent), 0.2μM Dorsomorphin (Stemgent), 1% glutamax, 

and 1% non-essential amino acids (ThermoFisher). In experiments with low oxygen tensions, 

cells were transferred to hypoxic incubator after medium change on day 0 and maintained in the 

hypoxic incubator throughout differentiation. 

 

Flow Cytometry Analysis 

To collect cells for flow cytometry analysis, gentle cell dissociation reagent (Stem Cell 

Technologies) was used to single cell dissociation. Cells were then fixed and permeablized using 
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BD Cytofix/Cytoperm Kit (BD Biosciences) according to manufacturer instructions. Briefly, 

cells were fixed for 15 minutes using BD Cytofix/Cytoperm solution and washed twice in 1x BD 

Perm/Wash Buffer. Cells were incubated on ice with primary antibodies for 1 hour before 

another wash with BD Cytofix/Cytoperm. Finally, cells were suspended in PBS with 2% fetal 

bovine serum (Omega) and data was collected with either an LSRII (BD Biosciences) or an 

LSRFortessa (BD Bioscience). Data analysis was performed with FlowJo software (Treestar).  

 

Immunoblot 

For ARNT/HIF1beta immunoblots, nuclear fractions of cells were obtained using NE-PER 

Nuclear and Cytoplasmic Extraction Reagents (ThermoFisher) according to manufacturer 

instructions. For whole cell lysates cells were harvested in SDS buffer (40mM Tris-HCl pH 6.8, 

3% glycerol, 1% SDS). For all immunoblots protein concentrations were quantified using a BCA 

assay kit (Pierce). IRDye-conjugated secondary antibodies were used and images captured with 

an Odyssey Fc (Licor). 

 

Metabolite Extraction and Analysis 

To extract intracellular metabolites, cells were washed with cold D-PBS followed by a wash with 

cold 150mM ammonium acetate (pH 7.3).  Next, 1ml of -80°C 80% methanol in water (v/v) was 

added to each well of a 12-well plate. Cells were scraped off of the plate and transferred to cold 

1.5 ml Eppendorf tubes. 10 nmol of D/L norvaline was added to cell suspension before 

centrifugation at (1.3 x 1.4 rpm, 4°C).  Supernatant was transferred to a glass vial.  To harvest 

any remaining metabolites, 200μl was added to the cell mixture which was vortexed three times 

for 5 seconds. Centrifugation was repeated and supernatant was transferred into glass vial.  
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Samples were dried was EZ-Elite Personal Evaporator aqueous program for 2 hours and 40 

minutes. Metabolites were resuspended in 70% acetonitrile. For mass spectrometry analysis of a 

sample, 5μl was injected onto a Luna NH2 (150 mm x 2 mm, Phenomenex) column. Samples 

were analyzed with an UltiMate 3000RSLC (Thermo Scientific) coupled to a Q Exactive mass 

spectrometer (Thermo Scientific). The Q Exactive was run with polarity switching (+3.00 

kV / -2.25 kV) in full scan mode with an m/z range of 70-1050. Separation was achieved using 

A) 5 mM NH4AcO (pH 9.9) and B) ACN. The gradient started with 15% A) going to 90% A) 

over 18 min, followed by an isocratic step for 9 min and reversal to the initial 15% A) for 7 min. 

Metabolites and isotopomers were quantified with TraceFinder 3.1 using accurate mass 

measurements (≤ 3 ppm) and retention times. For isotopologue distribution measurements, data 

was corrected for naturally occurring 13C as described previously (Moseley, 2010). Data 

analysis was performed using the formula statistical 14 language R. Fractional contributions 

were calculated using the formula described previously, where mi denotes the intensity of the 

isotopologue, and n marks the number of carbons in the metabolite (Fendt et al., 2013). 

 

Statistical Analysis 

Data were analyzed with Prism (GraphPad). Data were analyzed using two-way ANOVA with 

correction for multiple comparisons. In all cases, p < 0.05 was considered significant. 

 

 

Results 

Low oxygen tension (1% O2) inhibits hPSC neuroectoderm differentiation independent of 

HIF transcriptional activity 
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Low oxygen environments have been shown to both improve reprogramming to pluripotency and 

to promote neuroectoderm differentiation (Mathieu et al., 2014; Xie et al., 2014; Yoshida et al., 

2009). To investigate the role of low oxygen levels in hPSC differentiation, we cultured hPSCs 

in 1% O2 or 21% O2 throughout neuroectoderm differentiation triggered by dual SMAD 

inhibition (Chambers et al., 2009). Differentiation was severely impaired in 1% oxygen 

environment when compared to normoxic conditions (Figure 1A and 1B).  We hypothesized that 

this inhibition could be due to stabilization of HIF1α and HIF2α, which has been shown to 

activate OCT4 expression and improve early reprogramming (Covello et al., 2006; Mathieu et 

al., 2014).  Therefore, we knocked down expression of HIF1β/ARNT, the heterodimeric partner 

for transcriptional activity of both HIF1α and HIF2 α, by stable lentiviral shRNA expression 

(Figure 1C). Hypoxia inhibited differentiation in both the scramble control and ARNT 

knockdown hPSCs suggesting that activation of HIF by hypoxia is not required to inhibit 

differentiation (Figure 1D and 1E). Alternatively, 2-hydroxyglutarate (2HG) produced by lactate 

dehydrogenase and malate dehydrogenase enzymes in hypoxic conditions could play a role in 

inhibiting differentiation (Intlekofer et al., 2015; Oldham et al., 2015). αKG-dependent 

dioxygenases play an important role in hPSC differentiation, and L-2HG is an inhibitor of many 

of the αKG-dependent dioxygenase enzymes (Figueroa et al., 2010; Lu et al., 2012; TeSlaa et al., 

2016).  

 

αKG does not promote differentiation in hypoxic conditions 

Because 2HG competitively inhibits αKG-dependent dioxygenases, we hypothesized that 

addition of αKG may rescue differentiation. To determine whether αKG could rescue the effect 

of low oxygen tension during differentiation, hPSCs were differentiated into neuroectoderm in 
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the presence and absence of dm-αKG in 1% or 21% O2 conditions.  Dm-αKG was unable to 

increase the number of Pax6 positive cells after differentiation under low oxygen tension (Figure 

2A and 2B).  Treatment with dm-αKG under hypoxic conditions has been shown to increase 

2HG levels in cancer cell lines (Intlekofer et al., 2015). This data suggests either that addition of 

αKG causes increased L-2HG accumulation, or that αKG-dependent dioxygenases are directly 

inhibited by low oxygen tension in the context of hPSC differentiation at 1% O2. 

 

HIF is not required for dm-αKG accelerated differentiation 

Dm-αKG can cause the stabilization of HIFs through inhibition of HIF prolyl hydroxylase 2 

(PHD2) despite its metabolism into αKG (Hou et al., 2014). Because dm-αKG can promote 

neuroectoderm differentiation of hPSCs and hypoxia skews differentiation toward ectoderm, we 

hypothesized that HIF could play a role in the effect of dm-αKG on differentiation (TeSlaa et al., 

2016; Xie et al., 2014). Knockdown of HIF1β/ARNT, however, had no effect on dm-αKG 

accelerated differentiation (Figure 2C). Furthermore, low oxygen inhibited differentiation in 

HIF1β/ARNT knockdown hPSCs regardless of dm-αKG supplementation. This data suggests 

that dm-αKG accelerates differentiation independent from its influence on HIF stabilization. 

 

Discussion 

Hypoxia can influence cell fate through multiple mechanisms including stabilization of HIF and 

inhibition of αKG-dependent dioxygenases through direct inhibition or L-2HG accumulation. 

Our data suggests that 1% oxygen inhibits differentiation through inhibition of these 

dioxygenases. Measurement of L-2HG levels should be done to determine if L-2HG is high in 

differentiating hPSCs in 1% O2. Furthermore, differentiation at 2% O2 and 5% O2 should be 
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done with shHIF1β/ARNT hPSCs to determine whether HIF can promote neuroectoderm 

differentiation in more moderate hypoxic conditions and whether L-2HG accumulates in these 

conditions. Interestingly, L-2HG dehydrogenase (L2HGDH), which converts L-2HG back to 

αKG, is expressed at high levels in human iPSCs when compared with fibroblasts, while D-2-

hydroxyglutarate dehydrogenase (D2HGDH), which converts D-2HG to αKG is higher in 

fibroblasts (data not shown). D-2HG, unlike L-2HG, does not increase in hypoxic conditions 

(Intlekofer et al., 2015; Oldham et al., 2015). This suggests that L2HGDH may be important for 

differentiation of tissue exposed to hypoxic conditions during development. Rare autosomal 

recessive mutations in L2HGDH cause only neurological defects including psychomotor 

retardation, cerebellar ataxia, macrocephaly, or epilepsy (Steenweg et al., 2010). This leads to 

the hypothesis that moderate hypoxia promotes neuroectoderm development while L2HGDH 

limits L-2HG accumulation that could inhibit αKG dependent dioxygenases. Furthermore, this 

suggests that early metabolic changes during differentiation may be lineage specific and play a 

role in tissue specification. 

 

Another issue that arises from this work is common practice of maintaining hPSCs in hypoxic 

environments to promote self-renewal (Ludwig et al., 2006a; Ludwig et al., 2006b). An 

outstanding question is whether long term culture in moderate hypoxia can alter L-2HG levels or 

inhibit αKG dependent dioxygenases enough to alter hPSC differentiation or lineage preference. 

Furthermore, culture of hPSCs in feeder free conditions, specifically Essential 8 media (E8), has 

been shown to cause a modest increase 2HG levels (Zhang et al., 2016). It would be interesting 

to see if feeder free conditions cause decreased ability to differentiate through 2HG 
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accumulation. It is unclear, however, which enantiomer of 2HG increases in feeder free 

conditions. 
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Figure Legends 

Figure 1. Severe hypoxia inhibits hPSC differentiation  

(A,B) Flow plot and quantification of the percent PAX6 positive cells in differentiated hPSC 

measured by flow cytometry after 4 days of neuroectoderm differentiation in either normoxic 

(21% O2) or hypoxic conditions (1% O2). 

(C) Immunoblot of ARNT/HIF1β and nuclear loading control HDAC1 in nuclear extracts of H9 

hESCs with lentiviral expression of shRNA targeting ARNT/HIF1β or scramble control. 

(D) Quantification of flow cytometry data of the percent PAX6 positive cells in H9 hESCs 

expressing either shRNA targeting ARNT/HIF1β or scramble control after 4 days of 

differentiation in either normoxic (21% O2) or hypoxic conditions (1% O2). 

*p≤0.05; ***p≤0.001. P values were determined by two-way analysis of variance (ANOVA) 

with correction for multiple comparisons.  

 

Figure 2. αKG cannot rescue severe hypoxia inhibited differentiation and promotes 

differentiation independent of HIF. 

(A,B) Flow plot and quantification of the percent PAX6 positive cells in differentiated HIPS2 

hPSCs measured by flow cytometry after 4 days of neuroectoderm differentiation in either 

normoxic (21% O2) or hypoxic conditions (1% O2) with addition of dm-αKG where indicated. 

(C) Flow plot and quantification of the percent PAX6 positive cells in differentiated H9 hPSCs 

expressing either shRNA targeting ARNT/HIF1β or scramble control measured by flow 

cytometry after 4 days of neuroectoderm differentiation in either normoxic (21% O2) or hypoxic 

conditions (1% O2) with addition of dm-αKG where indicated. 
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*p≤0.05. P values were determined by two-way analysis of variance (ANOVA) with correction 

for multiple comparisons. 
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Chapter 5: 
 

Conclusion 
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Pluripotent stem cells can be cultured in two distinct developmental states: the naïve pluripotent state 

which corresponds to the inner cell mass of the preimplantation blastocyst and the primed pluripotent 

state which corresponds to the epiblast post uterine implantation (Nichols and Smith, 2009). These 

different developmental stages are characterized by differences in their response to signaling pathways, 

their epigenetic landscape and their metabolism (Greber et al., 2010; Hayashi et al., 2008; Leitch et al., 

2013; Marks et al., 2012; Zhou et al., 2012). While mouse pluripotent cells can be derived from either the 

pre- or post-implantation embryo to generate naïve or primed pluripotent stem cells, respectively, human 

pluripotent stem cells (hPSCs) have traditionally been cultured in primed pluripotent conditions despite 

being derived from the preimplantation epiblast (Nichols and Smith, 2009).  

 

α-Ketoglutarate (αKG) can promote self-renewal of the naïve pluripotent state by promoting the activity 

of αKG-dependent enzymes that maintain low DNA and histone methylation levels characteristic of the 

naïve state (Carey et al., 2014). hPSCs, which are maintained in the primed pluripotent state, however, 

have relatively higher levels of both DNA and histone methylation (Liao et al., 2015). Therefore, we 

hypothesized that αKG may play a different role in hPSCs. Furthermore, inhibition of αKG-dependent 

dioxygenases is often seen to block differentiation in cancer, and activity of several JHDMs and TET 

enzymes are required for differentiation of PSCs (Dawlaty et al., 2014; Lu et al., 2012). Despite these 

connections, the role of αKG in primed hPSC differentiation has not been previously investigated. 

 

To determine the role of αKG in hPSCs, we first investigated how TCA cycle metabolites including αKG 

are produced in hPSCs in comparison to hPSC-derived differentiated cells. To do this we fed hPSCs and 

differentiatied cells 13C-labeled glucose, glutamine and glutamate and measured intracellular metabolites 

using ultra high pressure liquid chromatography combined with mass spectrometry (UHPLC-MS).  Our 

results showed that hPSCs have active TCA cycles with carbons from glucose and glutamine robustly 

contributing to TCA cycle metabolite production. Furthermore, despite low respiration in hPSCs 

compared to differentiated cells, more carbon from glucose and glutamine was seen in TCA cycle 
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metabolites in hPSCs. This suggested that other carbon sources may contributie to respiration upon 

differentiation. We then measured glutamate uptake and incorporation and saw that upon differentiation, 

cells became metabolically flexible gaining the ability to use glutamate in their TCA cycle. Metabolic 

flexibility is important for normal cellular function and the response to metabolic stress. Limitations in 

cellular and organismal metabolic flexibility is often seen in disease states such as cancer or diabetes 

(Goodpaster and Sparks; Olson et al., 2016). It seems that hPSCs are metabolically less flexible when 

compared to differentiated cells. This idea is supported by other work showing that hPSCs are dependent 

on glutamine for their survival (Tohyama et al., 2016). This could be one additional way in which disease 

states such as cancer resemble a stem cell like or less differentiated state. 

 

Next, we more specifically investigated αKG production which can be made either by glutamate 

dehydrogenase or transaminase enzymes. In proliferative cells transaminase enzymes are often active to 

conserve nitrogen by producing amino acids rather than releasing the nitrogen as ammonia (Coloff et al., 

2016). To measure transaminase activity, we used 15N2-glutamine to measure amine group transfer from 

glutamate to amino acids. We found robust activity of many transaminases including the glutamate 

pyruvate transaminases and glutamate oxaloacetate transaminases suggesting that αKG is robustly 

produced by these enzymes in hPSCs. High activity of transaminase enzymes serves to help support the 

biosynthetic demands of proliferative cells by producing amino acids important for both nucleotide 

biosynthesis, such as aspartate, and protein translation. In addition, these enzymes also produce αKG 

which can alter gene expression through αKG-dependent dioxygenases. Therefore, these enzymes may 

serve as a link between proliferation and epigenetic regulation coordinating biosynthesis and gene 

expression. 

 

Because hPSCs robustly produce αKG, we hypothesized that it may be important for αKG-dependent 

enzyme function during differentiation. To determine whether αKG can affect differentiation, ectoderm 

and endoderm differentiations were performed with supplementation of αKG or cell permeable dimethyl-
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αKG (dm-αKG) in the media. Both dm-αKG and αKG supplementation increased the percent of cells 

positive for lineage specific markers early in differentiation. From this data, we concluded that αKG 

accelerates the differentiation of primed hPSCs. This differentiation-promoting role of αKG is distinct 

from its role in supporting self-renewal of naïve mESCs (Carey et al., 2014). Based on our results we 

hypothesized that this difference is due differences in the pluripotent states that primed hPSCs and naïve 

mESCs exist in rather than species-dependent differences. To test this hypothesis, we obtained mouse 

primed pluripotent cells, called epiblast stem cells (EpiSCs), and differentiated them in the presence of 

dm-αKG. Dm-αKG accelerated the differentiation of mouse EpiSCs suggesting that αKG plays a different 

role in different pluripotent states. To further confirm the role of αKG in primed hPSCs, we next tried to 

decrease the activity of the αKG-dependent dioxygenases either by decreasing αKG levels or by 

increasing levels of succinate, a competitive inhibitor of the dioxygenase enzymes. Two different 

transaminase inhibitors were used to decrease αKG levels, aminooxyacetate and L-cycloserine, and a 

succinate dehydrogenase inhibitor, 3-nitropropionic acid. All three inhibitors caused a significant delay or 

inhibition of neuroectoderm differentiation. This data was consistent with our conclusion that αKG 

promotes primed hPSC differentiation.  

 

Finally, we looked at the epigenetic targets of αKG-dependent dioxygenases, the methylation of histone 

tails and cytosine methylation of the DNA. During primed hPSC differentiation, dm-αKG causes a 

decrease in histone trimethyl marks and an increase in the ratio of 5-hydroxymethylcytosin to 5-

methylcytosine. Combined these data suggest a differentiation promoting role for αKG in primed hPSCs 

probably through its action on epigenetic members of the αKG-dependent dioxygenase family. These 

results highlight the metabolic, epigenetic, and functional differences that exist between the naïve and 

primed pluripotent states. Primed pluripotent cells are prepared for differentiation while naïve pluripotent 

cells seem to be in a more stable self-renewing state. This is consistent with epigenetic studies that have 

shown that ablation of epigenetic repressors reinforces the self-renewal of naïve PSCs, while ablation of 

the same epigenetic repressors in the primed PSCs promotes differentiation (Weinberger et al., 2016). 
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To follow up the study of αKG in hPSC differentiation, I briefly investigated the role of hypoxia 

inducible factors (HIFs) and oxygen tension in early differentiation. One motivation for this work was to 

determine whether dm-αKG acts through stabilization of HIFs by inhibiting prolyl-4-hydroxylase 2 

(PHD2) (Hou et al., 2014). To investigate this question, HIF1β/ARNT was knocked down in hPSCs. 

Depletion of HIF1β/ARNT does not negate the effect of dm-αKG suggesting that HIFs do not have a 

driving role in dm-αKG driven differentiation. This is consistent with our results in which αKG, which 

activates PHD2, promoted primed hPSC differentiation. 

 

Interestingly, while studying the role of HIF in αKG-promoted differentiation, I found that low oxygen 

(1% O2) environments inhibit differentiation of hPSCs into neuroectoderm. Furthermore, I found that this 

inhibition occurs through a HIF independent pathway. αKG-dependent dioxygenases, which are important 

in early differentiation, require oxygen for their activity and can be inhibited by 2-hydroxyglutarate (2-

HG) (Loenarz and Schofield, 2011; Xu et al., 2011). L-2-hydroxyglutarate levels increase in hypoxic 

environments and therefore this could be a mechanism by which differentiation is inhibited by very low 

oxygen tensions in hPSCs (Intlekofer et al., 2015; Oldham et al., 2015). More work needs to be done to 

understand how varying low oxygen tensions can promote self-renewal and inhibit differentiation in some 

contexts and promote ectoderm differentiation in others (Ezashi et al., 2005; Xie et al., 2014). These 

differences may be due to differences in the levels of oxygen. In this model, severe hypoxia may inhibit 

differentiation while moderate hypoxia may promote differentiation into neuroectoderm. 

 

Combined with other current results in the field, my work demonstrates the context-specific role that 

metabolites can have in regulating cellular fate. Furthermore, it suggests that each component of 

differentiation medium as well as other environmental factors can influence the efficiency, completeness, 

and speed of cellular maturation. Therefore, one goal of studying hPSC metabolism could be to 
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manipulate metabolism to improve differentiation of hPSCs. To achieve this purpose, however, 

systematic studies will need to be performed in which metabolic perturbations are made during periods of 

differentiation of hPSCs into multiple lineages. A deeper understanding of the metabolic requirements of 

each germ layer particularly during early differentiation has the potential to inform differentiation 

protocols. 

 

While studies focused on single metabolites or pathways are informative, a broader approach would 

accelerate progress in the field. Therefore, another strategy to improve the production of mature and 

functional differentiated cells would be to carefully design differentiation media and the extracellular 

matrix throughout the differentiation to simulate the environment that a cell is exposed to during normal 

development. However, increased understanding of human development in vivo is required for this 

strategy. Because studies of human development of this nature are not feasible, studies in hPSCs will 

probably need to be guided by developmental biology in model organisms. 

 

A more practical application of this idea could be to design a better in vitro environment for the culture of 

naïve hPSCs. While naïve culture conditions for hPSCs have been established, many questions still exist 

regarding the physiologic relevance and usefulness of naïve hPSCs maintained in these conditions. 

Designing novel culture conditions that better model the environment that the ICM is exposed to in vivo 

could improve the culture of naïve hPSCs and reduce the need for the numerous small molecule inhibitors 

currently used for this purpose. The ICM of the blastocyst is exposed to both trophectoderm cells and the 

blastocoel fluid that exists in the cavity of the embryo. The volume of the blastocoel fluid is minimal 

which may present limitations for metabolomic studies. Some metabolic characterization of the blastocoel 

fluid has been done in bovine blastocysts, however. Interestingly lactate, aspartate, and glycine are all 

very high in bovine blastocoel fluid and are taken up by the inner cell mass (Gopichandran and Leese, 

2003). It would be interesting to see how these metabolites change hPSC metabolism, self-renewal and 

differentiation. A pitfall to this approach is that the ICM does not self-renew in vivo, but continues to 
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differentiate. Therefore, modeling of the in vivo environment of the ICM may not improve self-renewal of 

the human naïve PSCs. Feeder layers can impact cellular metabolism and the differentiation potential of 

hPSCs (Gu et al., 2016; Lee et al., 2015; Ojala et al., 2012; Zhang et al., 2016). In vivo the trophectoderm 

secretes metabolites and other factors into the blastocoel fluid providing the environment for the ICM. 

Therefore, study of the metabolism of the human trophectoderm could lead to a deeper understanding of 

how naïve and primed pluripotency can be supported. In the bovine system, the trophectoderm secretes 

more lactate than the ICM (Gopichandran and Leese, 2003).  

 

Another approach to investigating the metabolism of the naïve pluripotent state is to reprogram primed 

pluripotent stem cells to naïve pluripotent cells while altering the metabolism through addition of 

metabolites, small molecule inhibitors, or other metabolic supplements. Because of its role in supporting 

the self-renewal of naïve PSCs (Carey et al., 2014), αKG is a candidate metabolite that could improve 

reprograming to the naïve pluripotent state. Oxidative phosphorylation (OXPHOS) promotes conversion 

of mouse EpiSCs into naïve PSCs (Sone et al., 2017), however it remains to be seen if OXPHOS will also 

promote the naïve state in human PSCs. It may be interesting to add metabolites that are enriched in the 

blastocoel fluid during the reprogramming process to determine if they improve conversion to the naïve 

state.  

 

Beyond using metabolism to improve methods for culturing and differentiating hPSCs, much work can be 

done to better understand the mechanisms that regulate mitochondrial metabolism, morphology, 

homeostasis, and apoptosis in primed hPSCs. Primed hPSCs exhibit low levels of OXPHOS and respire at 

their maximum capacity despite having numerous mitochondria and fairly active TCA cycles (Zhang et 

al., 2011). While high levels of uncoupling protein 2 (UCP2) and pyruvate dehydrogenase kinase (PDK) 

promote the shunting of TCA cycle metabolites away from OXPHOS, there are probably other 

mechanisms limiting OXPHOS activity in hPSCs. Furthermore, mitochondria in hPSCs have an immature 

morphology exhibited by perinuclear and punctate structure with swollen cristae (Suhr et al., 2010; Zhang 
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et al., 2011). However, despite many descriptive studies, very little work has been done to identify 

mechanistic regulators of mitochondrial morphology and function in hPSCs. Interestingly, hPSCs are 

more sensitive to mitochondria mediated apoptosis in response to many cellular stresses when compared 

to differentiated cell types (TeSlaa et al., 2016). Rapid degradation of p53 and activated Bax sequestered 

to the golgi apparatus in hPSCs are partially responsible for their sensitivity to apoptotic stimuli (Dumitru 

et al.; Liu et al., 2013; Setoguchi et al., 2016). Mechanisms related to the differences in mitochondrial 

morphology and turnover, however, remain to be identified. 
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