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Summary

Pluripotent stem cells model certain features of early mammalian development ex vivo. Medium
supplied nutrients can influence self-renewal, lineage specification, and earliest differentiation of
pluripotent stem cells. However, which specific nutrients support these distinct outcomes, and their
mechanisms of action, remain under active investigation. Here, we evaluate the available data on
nutrients and their metabolic conversion that influence pluripotent stem cell fates. We also discuss
key questions open for investigation in this rapidly expanding area of increasing fundamental and
practical importance.
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In this Perspective, Lu and Roy et al. examine the data on specific nutrients and corresponding
nutrient-sensitive signal transduction pathways that affect pluripotent stem cell fates. They further
consider key open questions in the field, including the implications for metabolic regulation of
early mammalian development.

nutrients; metabolism; pluripotent stem cell; fate; development; differentiation

Introduction

Pluripotent stem cells (PSCs) self-renew or, with specific cues, can differentiate into the
three primary germ lineages /n vitro. A defining feature of pluripotency is remarkable
plasticity in cell identity, leading to potential applications in tissue engineering, regenerative
medicine, and studies of early embryonic development (Smith, 2017; Tsogtbaatar et al.,
2020). In considering the fate of PSCs, we define pluripotent/self-renewing stem cells as
cells that express core pluripotency transcription factors including OCT4, NANOG, SOX2,
and others, and differentiation as the silencing of core pluripotency transcription factors
coupled with the gain of lineage-specifying biomarkers (Yeo and Ng, 2013). Functionally,
two principal hallmarks that define PSCs are blastocyst chimerism and teratoma formation,
which test /n vivo ability to re-enter development in a host embryo and spontaneous
generation of the three germ layers, respectively (De Los Angeles et al., 2015). Of particular
interest here are studies suggesting that supplied nutrients, with or without intracellular
processing, have active, guiding roles in PSC identity and cell fate transitions (Intlekofer
and Finley, 2019; Shyh-Chang and Ng, 2017; Tsogtbaatar et al., 2020). For example, the
metabolic flux of nutrients through glycolysis, the tricarboxylic acid (TCA) cycle, and
one-carbon metabolism generates intermediate metabolites used in reactions to modify the
PSC epigenome, chromatin structure, and gene expression (Carey et al., 2015; Moussaieff et
al., 2015; Shiraki et al., 2014; Shyh-Chang et al., 2013b; TeSlaa et al., 2016).

In addition to studies linking PSC-produced intermediate metabolites with epigenome
modifications, many interesting questions remain regarding the role of nutrients, including
sugars, amino acids, lipids, and others in the control of PSC fate. For example, recent
results suggest that nutrients can also influence PSC fate through mechanisms that do not
include metabolic flux through anabolic or catabolic pathways (Chi et al., 2020; Cornacchia
etal., 2019; Na et al., 2020; Song et al., 2019; Vardhana et al., 2019; Zhu et al., 2020).

One potential interpretation of these studies is that specific nutrients signal conditions in
the microenvironment prior to, or concomitant with, triggers that control PSC fate. In this
minireview, we examine the contributions of nutrients in PSC fate through both metabolic
conversion and nutrient-triggered signaling.

Nutrients and PSCs in Context

Studies of mammalian pre-implantation embryos grown in chemically-defined media
showed that certain nutrients alone, without added growth factors, could induce cell
identity transitions (Summers and Biggers, 2003). This result suggested that the
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presence of specific niche nutrients could initiate PSC fate and not just support a pre-
established PSC fate. Additional studies also showed that specific nutrients reinforced pre-
established pluripotency/self-renewal and differentiation fates by influencing fate-specifying
transcription programs, enzyme-mediated chromatin changes, and/or nutrient-sensitive
signaling (Baksh and Finley, 2021). Together, these studies suggest that the same nutrient(s)
can either initiate or support PSC fates, with differential effects that depend on context, such
as the state of pluripotency, differentiation cues, culture media conditions, and timed nutrient
addition or deprivation (Table 1).

Specific nutrient deprivation or addition does not occur naturally /in7 vivo, but in vitro
nutrient changes provide a valuable experimental tool. For example, the timed withdrawal
of glutamine from PSC culture medium shows differential effects on PSC fate. Short-
term glutamine withdrawal eliminated cells with a high dependence on glutamine for
TCA cycle anaplerosis, enriching for surviving mouse embryonic stem cells (MESCs)

and human PSCs (hPSCs) with increased expression of pluripotent transcription factors
OCT4 and SOX2 (Vardhana et al., 2019). Other studies conversely showed that high
levels of glutamine metabolism prevented the degradation of OCT4 and preserved hPSC
self-renewal (Marsboom et al., 2016). Long-term glutamine deprivation also caused more
oxidative PSCs to die from a reduction in TCA cycle activity and oxidative phosphorylation
(OXPHOS) (Tohyama et al., 2016). In this context, glutamine withdrawal provided a
strategy to eliminate PSCs and enrich for hPSC-derived cardiomyocytes (Tohyama et al.,
2016) or enhance the angiogenic capacity of endothelial cells (Marsboom et al., 2016).
These combined, nuanced results suggest that short-term glutamine withdrawal followed
by repletion eliminates more oxidative PSCs (Folmes et al., 2011; Moussaieff et al.,

2015; Varum et al., 2011) and yields more homogenous PSCs with higher expression of
pluripotency transcription factors. Thus, manipulating the timing of glutamine exposure in
PSC culture can control whether PSCs or non-pluripotent cells enrich.

Investigators subdivide PSCs into a continuum of states that resemble different gestational
stages of blastocyst development, with each state showing specific nutrient requirements
and activities (Hackett and Surani, 2014; Smith, 2017). A hypothesized, and recently
captured, intermediate “formative” pluripotent state has expanded the dynamic nature of
pluripotency (Hoogland and Marks, 2021; Kinoshita et al., 2021; Wang et al., 2021b;

Yu et al., 2021). Thus far, only one study investigated the metabolism of formative

state PSCs, which upregulate glycolysis and downregulate mitochondrial respiration
enzymes (Yu et al., 2021). Reports have also consistently shown that naive PSCs display
bivalent glycolytic and mitochondrial respiration compared to primed PSCs, which are
exclusively glycolytic (Hackett and Surani, 2014; Hoogland and Marks, 2021). In usual
culture conditions, hPSCs resemble more developmentally advanced, or ‘primed’, PSCs,
corresponding to post-implantation epiblast, whereas mESCs resemble less advanced, or
‘naive’, PSCs, corresponding to pre-implantation epiblast (Hackett and Surani, 2014).
Interestingly, differentiation potential varies with glutamine withdrawal for naive compared
to primed PSCs. Maintenance of naive mESCs requires 2i (MEK and GSK3p inhibitors)
plus leukemia inhibitory factor (LIF) media supplementation, which promotes independence
from added glutamine (Carey et al., 2015). By contrast, mESCs grown in LIF-containing
medium without 2i supplementation are more advanced, with glutamine deprivation causing
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increased spontaneous differentiation, mainly into trophectoderm (TE) and mesoderm, and
decreased pluripotency transcription factor expression (Carey et al., 2015; Ryu et al., 2015).
In primed hPSCs, spontaneous differentiation upon glutamine deprivation inhibits mesoderm
and promotes ectoderm lineage development, suggesting a lineage-specific requirement for
glutamine (Lu et al., 2019). Together, these reports suggest a context-specific glutamine
requirement with different PSC differentiation outcomes based on PSC status. Further
studies should reveal whether the species of origin, mouse or human, also contributes to
differences in differentiation potential for naive or primed PSCs with glutamine withdrawal.

Glucose, another key nutrient for mammalian cells, also appears to control PSC

outcomes. Ex vivo culture with pyruvate, lactate, and glucose as nutrients, without added
growth factors or cytokines, initiates pre-implantation mouse embryos through 5 days of
development, suggesting embryo self-sufficiency in cell specification with specific nutrients
only (Biggers et al., 1997; Nagaraj et al., 2017; Summers and Biggers, 2003). In early mouse
embryogenesis, at the compacted 8-cell morula stage, glycolysis is dispensable although
glucose is essential (Chi et al., 2020). During the transition from morula to TE and the
blastocyst inner cell mass, which is the first fate specification, glucose-dependent signaling
directs the formation of extra-embryonic TE, but not the ICM (Chi et al., 2020). These ex
vivo mouse studies showed glucose import support of pentose phosphate pathway (PPP)
nucleotide production and hexosamine biosynthesis pathway (HBP) signaling that activated
the TE-specifying transcription factor, CDX2. Culture in glucose-deficient medium showed
decreased expression of TE biomarkers with unaffected ICM-specifying OCT4 and NANOG
expression (Chi et al., 2020). Thus, earliest cell fate specification shows developmental cues
controlled, at least partly, by nutrient availability and nutrient-sensitive signaling.

Mammalian zygotic genome activation (ZGA) triggers increased gene transcription, with
metabolism shifting from maternal to embryonic control. During this period, glycolytic flux
increases as protein synthesis and metabolic shuttles activate (Gardner, 1998; Gardner and
Harvey, 2015; Leese and Barton, 1984; Schulz and Harrison, 2019; Zhang et al., 2018a).
These changes add flexibility in nutrient dependence because the developing embryo
increases enzymes capable of interconverting nutrients (Sharpley et al., 2020). Later stage
development, modeled /n vitro by PSC-derived tri-lineage germ layer differentiation, loses a
requirement for glucose (Chi et al., 2020; Cliff et al., 2017). Initial ectoderm differentiation
shifts to glycolysis-dependent, rather than glucose-dependent, metabolism. Inhibition of
ectoderm differentiation by blocking upstream steps in glycolysis can be overcome by
added galactose or fructose, which enter glycolysis downstream of hexokinase at glucose-6-
phosphate or fructose-1-phosphate steps, respectively (Cliff et al., 2017). Glucose oxidation
is also not required to sustain pluripotency, as a culture surface embedded with non-
degradable glucose enriched for mESCs with elevated pluripotent and low differentiation
biomarker expression (Mashayekhan et al., 2008).

Studies indicate that additional nutrients, such as ascorbic acid and amino acids proline
and methionine, also regulate pluripotency. Reprogramming of mouse and human somatic
cells into iPSCs accelerates with the addition of ascorbic acid by reducing p53 levels to
impede cellular senescence (Esteban et al., 2010), by reducing H3K36me3/2 levels through
Jhdmlal/b demethylases (Wang et al., 2011), and by increasing STAT2 phosphorylation,
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which increases binding to and activation of the Manog promoter (Wu et al., 2014). In
human iPSC colonies, ascorbic acid actively promotes pluripotency and inhibits spontaneous
differentiation through enhancement of histone demethylase JARID1 expression (Eid and
Abdel-Rehim, 2016). A vast body of work, described elsewhere, provides the unique and
varied roles of ascorbic acid in stem cell differentiation (D’Aniello et al., 2017). For
example, under cardiac differentiation cues, ascorbic acid promotes cardiac differentiation
(Sato et al., 2006; Takahashi et al., 2003) by increasing the proliferation of cardiac
progenitor cells through increased collagen synthesis, but only when supplemented to the
culture medium during an early time window of differentiation (Cao et al., 2012). While it is
clear that ascorbic acid plays a significant role in promoting pluripotency or differentiation
depending on different contextual cues, it will be interesting to see whether there are
additional ascorbic acid context dependencies, for example, during naive or primed PSC
stages.

Added proline promotes mESC adoption of a primitive ectoderm-like morphology and
elevates the expression of genes associated with primitive ectoderm even in culture medium
designed to sustain mESCs (Washington et al., 2010). Proline import is through the amino
acid transporter SNAT2. Inhibition of SNAT2 with competitive substrates blocks proline
transport, maintains mESC pluripotency, and impairs spontaneous embryoid body (EB)
tri-lineage differentiation (Tan et al., 2011). Concordantly, the level of SNAT2 increases
in mESCs prior to primitive ectoderm development (Tan et al., 2016), suggesting a role
for proline in pluripotency exit. Proline supplementation also promotes the differentiation
of naive mESCs into more mature epiblast-like stem cells (EpiSCs) (Casalino et al.,
2011). This proline-dependent induction of mESCs into EpiSCs also shows features of
the blastocyst to epiblast transition during mouse embryo implantation (Casalino et al.,
2011). Implantation involves the degradation of a proline-rich extracellular matrix, raising
the possibility that this process makes proline available to support an epiblast transition
(McEwan et al., 2009).

Like proline, methionine has a role in pluripotency and differentiation. In hPSCs,
SAM-supported histone methylation relies on methionine and not threonine metabolism
because TDH is a nonfunctional pseudogene. (Shiraki et al., 2014). Short-term methionine
deprivation in hPSCs decreases both intracellular S-methyl-5’-thioadenosine (MTA), a
methionine precursor, and SAM (Shiraki et al., 2014), which is generated from methionine
(Figures 1). This short-term manipulation causes transient cell cycle arrest, whereas long-
term methionine deprivation results in cell death. Supplementation with either MTA or SAM
during long-term methionine deprivation rescues hPSC proliferation (Shiraki et al., 2014),
indicating that methionine-derived metabolites are essential for sustained hPSC self-renewal.
Short-term methionine deprivation also can trigger loss of pluripotency and differentiation
of hPSCs into the three germ lineages. These changes are similar to mESCs with threonine
deprivation and associate with a rapid decrease in global DNA methylation and H3K4me3
(Shiraki et al., 2014). How proline and methionine impact pluripotency status at different
developmental stages would be an interesting subject of future investigation.

Together, these studies suggest that the availability of certain nutrients, such as glutamine,
glucose, and ascorbic acid, proline, and methionine can elicit differing, and at times
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opposing, PSC fate outcomes (Table 1). An open question is whether certain nutrients
provide sufficient instructive signals to control specific developmental stages or transitions.
For example, can a specific nutrient(s) substitute for certain signaling cytokines, growth
factors, hormones, or reprogramming factors to achieve or sustain pluripotency, or to
promote lineage specific differentiation?

Intracellular Nutrient Routing Influences PSC Identity

Controlled oxidation and intracellular routing of nutrients by specific enzyme activities

and transporters can induce or maintain pluripotency (Fathi et al., 2014; Konze et al.,

2017; Shyh-Chang et al., 2013a), suggesting that nutrient handling pathway configurations
regulate PSC fate. Lipid metabolism, such as fatty acid oxidation, is essential for early
mouse and human embryonic development (Dunning et al., 2010; Dunning et al., 2014;
Oey et al., 2005). Indeed, lipid signaling has been implicated in pluripotency, with
lysophosphatidic acid (LPA) supplementation promoting conversion from the primed to
naive state transcription factor program in mouse PSCs (Kime et al., 2016). However, /n
vitro studies of PSC fate by addition of lipid-rich bovine serum albumin, or AlbuMAX,
yielded differential results. One study showed that added AlbuMAX decreased fatty acid
(FA) biosynthesis and NADPH regeneration without affecting OCT4 expression in hPSCs
(Zhang et al., 2016). Separately, AlbuMAX addition stimulated hPSC self-renewal (Garcia-
Gonzalo and Izpisua Belmonte, 2008) and porcine induced PSC (iPSC) reprogramming by
activating protein kinase A signaling (Zhang et al., 2018b). A potential explanation for these
differential results could relate to differences in lipid exposure time, which occurs for other
nutrients, such as glutamine (discussed above), as well. In studies reporting hPSCs without
changes in OCT4 expression, cell assays followed short-term AlbuMAX addition (Zhang et
al., 2016). Another study also found that an AlbuMAX effect on hPSC colony shape was
reversed following short-term addition and withdrawal (Cornacchia et al., 2019), indicating
short-term AlbuMAX supplementation has minimal effect on hPSC identity. In contrast,

in studies reporting hPSCs with increased self-renewal, cells were adapted to AlbuMAX
addition for > 5 passages in culture, followed by spontaneous differentiation for 26 days
(Garcia-Gonzalo and Izpisua Belmonte, 2008). Additional studies could clarify the effect(s)
of lipid supplementation on PSC fate by systematically testing different lipid compositions
and exposure times on PSCs in different states.

Using lipid deprivation as a tool, mouse and human PSC studies showed that de novo FA
biosynthesis promotes PSC self-renewal, somatic cell reprogramming to pluripotency, and
inhibits spontaneous PSC differentiation. De novo FA biosynthesis, triggered by exogenous
lipid deprivation with added glucose as the major substrate, increased the utilization of
acetyl-CoA for protein acetylation and enhanced mitochondrial fission (Vazquez-Martin et
al., 2013; Wang et al., 2017; Zhong et al., 2019). Lipid deprivation induced primed hPSCs
to a less advanced “naive-to-primed” intermediate PSC stage of development, even with
growth factors that promote the primed stage (Cornacchia et al., 2019). This finding suggests
that lipid availability outweighed growth factor signaling at this PSC stage. PSCs express de
novo FA biosynthesis enzymes acetyl-CoA carboxylase 1 (ACC1) and fatty acid synthase
(FASN), which converts glucose-derived acetyl-CoA to FAs, which could siphon substrates
for membrane production during self-renewal. Indeed, hPSCs contain more FASN compared
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to differentiated cells, and inhibition of FASN caused mitochondria-triggered apoptosis, loss
of OCT4, and failure to form teratomas, a measure of pluripotency, in mice (Tanosaki et

al., 2020). We posit that PSCs potentially elevate glucose-supplied FA biosynthesis as a
mechanism to increase glycolytic flux and route carbons away from OXPHOS consumption
in mitochondria, increasing substrates available for acetylation and/or cell replication
(Moussaieff et al., 2015). It is unknown whether enforced expression and activation of
ACC1 and FASN is sufficient to promote PSC self-renewal. Together, these findings relating
lipid availability to PSC fate suggest the absence of lipids triggers elevated glucose routing
through FA biosynthesis, which supports pluripotency.

Intracellular pyruvate routing can occur to (1) produce lactate via lactate dehydrogenase
(LDH) with NAD+ generated to sustain glycolytic flux; (2) produce acetyl-CoA via
pyruvate dehydrogenase (PDH) for TCA cycle oxidation; (3) produce oxaloacetate via
pyruvate carboxylase (PCB) to replenish TCA cycle intermediates; and (4) localize to the
nucleus to regulate the epigenome (Figure 1) (Sutendra et al., 2014). PDH inhibition, which
blocks pyruvate entrance into the TCA cycle, supports mouse iPSC reprogramming and
viability, whereas increased pyruvate flux into the mitochondria decreases pluripotency
biomarker expression, reduces PSC self-renewal, and lowers PSC viability (Rodrigues
etal., 2015; Zhang et al., 2017a). Upon differentiation, PDH gene expression rapidly
decreases, but PDH protein levels stay the same. By contrast, ATP-citrate lyase (ACYL)
and acetyl-CoA synthetase (ACCS2), which provide pyruvate-derived acetyl-CoA for
histone acetylation reactions that support pluripotency, rapidly decrease upon differentiation
(Moussaieff et al., 2015). This fate-dependent pattern of metabolism enzyme expression
suggests that, upon pluripotency exit, the hierarchy of pyruvate routing shifts toward
mitochondrial TCA cycle oxidation to support PSC differentiation.

Several studies show that the activation of metabolic enzymes and expression of transporters
precedes changes in gene expression and PSC identity, potentially as a mechanism to
prepare for cell identity transitions (Folmes et al., 2011; Moussaieff et al., 2015; Zhang
etal., 2011). As an example, another regulator of pyruvate fate is uncoupling protein 2
(UCP2), a uniporter that exports TCA cycle four carbon metabolites from the mitochondria
to the cytosol, making them unavailable for OXPHOS (Vozza et al., 2014; Zhang et al.,
2011). UCP2 repression promotes mitochondrial oxidation of pyruvate and precedes exit
from pluripotency with PSC differentiation (Zhang et al., 2011). During differentiation,
intracellular pyruvate routing changes from pluripotency to lineage-specific patterns.
Accordingly, media supplementation with pyruvate at high concentrations enhances induced
mesoderm and endoderm lineage differentiation (Song et al., 2019), whereas pyruvate
consumption decreases during ectoderm lineage differentiation of neural progenitor cells
(Lees et al., 2018). These data suggest interesting questions regarding the mechanism(s)
PSCs primed for directed differentiation use to sense pyruvate concentration, and whether

a threshold influences lineage choice. Additionally, the mechanism(s) underlying rapid
transcription, translation, localization, turnover, and/or activation of nutrient routing proteins
in PSCs preceding a fate transition remains unknown. The fate of pyruvate and its role in
PSC outcome is critical during mouse ZGA. Transient nuclear localization of exogenous
pyruvate, PDH, PCB, and select TCA cycle enzymes enables chromatin-localized synthesis
of metabolites used in epigenome remodeling during ZGA (Nagaraj et al., 2017). How large
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enzyme complexes that typically reside within the mitochondrial matrix instead transiently
localize within the nucleus of cleavage-division stage mouse embryos requires further
study. Nevertheless, the conversion of exogenous pyruvate into both acetyl-CoA (via PDH)
and oxaloacetate (via PCB) occurs within the nucleus, thereby providing a “two-for-one”
reactant for sustained production of alpha-ketoglutarate (a-KG). Since a-KG is a co-factor
for dioxygenases, such as Jumonji-C histone demethylases and ten-eleven translocation
(TET) DNA demethylases, and acetyl-CoA is required for histone acetylation reactions, the
local generation of a-KG and acetyl-CoA in the nucleus prioritizes essential epigenome
modifications during early genome activation to initiate mouse development.

Nutrients and PSC Fate

MTOR in Pluripotency

Mammalian target of rapamycin (mTOR) complex 1 (nTORC1) is a serine/threonine
protein kinase whose activation in response to specific nutrient levels phosphorylates
downstream substrates that regulate cell growth, proliferation, and survival (Saxton and
Sabatini, 2017). An amino acid-mediated interaction between the Rag family of guanosine
triphosphatases (GTPases) and mMTORC1 causes mTORC1 re-localization from the cytosol
to the lysosomal membrane (Kim et al., 2008; Sancak et al., 2008). Specific amino-acid
responsive upstream regulators of mMTORC1, including lysosomal vacuolar H(+)-adenosine
triphosphatase (v-ATPase), S-adenosyl methionine (SAM) sensors, leucine sensor Sestrin2,
arginine sensor CASTOR1, SLC38A9, and SAMTOR (Chantranupong et al., 2016; Gu et
al., 2017; Wang et al., 2015; Wolfson et al., 2015; Ye et al., 2015) signal to the Rag GTPases
to activate or inactivate mTORCL (Figure 1, Table 2).

Similar to amino acids arginine, leucine, and glutamine, glucose can also directly activate
mTORCLI. In glucose deprivation studies, mouse embryonic fibroblasts (MEFs) showed a
decrease in mTORC1 kinase activation (Kalender et al., 2010). Mechanistically, glucose
controls MTORC1 activity by influencing the binding of the v-ATPase to the Ragulator,

a complex of five LAMTOR proteins that associates with the Rag GTPases (Figure 1)

in order to activate mMTORC1 (Efeyan et al., 2012). Additional recent studies showed
intracellular glucose detection by mTORC1 occurs through a glucose-derived metabolite,
dihydroxyacetone (DHAP). In glucose-starved conditions with decreased mTOR activity,
the synthesis of DHAP restored mTOR activity (Orozco et al. 2020). In sum, mTORC1
activation occurs by several distinct amino acid and glucose signaling mechanisms, which
aligns with its central role as a nutrient sensor and actuator of cell growth, proliferation, and
survival (Figure 1, Table 2)

In conditions of nutrient abundance, mTORCL1 binds ULK1 to inhibit autophagy, and
conversely, nutrient starvation dissociates MTORC1 from ULK1, triggering autophagosomes
to form (Rabinowitz and White, 2010). In hPSCs, nutrient starvation inhibited mTORC1
activation, increased autophagosome formation, and decreased levels of OCT4, SOX2,

and NANOG transcription factors (Cho et al., 2014; Zhou et al., 2009). Autophagy
inhibition in starvation conditions caused pluripotency transcription factors to accumulate,
suggesting a role for nutrients in controlling pluripotency by regulating autophagy (Cho et
al., 2014). Immunofluorescence microscopy and immunogold-stained electron microscopy
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during nutrient starvation confirmed pluripotency transcription factor interactions with
autophagosomes (Cho et al., 2014), suggesting altogether that loss of pluripotency from
nutrient starvation occurs through an mTORC1-autophagy response.

Amino acid deprivation is the most studied trigger for mMTORC1 inhibition and subsequent
induction of autophagy (Saxton and Sabatini, 2017). Amino acids such as glutamine,
methionine, and threonine have demonstrated roles in pluripotency maintenance (Carey

et al., 2015; Shiraki et al., 2014; Shyh-Chang et al., 2013b; Vardhana et al., 2019)

and may promote pluripotency by signaling nutrient abundance to activate mTORCL.

For example, threonine is a positive regulator of mESC self-renewal (Han et al., 2013;
Shyh-Chang et al., 2013b; Wang et al., 2009). Culture medium deficient in threonine,

but not in any other amino acid, caused a decrease in alkaline-phosphatase positive

mESC colonies (Wang et al., 2009). Threonine dehydrogenase (TDH), the rate-limiting
enzyme in threonine catabolism, supports somatic cell reprogramming into mouse iPSCs,
because TDH knockdown decreased reprogramming efficiency (Han et al., 2013). Threonine
supports pluripotency by maintaining histone methylation levels (Shyh-Chang et al., 2013b;
Wang et al., 2009) and by regulating mTORC1 activity (Ryu and Han, 2011). mESCs
incubated with threonine increased expression of pluripotency proteins OCT4, NANOG,
and SOX2 (Ryu and Han, 2011). Inhibition of mTORCL signaling activity with rapamycin
abolished this effect, further suggesting a role for nutrient-activated mTORCL1 in regulating
pluripotency (Ryu and Han, 2011). It is possible that threonine promotes mESC self-renewal
by keeping mTORC1 activity below the level that triggers autophagy and degradation of
pluripotency transcription factors. Future studies could identify whether other nutrients,
such as glucose, or specific amino acids, such as proline, also sustain pluripotency through
mTORC1 inhibition of autophagy. Of course, mTOR effects on transcription, translation,
and metabolism could also influence pluripotency. For example, nutrient starvation could
inhibit mTORCL1 activity and reduce translation of pluripotency-related transcripts.

It is important to note that contradicting studies indicate that an autophagy response can
promote instead of inhibit pluripotency. For example, FOXO1, a master regulator of core
autophagy genes, maintains high autophagic flux to maintain mESC pluripotency, likely

by generating substrates that support rapid cell proliferation (Liu et al., 2017). Similarly,
PINK1/OPTN-mediated mitophagy is important for clearing depolarized mitochondria in
order to maintain mitochondrial homeostasis that appears critical for pluripotency (Wang et
al., 2021a). A possible explanation for these contradictory results is that a precise balance of
autophagic activities — neither complete activation nor complete inhibition — is required to
maintain pluripotency.

mTOR complex activity is also implicated in a process that suspends, or reversibly

halts, development, called diapause (Bulut-Karslioglu et al., 2016; Hussein et al., 2020).
Preimplantation mammalian embryos can survive ex vivo for up to two days, but deprivation
of glucose, arginine, and leucine can induce diapause (Gwatkin, 1966; Naeslund, 2010). The
Bulut-Karslioglu group hypothesized that inhibiting growth pathways could replicate this
nutrient-starved diapause state. Their work identified mTOR as a regulator of developmental
timing and pluripotency, determining that mTOR inhibition could induce a diapause state
that significantly prolonged pluripotency. Specifically, nutrient starvation activates the
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serine-threonine liver kinase B1 (LKB1)-AMPK signal transduction pathway, which inhibits
MTORC2 to cause diapause (Hussein et al., 2020). While these studies suggest that nutrient-
regulated mTORC2 is a primary player in controlling diapause and prolonging pluripotency,
mMTORC?2 has been documented to additionally regulate mTORC1 activity (Szwed et al.,
2021), making it possible that mMTORC1 may also play a role in this phenomenon.

A role for nutrients in mMTORC1 regulation of pluripotency exit and subsequent
differentiation is less clear. Inhibition of mMTORC1 during germ lineage non-directed
embryoid body formation increased mesoderm and endoderm differentiation and decreased
ectoderm differentiation (Jung et al., 2016; Zhou et al., 2009). Chemical screens with
additional mTORC1 inhibitors confirmed this result (Nazareth et al., 2016). Furthermore,
mouse embryos containing a loss of function mutation in m7OR showed malformations

in the ectoderm-derived telencephalon with subsequent loss of viability (Hentges et al.,
2001). Similarly, a loss of function mutation in 7SC2Z, an inhibitor of mTOR, also caused
embryonic lethality due to overgrowth of ectoderm-derived neuroepithelium (Rennebeck
et al., 1998). These studies combined highlight a role for mTORC1 activity in promoting
ectoderm differentiation. Because mTORC1 responds to many different nutrients, it will be
interesting to determine whether a particular nutrient can promote lineage differentiation
through mTORC1 activated signaling, or whether a combination of nutrients will be
necessary for this effect.

AMPK in Pluripotency

AMP-activated protein kinase (AMPK) is a well-characterized energy sensor that responds
to levels of AMP, ADP, and ATP, molecules whose ratios indicate cell energy charge and
nutrient status. AMPK activity in low energy charge states (high ratios of AMP/ATP)
opposes MTOR activity by limiting energy expenditure, thereby slowing or halting cell
growth and proliferation. For many years, it was thought that ATP production from glucose
oxidation was the only mechanism by which AMPK sensed glucose availability (Salt et al.,
1998). However, a second glucose-sensing mechanism for AMPK was identified recently.
With glucose starvation, an AXIN/LKB1 complex near the lysosome accesses the v-ATPase-
Ragulator complex (Figure 1) to form an AXIN-based, AMPK-activating complex (Zhang
et al. 2013). Interaction of these lysosomal components during simultaneous glucose stress
causes dissociation and inactivation of mTOR from the lysosome (Zhang et al., 2013). This
non-canonical mechanism could also activate autophagy, although this remains unknown.
Opposing this activity, fructose 1,6-bisphosphate (FBP), a glycolytic intermediate sensed by
aldolase, triggers dissociation of the AXIN/LKB1 complex from the v-ATPase-Ragulator
complex, suppressing AMPK activation (Zhang et al., 2017b). In sum, AMPK is an

energy charge and nutrient sensor that effects metabolic change through glucose-sensing
mechanisms (Figure 1, Table 2).

Emerging evidence suggests that nutrient-regulation of AMPK may impact pluripotency. In
response to glucose starvation, activated AMPK phosphorylates ULK1 at S317 and S777
(Kim et al., 2011) and simultaneously inhibits mTOR, halting mTOR phosphorylation of
ULK1 at S757 (Kim et al., 2011). Phosphorylation of ULK1 at S317 and S777, without
phosphorylation at S757, supports autophagy, whereas impaired phosphorylation at these
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sites blocks autophagy (Kim et al., 2011). A recent study showed that AMPK-dependent
phosphorylation of ULK1 is required to maintain mESC pluripotency (Gong et al., 2018).
ULK1 knockout mESC lines showed decreased colony formation and pluripotent gene
expression, with rescue by re-addition of wild-type ULK1 or mutant S757 ULK1 (Gong

et al., 2018). By contrast, ULK1 knockout mESC lines containing expression constructs
producing both mutant S317 and S777 ULK1 are unable to restore pluripotency (Gong et
al., 2018), indicating an AMPK-specific role in mESC self-renewal (Gong et al., 2018).
Compounds such as resveratrol, which increase mESC pluripotent gene expression through
activation of the AMPK/ULKZ1 pathway, support a role for AMPK in PSC maintenance
(Suvorova et al., 2019). However, whether glucose through AMPK regulates pluripotency,
and if so, whether the mechanism is by AMPK phosphorylation of ULK1 remains unknown.

AMPK may also regulate mESC differentiation through Tfeb, a master transcriptional
regulator of lysosomal genes (Young et al., 2016). A genetic gain and loss-of-function
study determined that AMPK-regulated Tfeb is required for endoderm differentiation, with
Tfeb overexpression in AMPK knockout mESCs restoring lysosomal function and efficient
endoderm differentiation (Young et al., 2016). Recent evidence also supports a role for
nutrient-regulated AMPK in controlling differentiation from PSCs, as pyruvate activates
AMPK in a dose-dependent manner, which in turn promotes mesoderm development, with
AMPK inhibition conversely impairing mesoderm differentiation (Song et al., 2019).

Glycosylation in Pluripotency

The hexosamine biosynthesis pathway (HBP) is a nexus of nutrient-responsive signaling
that integrates substrates from carbohydrate (glucose), nucleotide (uridine triphosphate;
UTP), amino acid (glutamine), and FA (acetyl-CoA) metabolism. The terminal step of
the HBP is the production of an acetylated aminosugar nucleotide, uridine diphosphate
N-acetylglucosamine (UDP-GIcNAC), which is the substrate for cycling of O-linked
N-acetylglucosamine (O-GIcNACc) post-translational modifications (PTM) at serine and
threonine residues of nuclear and cytoplasmic proteins (Bond and Hanover, 2015) (Figure
1, Table 2). O-GIcNAc addition, by O-GIcNAc transferase (OGT), and its removal, by
O-GIcNAcase (OGA) significantly alters the posttranslational properties and functions of
target proteins known to regulate the epigenome (Shi et al., 2013; Vella et al., 2013; Zhu
et al., 2020), transcription, proliferation, apoptosis, and proteasome degradation (Love and
Hanover, 2005).

The dynamic cycling of O-GIcNAc PTMs regulates PSC maintenance and embryonic
development, with knockout of either OGT or OGA causing embryonic lethality in

mice (O’Donnell et al., 2004; Shafi et al., 2000; Yang et al., 2012). Pluripotency
transcription factors OCT4 and SOX2 contain O-GIcNAcylation motifs that are rapidly
removed upon differentiation, and point mutations that block OCT4 and SOX2 Ser/Thr
residues normally targeted for O-GlcNAcylation cause a decrease in pluripotency and
reprogramming efficiency (Constable et al., 2017; Jang et al., 2012; Myers et al., 2016;
Webster et al., 2009). Recently, another pluripotency transcription factor, ESRRB, was
identified as an additional O-GIcNAc target. O-GIcNAcylation stabilized ESRRB levels and
promoted interactions with OCT4 and NANOG (Hao et al., 2019). Additional evidence that
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O-GIcNAcylation is essential for pluripotency maintenance comes from OGT and OGA
perturbation studies. Pharmacological or genetic inhibition of OGA during the induction
of neuron or cardiomyocyte differentiation caused excessive O-GIcNAcylation of proteins
with accompanying suppression of lineage-specific biomarkers and aberrant retention of
pluripotency biomarkers (Kim et al., 2009; Maury et al., 2013; Olivier-Van Stichelen et al.,
2017; Speakman et al., 2014). Conversely, OGT inhibition resulted in decreased protein
O-GlIcNAcylation and accelerated PSC differentiation into neuroectoderm lineage cells
(Andres et al., 2017).

Recent evidence suggests that nutrient regulation of O-GIcNAcylation may have a role

in controlling pluripotency. MEFs reprogrammed in low-glucose culture medium showed
reduced cellular O-GIcNAc levels and generated fewer mouse iPSC colonies compared to
MEF reprogramming in high-glucose (Jang et al., 2012). Furthermore, during the formation
of TE and ICM in early mouse embryos, levels of HBP intermediates glucosamine and
UDP-GIcNAc were highly sensitive to glucose deprivation (Chi et al. 2020). Glucose-
regulated HBP glycosylation was essential for nuclear localization of YAP1 to activate

TE specifying transcription factors, but not for ICM specification (Chi et al. 2020).
Combined, these findings indicate that nutrients and their HBP converted products, such as
UDP-GIcNAc, are required for nutrient-sensitive O-GIcNAcylation of pluripotency master
regulator proteins.

An additional layer of complexity exists for O-GIcNAcylation in regulating PSC fate
because a linear relationship between the levels of nutrients and O-GIcNAcylation may

not exist. Several studies reported that glucose (Marshall et al., 2004; Swamy et al., 2016;
Taylor et al., 2009; Taylor et al., 2008), glutamine (Hamiel et al., 2009; Liu et al., 2007;
Swamy et al., 2016), and amino acids (Chaveroux et al., 2016; Zhu et al., 2020) do not show
a dose-dependent connection with protein O-GIcNAc levels. This suggests that nutrient
regulation of O-GIcNAcylation may be PSC context-dependent, a recurring theme for
nutrients controlling PSC fate. For example, whether specific nutrient availability increases
or decreases O-GIcNAcylation levels of pluripotency transcription factors may depend on
differentiation cues or PSC state, rather than overall HBP flux.

Future Perspectives and Conclusions

Studies over the past two decades have convinced most investigators of the active, rather
than consequential, role of metabolism in controlling PSC fate, but many questions remain.
These include the role for nutrients in PSC fate commitment, before or during cell identity
transitions. For example, does specific nutrient availability initiate or merely reinforce a PSC
fate “decision’? What roles do exogenous nutrients versus cell intrinsic nutrient requirements
have in instructing or reinforcing PSC fate? Because of evidence for both instructive and
supportive roles, it is likely that nutrient availability plays a synergistic and potentially cyclic
role in enabling PSC fates through metabolic conversion and/or nutrient-sensitive signaling.
Progress in technology, with detection and sensitivity advances in mass spectrometry for
single-cell metabolomics, could uncover which nutrients are consumed, produced, and
secreted by different niche cell types /n vivo and during PSC identity transitions /n vitro
(Duncan et al., 2019).
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A practical area for future study is determining threshold concentrations that trigger a
nutrient signal that affects PSC fate. Results from such studies could have implications for
how maternal diet and/or diabetes affects development. As an example, an exceedingly high
concentration of glucose is detrimental to PSC-derived neural lineage generation due to
oxidative and endoplasmic reticulum stress, but also promotes PSC-derived cardiomyocyte
generation (Chen et al., 2018; Crespo et al., 2010; Yang et al., 2016). In addition, a high
concentration of pyruvate promotes mesoderm but not ectoderm differentiation through
AMPK activated signaling (Song et al., 2019). PSC culture methods can affect the amount
of imported glucose (Gu et al., 2016), raising questions on how nutrient concentrations

in culture medium can affect pluripotency/self-renewal and differentiation biases through
altered metabolic flux and/or signaling. A potential approach to understanding biologically
significant nutrient concentrations is to replicate the /n vivo growth environment of the
developing embryo, similar to an approach with human plasma-like medium used for
growing tissue culture cells (Cantor et al., 2017).

Reports on nutrient-sensitive signaling in pluripotency are increasing as interest is
growing, and yet studies uniting nutrient availability, nutrient-sensitive signaling, and
PSC fate outcome remain limited. The emergence of additional data connecting nutrient
availability and signaling in PSC outcomes promises to inform on how maternal
diet/malnutrition, metabolic disorders, and/or the embryonic microenvironment affects
mammalian development.

Acknowledgements

V.L. is supported by a Kirschstein-NRSA (F31HD097960) and by the Broad Center of Regenerative Medicine

and Stem Cell Research at UCLA. I.J.R. is supported by the National Science Foundation Graduate Research
Fellowship Program under Grant No. 2038436. Any opinions, findings, and conclusions or recommendations
expressed in this material are those of the author(s) and do not necessarily reflect the views of the National Science
Foundation. M.A.T. is supported by the Air Force Office of Scientific Research (FA9550-15-1-0406), by the
Department of Defense (W81XWH2110139), and by the NIH (R01GM073981, R21CA227480, R0O1GM127985,
and P30CA016042).

References

Andres LM, Blong IW, Evans AC, Rumachik NG, Yamaguchi T, Pham ND, Thompson P,

Kohler JJ, and Bertozzi CR (2017). Chemical Modulation of Protein O-GIcNAcylation via OGT
Inhibition Promotes Human Neural Cell Differentiation. ACS Chem Biol 12, 2030-2039. [PubMed:
28541657]

Baksh SC, and Finley LWS (2021). Metabolic Coordination of Cell Fate by alpha-Ketoglutarate-
Dependent Dioxygenases. Trends Cell Biol 31, 24-36. [PubMed: 33092942]

Biggers JD, Summers MC, and McGinnis LK (1997). Polyvinyl alcohol and amino acids as substitutes
for bovine serum albumin in culture media for mouse preimplantation embryos. Hum Reprod
Update 3, 125-135. [PubMed: 9286737]

Bond MR, and Hanover JA (2015). A little sugar goes a long way: the cell biology of O-GIcNAc. J
Cell Biol 208, 869-880. [PubMed: 25825515]

Bulut-Karslioglu A, Biechele S, Jin H, Macrae TA, Hejna M, Gertsenstein M, Song JS, and Ramalho-
Santos M (2016). Inhibition of mMTOR induces a paused pluripotent state. Nature 540, 119-123.
[PubMed: 27880763]

Cantor JR, Abu-Remaileh M, Kanarek N, Freinkman E, Gao X, Louissaint A Jr., Lewis CA, and
Sabatini DM (2017). Physiologic Medium Rewires Cellular Metabolism and Reveals Uric Acid as
an Endogenous Inhibitor of UMP Synthase. Cell 169, 258-272 e217. [PubMed: 28388410]

Cell Metab. Author manuscript; available in PMC 2022 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal.

Page 14

Cao N, Liu Z, Chen Z, Wang J, Chen T, Zhao X, Ma Y, Qin L, Kang J, Wei B, et al. (2012). Ascorbic
acid enhances the cardiac differentiation of induced pluripotent stem cells through promoting the
proliferation of cardiac progenitor cells. Cell Res 22, 219-236. [PubMed: 22143566]

Carey BW, Finley LW, Cross JR, Allis CD, and Thompson CB (2015). Intracellular alpha-ketoglutarate
maintains the pluripotency of embryonic stem cells. Nature 518, 413-416. [PubMed: 25487152]

Casalino L, Comes S, Lambazzi G, De Stefano B, Filosa S, De Falco S, De Cesare D, Minchiotti G,
and Patriarca EJ (2011). Control of embryonic stem cell metastability by L-proline catabolism. J
Mol Cell Biol 3, 108-122. [PubMed: 21307025]

Chantranupong L, Scaria SM, Saxton RA, Gygi MP, Shen K, Wyant GA, Wang T, Harper JW, Gygi
SP, and Sabatini DM (2016). The CASTOR Proteins Are Arginine Sensors for the mTORC1
Pathway. Cell 165, 153-164. [PubMed: 26972053]

Chaveroux C, Sarcinelli C, Barbet V, Belfeki S, Barthelaix A, Ferraro-Peyret C, Lebecque S, Renno
T, Bruhat A, Fafournoux P, et al. (2016). Nutrient shortage triggers the hexosamine biosynthetic
pathway via the GCN2-ATF4 signalling pathway. Sci Rep 6, 27278. [PubMed: 27255611]

Chen X, Shen WB, Yang P, Dong D, Sun W, and Yang P (2018). High Glucose Inhibits Neural Stem
Cell Differentiation Through Oxidative Stress and Endoplasmic Reticulum Stress. Stem Cells Dev
27, 745-755. [PubMed: 29695191]

Chi F, Sharpley MS, Nagaraj R, Roy SS, and Banerjee U (2020). Glycolysis-Independent Glucose
Metabolism Distinguishes TE from ICM Fate during Mammalian Embryogenesis. Dev Cell.

Cho YH, Han KM, Kim D, Lee J, Lee SH, Choi KW, Kim J, and Han YM (2014). Autophagy
regulates homeostasis of pluripotency-associated proteins in hESCs. Stem Cells 32, 424-435.
[PubMed: 24170349]

Cliff TS, Wu T, Boward BR, Yin A, Yin H, Glushka JN, Prestegaard JH, and Dalton S (2017). MYC
Controls Human Pluripotent Stem Cell Fate Decisions through Regulation of Metabolic Flux. Cell
Stem Cell 21, 502-516 €509. [PubMed: 28965765]

Constable S, Lim JM, Vaidyanathan K, and Wells L (2017). O-GIcNAc transferase regulates
transcriptional activity of human Oct4. Glycobiology 27, 927-937. [PubMed: 28922739]

Cornacchia D, Zhang C, Zimmer B, Chung SY, Fan Y, Soliman MA, Tchieu J, Chambers SM, Shah H,
Paull D, et al. (2019). Lipid Deprivation Induces a Stable, Naive-to-Primed Intermediate State of
Pluripotency in Human PSCs. Cell Stem Cell 25, 120-136 e110. [PubMed: 31155483]

Crespo FL, Sobrado VR, Gomez L, Cervera AM, and McCreath KJ (2010). Mitochondrial reactive
oxygen species mediate cardiomyocyte formation from embryonic stem cells in high glucose.
Stem Cells 28, 1132-1142. [PubMed: 20506541]

D’Aniello C, Cermola F, Patriarca EJ, and Minchiotti G (2017). Vitamin C in Stem Cell Biology:
Impact on Extracellular Matrix Homeostasis and Epigenetics. Stem Cells Int 2017, 8936156.
[PubMed: 28512473]

De Los Angeles A, Ferrari F, Xi R, Fujiwara Y, Benvenisty N, Deng H, Hochedlinger K, Jaenisch
R, Lee S, Leitch HG, et al. (2015). Hallmarks of pluripotency. Nature 525, 469-478. [PubMed:
26399828]

Duncan KD, Fyrestam J, and Lanekoff | (2019). Advances in mass spectrometry based single-cell
metabolomics. Analyst 144, 782-793. [PubMed: 30426983]

Dunning KR, Cashman K, Russell DL, Thompson JG, Norman RJ, and Robker RL (2010). Beta-
oxidation is essential for mouse oocyte developmental competence and early embryo development.
Biol Reprod 83, 909-918. [PubMed: 20686180]

Dunning KR, Russell DL, and Robker RL (2014). Lipids and oocyte developmental competence: the
role of fatty acids and beta-oxidation. Reproduction 148, R15-27. [PubMed: 24760880]

Efeyan A, Zoncu R, Chang S, Gumper I, Snitkin H, Wolfson RL, Kirak O, Sabatini DD, and Sabatini
DM (2012). Regulation of mMTORC1 by the Rag GTPases is necessary for neonatal autophagy and
survival. Nature 493, 679-683. [PubMed: 23263183]

Eid W, and Abdel-Rehim W (2016). Vitamin C promotes pluripotency of human induced pluripotent
stem cells via the histone demethylase JARID1A. Biol Chem 397, 1205-1213. [PubMed:
27343473]

Cell Metab. Author manuscript; available in PMC 2022 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal.

Page 15

Esteban MA, Wang T, Qin B, Yang J, Qin D, Cai J, Li W, Weng Z, Chen J, Ni S, et al. (2010). Vitamin
C enhances the generation of mouse and human induced pluripotent stem cells. Cell Stem Cell 6,
71-79. [PubMed: 20036631]

Fathi A, Hatami M, Vakilian H, Han CL, Chen YJ, Baharvand H, and Salekdeh GH (2014).
Quantitative proteomics analysis highlights the role of redox hemostasis and energy metabolism
in human embryonic stem cell differentiation to neural cells. J Proteomics 101, 1-16. [PubMed:
24530625]

Folmes CD, Nelson TJ, Martinez-Fernandez A, Arrell DK, Lindor JZ, Dzeja PP, Ikeda Y, Perez-Terzic
C, and Terzic A (2011). Somatic oxidative bioenergetics transitions into pluripotency-dependent
glycolysis to facilitate nuclear reprogramming. Cell Metab 14, 264-271. [PubMed: 21803296]

Garcia-Gonzalo FR, and Izpisua Belmonte JC (2008). Albumin-associated lipids regulate human
embryonic stem cell self-renewal. PL0S One 3, €1384. [PubMed: 18167543]

Gardner DK (1998). Changes in requirements and utilization of nutrients during mammalian
preimplantation embryo development and their significance in embryo culture. Theriogenology
49, 83-102. [PubMed: 10732123]

Gardner DK, and Harvey AJ (2015). Blastocyst metabolism. Reprod Fertil Dev 27, 638-654.
[PubMed: 25751298]

Gong J, Gu H, Zhao L, Wang L, Liu P, Wang F, Xu H, and Zhao T (2018). Phosphorylation of ULK1
by AMPK is essential for mouse embryonic stem cell self-renewal and pluripotency. Cell Death &
Disease 9.

Gu W, Gaeta X, Sahakyan A, Chan AB, Hong CS, Kim R, Braas D, Plath K, Lowry WE, and Christofk
HR (2016). Glycolytic Metabolism Plays a Functional Role in Regulating Human Pluripotent
Stem Cell State. Cell Stem Cell 19, 476-490. [PubMed: 27618217]

Gu X, Orozco JM, Saxton RA, Condon KJ, Liu GY, Krawczyk PA, Scaria SM, Harper JW, Gygi SP,
and Sabatini DM (2017). SAMTOR is an S-adenosylmethionine sensor for the mTORC1 pathway.
Science 358, 813-818. [PubMed: 29123071]

Gwatkin RBL (1966). Amino acid requirements for attachment and outgrowth of the mouse
blastocystin vitro. Journal of Cellular Physiology 68, 335-343.

Hackett JA, and Surani MA (2014). Regulatory principles of pluripotency: from the ground state up.
Cell Stem Cell 15, 416-430. [PubMed: 25280218]

Hamiel CR, Pinto S, Hau A, and Wischmeyer PE (2009). Glutamine enhances heat shock protein 70
expression via increased hexosamine biosynthetic pathway activity. Am J Physiol Cell Physiol
297, C1509-1519. [PubMed: 19776393]

Han C, Gu H, Wang J, Lu W, Mei Y, and Wu M (2013). Regulation of L-threonine dehydrogenase in
somatic cell reprogramming. Stem Cells 31, 953-965. [PubMed: 23355387]

Hao Y, Fan X, Shi Y, Zhang C, Sun DE, Qin K, Qin W, Zhou W, and Chen X (2019). Next-generation
unnatural monosaccharides reveal that ESRRB O-GIlcNAcylation regulates pluripotency of mouse
embryonic stem cells. Nat Commun 10, 4065. [PubMed: 31492838]

Hentges KE, Sirry B, Gingeras AC, Sarbassov D, Sonenberg N, Sabatini D, and Peterson AS (2001).
FRAP/MTOR is required for proliferation and patterning during embryonic development in the
mouse. Proceedings of the National Academy of Sciences 98, 13796-13801.

Hoogland SHA, and Marks H (2021). Developments in pluripotency: a new formative state. Cell Res
31, 493-494. [PubMed: 33731854]

Hussein AM, Wang Y, Mathieu J, Margaretha L, Song C, Jones DC, Cavanaugh C, Miklas JW, Mahen
E, Showalter MR, et al. (2020). Metabolic Control over mTOR-Dependent Diapause-like State.
Dev Cell 52, 236-250 €237. [PubMed: 31991105]

Intlekofer AM, and Finley LWS (2019). Metabolic signatures of cancer cells and stem cells. Nature
Metabolism 1, 177-188.

Jang H, Kim TW, Yoon S, Choi SY, Kang TW, Kim SY, Kwon YW, Cho EJ, and Youn HD (2012).
O-GIcNAc regulates pluripotency and reprogramming by directly acting on core components of
the pluripotency network. Cell Stem Cell 11, 62-74. [PubMed: 22608532]

Jung JH, Kang KW, Kim J, Hong SC, Park Y, and Kim BS (2016). CXCR2 Inhibition in Human
Pluripotent Stem Cells Induces Predominant Differentiation to Mesoderm and Endoderm Through

Cell Metab. Author manuscript; available in PMC 2022 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal.

Page 16

Repression of mTOR, beta-Catenin, and hTERT Activities. Stem Cells Dev 25, 1006-1019.
[PubMed: 27188501]

Kalender A, Selvaraj A, Kim SY, Gulati P, Brilé S, Viollet B, Kemp BE, Bardeesy N, Dennis
P, Schlager JJ, et al. (2010). Metformin, Independent of AMPK, Inhibits mMTORCL in a Rag
GTPase-Dependent Manner. Cell Metabolism 11, 390-401. [PubMed: 20444419]

Kim E, Goraksha-Hicks P, Li L, Neufeld TP, and Guan K-L (2008). Regulation of TORCL1 by Rag
GTPases in nutrient response. Nature Cell Biology 10, 935-945. [PubMed: 18604198]

Kim HS, Park SY, Choi YR, Kang JG, Joo HJ, Moon WK, and Cho JW (2009). Excessive O-
GIcNAcylation of proteins suppresses spontaneous cardiogenesis in ES cells. FEBS Lett 583,
2474-2478. [PubMed: 19591829]

Kim J, Kundu M, Viollet B, and Guan K-L (2011). AMPK and mTOR regulate autophagy through
direct phosphorylation of Ulk1. Nature Cell Biology 13, 132-141. [PubMed: 21258367]

Kime C, Sakaki-Yumoto M, Goodrich L, Hayashi Y, Sami S, Derynck R, Asahi M, Panning B,
Yamanaka S, and Tomoda K (2016). Autotaxin-mediated lipid signaling intersects with LIF and
BMP signaling to promote the naive pluripotency transcription factor program. Proc Natl Acad Sci
U S A 113, 12478-12483. [PubMed: 27738243]

Kinoshita M, Barber M, Mansfield W, Cui Y, Spindlow D, Stirparo GG, Dietmann S, Nichols J,
and Smith A (2021). Capture of Mouse and Human Stem Cells with Features of Formative
Pluripotency. Cell Stem Cell 28, 453-471 e458. [PubMed: 33271069]

Konze SA, Werneburg S, Oberbeck A, Olmer R, Kempf H, Jara-Avaca M, Pich A, Zweigerdt R,
and Buettner FF (2017). Proteomic Analysis of Human Pluripotent Stem Cell Cardiomyogenesis
Revealed Altered Expression of Metabolic Enzymes and PDLIM5 Isoforms. J Proteome Res 16,
1133-1149. [PubMed: 28139119]

Lees JG, Gardner DK, and Harvey AJ (2018). Mitochondrial and glycolytic remodeling during nascent
neural differentiation of human pluripotent stem cells. Development 145.

Leese HJ, and Barton AM (1984). Pyruvate and glucose uptake by mouse ova and preimplantation
embryos. J Reprod Fertil 72, 9-13. [PubMed: 6540809]

Liu J, Marchase RB, and Chatham JC (2007). Glutamine-induced protection of isolated rat heart from
ischemia/reperfusion injury is mediated via the hexosamine biosynthesis pathway and increased
protein O-GIcNAc levels. J Mol Cell Cardiol 42, 177-185. [PubMed: 17069847]

Liu P, Liu K, Gu H, Wang W, Gong J, Zhu Y, Zhao Q, Cao J, Han C, Gao F, et al. (2017). High
autophagic flux guards ESC identity through coordinating autophagy machinery gene program by
FOXOL1. Cell Death Differ 24, 1672-1680. [PubMed: 28622295]

Love DC, and Hanover JA (2005). The hexosamine signaling pathway: deciphering the “O-GIcNAc
code”. Sci STKE 2005, re13. [PubMed: 16317114]

Lu V, Dahan P, Ahsan FM, Patananan AN, Roy 1J, Torres A Jr., Nguyen RMT, Huang D, Braas
D, and Teitell MA (2019). Mitochondrial metabolism and glutamine are essential for mesoderm
differentiation of human pluripotent stem cells. Cell Res 29, 596-598. [PubMed: 31189991]

Marshoom G, Zhang GF, Pohl-Avila N, Zhang Y, Yuan Y, Kang H, Hao B, Brunengraber H, Malik
AB, and Rehman J (2016). Glutamine Metabolism Regulates the Pluripotency Transcription Factor
OCT4. Cell Rep 16, 323-332. [PubMed: 27346346]

Marshall S, Nadeau O, and Yamasaki K (2004). Dynamic actions of glucose and glucosamine
on hexosamine biosynthesis in isolated adipocytes: differential effects on glucosamine 6-
phosphate, UDP-N-acetylglucosamine, and ATP levels. J Biol Chem 279, 35313-35319. [PubMed:
15199059]

Mashayekhan S, Kim MH, Miyazaki S, Tashiro F, Kino-oka M, Taya M, and Miyazaki J (2008).
Enrichment of undifferentiated mouse embryonic stem cells on a culture surface with a glucose-
displaying dendrimer. Biomaterials 29, 4236-4243. [PubMed: 18691752]

Maury JJ, Chan KK, Zheng L, Bardor M, and Choo AB (2013). Excess of O-linked N-
acetylglucosamine modifies human pluripotent stem cell differentiation. Stem Cell Res 11, 926—
937. [PubMed: 23859804]

McEwan M, Lins RJ, Munro SK, Vincent ZL, Ponnampalam AP, and Mitchell MD (2009). Cytokine
regulation during the formation of the fetal-maternal interface: Focus on cell-cell adhesion

Cell Metab. Author manuscript; available in PMC 2022 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal.

Page 17

and remodelling of the extra-cellular matrix. Cytokine & Growth Factor Reviews 20, 241-249.
[PubMed: 19487153]

Moussaieff A, Rouleau M, Kitsberg D, Cohen M, Levy G, Barasch D, Nemirovski A, Shen-Orr
S, Laevsky I, Amit M, et al. (2015). Glycolysis-mediated changes in acetyl-CoA and histone
acetylation control the early differentiation of embryonic stem cells. Cell Metab 21, 392-402.
[PubMed: 25738455]

Myers SA, Peddada S, Chatterjee N, Friedrich T, Tomoda K, Krings G, Thomas S, Maynard J, Broeker
M, Thomson M, et al. (2016). SOX2 O-GIcNAcylation alters its protein-protein interactions and
genomic occupancy to modulate gene expression in pluripotent cells. Elife 5, e10647. [PubMed:
26949256]

Na HJ, Akan I, Abramowitz LK, and Hanover JA (2020). Nutrient-Driven O-GIcNAcylation Controls
DNA Damage Repair Signaling and Stem/Progenitor Cell Homeostasis. Cell Rep 31, 107632.
[PubMed: 32402277]

Naeslund G (2010). The Effect of Glucose-, Arginine- and Leucine-deprivation on Mouse Blastocyst
Outgrowthin Vitro. Upsala Journal of Medical Sciences 84, 9-20.

Nagaraj R, Sharpley MS, Chi F, Braas D, Zhou Y, Kim R, Clark AT, and Banerjee U (2017). Nuclear
Localization of Mitochondrial TCA Cycle Enzymes as a Critical Step in Mammalian Zygotic
Genome Activation. Cell 168, 210-223 e211. [PubMed: 28086092]

Nazareth EJP, Rahman N, Yin T, and Zandstra PW (2016). A Multi-Lineage Screen Reveals
mTORC1 Inhibition Enhances Human Pluripotent Stem Cell Mesendoderm and Blood Progenitor
Production. Stem Cell Reports 6, 679-691. [PubMed: 27132889]

O’Donnell N, Zachara NE, Hart GW, and Marth JD (2004). Ogt-dependent X-chromosome-linked
protein glycosylation is a requisite modification in somatic cell function and embryo viability. Mol
Cell Biol 24, 1680-1690. [PubMed: 14749383]

Oey NA, den Boer ME, Wijburg FA, Vekemans M, Auge J, Steiner C, Wanders RJ, Waterham
HR, Ruiter JP, and Attie-Bitach T (2005). Long-chain fatty acid oxidation during early human
development. Pediatr Res 57, 755-759. [PubMed: 15845636]

Olivier-Van Stichelen S, Wang P, Comly M, Love DC, and Hanover JA (2017). Nutrient-driven
O-linked N-acetylglucosamine (O-GIcNAc) cycling impacts neurodevelopmental timing and
metabolism. J Biol Chem 292, 6076-6085. [PubMed: 28246173]

Rabinowitz JD, and White E (2010). Autophagy and metabolism. Science 330, 1344-1348. [PubMed:
21127245]

Rennebeck G, Kleymenova EV, Anderson R, Yeung RS, Artzt K, and Walker CL (1998). Loss
of function of the tuberous sclerosis 2 tumor suppressor gene results in embryonic lethality
characterized by disrupted neuroepithelial growth and development. Proceedings of the National
Academy of Sciences 95, 15629-15634.

Rodrigues AS, Correia M, Gomes A, Pereira SL, Perestrelo T, Sousa MI, and Ramalho-Santos J
(2015). Dichloroacetate, the Pyruvate Dehydrogenase Complex and the Modulation of mESC
Pluripotency. PLoS One 10, e0131663. [PubMed: 26147621]

Ryu JM, and Han HJ (2011). L-threonine regulates G1/S phase transition of mouse embryonic stem
cells via PI3K/Akt, MAPKs, and mTORC pathways. J Biol Chem 286, 23667-23678. [PubMed:
21550972]

Ryu JM, Lee SH, Seong JK, and Han HJ (2015). Glutamine contributes to maintenance of
mouse embryonic stem cell self-renewal through PKC-dependent downregulation of HDAC1 and
DNMT1/3a. Cell Cycle 14, 3292-3305. [PubMed: 26375799]

Salt IP, Johnson G, Ashcroft SJH, and Hardie DG (1998). AMP-activated protein kinase is activated
by low glucose in cell lines derived from pancreatic p cells, and may regulate insulin release.
Biochemical Journal 335, 533-539.

Sancak Y, Peterson TR, Shaul YD, Lindquist RA, Thoreen CC, Bar-Peled L, and Sabatini DM (2008).
The Rag GTPases Bind Raptor and Mediate Amino Acid Signaling to mTORC1. Science 320,
1496-1501. [PubMed: 18497260]

Sato H, Takahashi M, Ise H, Yamada A, Hirose S, Tagawa Y, Morimoto H, Izawa A, and Ikeda
U (2006). Collagen synthesis is required for ascorbic acid-enhanced differentiation of mouse

Cell Metab. Author manuscript; available in PMC 2022 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal.

Page 18

embryonic stem cells into cardiomyocytes. Biochem Biophys Res Commun 342, 107-112.
[PubMed: 16480687]

Saxton RA, and Sabatini DM (2017). mTOR Signaling in Growth, Metabolism, and Disease. Cell 168,
960-976. [PubMed: 28283069]

Schulz KN, and Harrison MM (2019). Mechanisms regulating zygotic genome activation. Nat Rev
Genet 20, 221-234. [PubMed: 30573849]

Shafi R, lyer SP, Ellies LG, O’Donnell N, Marek KW, Chui D, Hart GW, and Marth JD (2000). The
O-GIcNAc transferase gene resides on the X chromosome and is essential for embryonic stem cell
viability and mouse ontogeny. Proc Natl Acad Sci U S A 97, 5735-5739. [PubMed: 10801981]

Sharpley MS, Chi F, and Banerjee U (2020). Metabolic Plasticity Drives Development During
Mammalian Embryogenesis.

Shi FT, Kim H, Lu W, He Q, Liu D, Goodell MA, Wan M, and Songyang Z (2013). Ten-eleven
translocation 1 (Tetl) is regulated by O-linked N-acetylglucosamine transferase (Ogt) for target
gene repression in mouse embryonic stem cells. J Biol Chem 288, 20776-20784. [PubMed:
23729667]

Shiraki N, Shiraki Y, Tsuyama T, Obata F, Miura M, Nagae G, Aburatani H, Kume K, Endo F,
and Kume S (2014). Methionine metabolism regulates maintenance and differentiation of human
pluripotent stem cells. Cell Metab 19, 780-794. [PubMed: 24746804]

Shyh-Chang N, Daley GQ, and Cantley LC (2013a). Stem cell metabolism in tissue development and
aging. Development 140, 2535-2547. [PubMed: 23715547]

Shyh-Chang N, Locasale JW, Lyssiotis CA, Zheng Y, Teo RY, Ratanasirintrawoot S, Zhang J,

Onder T, Unternaehrer JJ, Zhu H, et al. (2013b). Influence of threonine metabolism on S-
adenosylmethionine and histone methylation. Science 339, 222-226. [PubMed: 23118012]

Shyh-Chang N, and Ng HH (2017). The metabolic programming of stem cells. Genes Dev 31, 336—
346. [PubMed: 28314766]

Smith A (2017). Formative pluripotency: the executive phase in a developmental continuum.
Development 144, 365-373. [PubMed: 28143843]

Song C, Xu F, Ren Z, Zhang Y, Meng Y, Yang Y, Lingadahalli S, Cheung E, Li G, Liu W, et al.
(2019). Elevated Exogenous Pyruvate Potentiates Mesodermal Differentiation through Metabolic
Modulation and AMPK/mTOR Pathway in Human Embryonic Stem Cells. Stem Cell Reports 13,
338-351. [PubMed: 31353224]

Speakman CM, Domke TC, Wongpaiboonwattana W, Sanders K, Mudaliar M, van Aalten DM, Barton
GJ, and Stavridis MP (2014). Elevated O-GIcNAc levels activate epigenetically repressed genes
and delay mouse ESC differentiation without affecting naive to primed cell transition. Stem Cells
32, 2605-2615. [PubMed: 24898611]

Summers MC, and Biggers JD (2003). Chemically defined media and the culture of mammalian
preimplantation embryos: historical perspective and current issues. Hum Reprod Update 9, 557—
582. [PubMed: 14714592]

Sutendra G, Kinnaird A, Dromparis P, Paulin R, Stenson TH, Haromy A, Hashimoto K, Zhang N,
Flaim E, and Michelakis ED (2014). A nuclear pyruvate dehydrogenase complex is important for
the generation of acetyl-CoA and histone acetylation. Cell 158, 84-97. [PubMed: 24995980]

Suvorova I, Knyazeva AR, Petukhov AV, Aksenov ND, and Pospelov VA (2019). Resveratrol
enhances pluripotency of mouse embryonic stem cells by activating AMPK/UIk1 pathway. Cell
Death Discovery 5.

Swamy M, Pathak S, Grzes KM, Damerow S, Sinclair LV, van Aalten DM, and Cantrell DA
(2016). Glucose and glutamine fuel protein O-GlcNAcylation to control T cell self-renewal and
malignancy. Nat Immunol 17, 712-720. [PubMed: 27111141]

Szwed A, Kim E, and Jacinto E (2021). Regulation and metabolic functions of mMTORC1 and
mTORC2. Physiol Rev 101, 1371-1426. [PubMed: 33599151]

Takahashi T, Lord B, Schulze PC, Fryer RM, Sarang SS, Gullans SR, and Lee RT (2003). Ascorbic
acid enhances differentiation of embryonic stem cells into cardiac myocytes. Circulation 107,
1912-1916. [PubMed: 12668514]

Cell Metab. Author manuscript; available in PMC 2022 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal.

Page 19

Tan BSN, Lonic A, Morris MB, Rathjen PD, and Rathjen J (2011). The amino acid transporter
SNAT2 mediates I-proline-induced differentiation of ES cells. American Journal of Physiology-
Cell Physiology 300, C1270-C1279. [PubMed: 21346154]

Tan BSN, Rathjen PD, Harvey AJ, Gardner DK, and Rathjen J (2016). Regulation of amino acid
transporters in pluripotent cell populations in the embryo and in culture; novel roles for sodium-
coupled neutral amino acid transporters. Mech Dev 141, 32-39. [PubMed: 27373508]

Tanosaki S, Tohyama S, Fujita J, Someya S, Hishiki T, Matsuura T, Nakanishi H, Ohto-Nakanishi T,
Akiyama T, Morita Y, et al. (2020). Fatty Acid Synthesis Is Indispensable for Survival of Human
Pluripotent Stem Cells. iScience 23, 101535. [PubMed: 33083764]

Taylor RP, Geisler TS, Chambers JH, and McClain DA (2009). Up-regulation of O-GIcNAc transferase
with glucose deprivation in HepG2 cells is mediated by decreased hexosamine pathway flux. J
Biol Chem 284, 3425-3432. [PubMed: 19073609]

Taylor RP, Parker GJ, Hazel MW, Soesanto Y, Fuller W, Yazzie MJ, and McClain DA (2008). Glucose
deprivation stimulates O-GIcNAc modification of proteins through up-regulation of O-linked
N-acetylglucosaminyltransferase. J Biol Chem 283, 6050-6057. [PubMed: 18174169]

TeSlaa T, Chaikovsky AC, Lipchina I, Escobar SL, Hochedlinger K, Huang J, Graeber TG, Braas
D, and Teitell MA (2016). alpha-Ketoglutarate Accelerates the Initial Differentiation of Primed
Human Pluripotent Stem Cells. Cell Metab 24, 485-493. [PubMed: 27476976]

Tohyama S, Fujita J, Hishiki T, Matsuura T, Hattori F, Ohno R, Kanazawa H, Seki T, Nakajima K,
Kishino Y, et al. (2016). Glutamine Oxidation Is Indispensable for Survival of Human Pluripotent
Stem Cells. Cell Metab 23, 663-674. [PubMed: 27050306]

Tsogtbaatar E, Landin C, Minter-Dykhouse K, and Folmes CDL (2020). Energy Metabolism Regulates
Stem Cell Pluripotency. Front Cell Dev Biol 8, 87. [PubMed: 32181250]

Vardhana SA, Arnold PK, Rosen BP, Chen Y, Carey BW, Huangfu D, Fontaine CC, Thompson CB,
and Finley LWS (2019). Glutamine independence is a selectable feature of pluripotent stem cells.
Nat Metab 1, 676-687. [PubMed: 31511848]

Varum S, Rodrigues AS, Moura MB, Momcilovic O, Easley C.A.t., Ramalho-Santos J, Van Houten
B, and Schatten G (2011). Energy metabolism in human pluripotent stem cells and their
differentiated counterparts. PLoS One 6, €20914. [PubMed: 21698063]

Vazquez-Martin A, Corominas-Faja B, Cufi S, Vellon L, Oliveras-Ferraros C, Menendez OJ, Joven
J, Lupu R, and Menendez JA (2013). The mitochondrial H(+)-ATP synthase and the lipogenic
switch: new core components of metabolic reprogramming in induced pluripotent stem (iPS)
cells. Cell Cycle 12, 207-218. [PubMed: 23287468]

Vella P, Scelfo A, Jammula S, Chiacchiera F, Williams K, Cuomo A, Roberto A, Christensen J,
Bonaldi T, Helin K, et al. (2013). Tet proteins connect the O-linked N-acetylglucosamine
transferase Ogt to chromatin in embryonic stem cells. Mol Cell 49, 645-656. [PubMed:
23352454]

Vozza A, Parisi G, De Leonardis F, Lasorsa FM, Castegha A, Amorese D, Marmo R, Calcagnile
VM, Palmieri L, Ricquier D, et al. (2014). UCP2 transports C4 metabolites out of mitochondria,
regulating glucose and glutamine oxidation. Proc Natl Acad Sci U S A 111, 960-965. [PubMed:
24395786]

Wang C, Liu K, Cao J, Wang L, Zhao Q, Li Z, Zhang H, Chen Q, and Zhao T (2021a).
PINK1-mediated mitophagy maintains pluripotency through optineurin. Cell Prolif 54, e13034.
[PubMed: 33931895]

Wang J, Alexander P, Wu L, Hammer R, Cleaver O, and McKnight SL (2009). Dependence of Mouse
Embryonic Stem Cells on Threonine Catabolism. Science 325, 435-439. [PubMed: 19589965]

Wang L, Zhang T, Wang L, Cai Y, Zhong X, He X, Hu L, Tian S, Wu M, Hui L, et al. (2017). Fatty
acid synthesis is critical for stem cell pluripotency via promoting mitochondrial fission. EMBO J
36, 1330-1347. [PubMed: 28377463]

Wang S, Tsun ZY, Wolfson RL, Shen K, Wyant GA, Plovanich ME, Yuan ED, Jones TD,
Chantranupong L, Comb W, et al. (2015). Lysosomal amino acid transporter SLC38A9 signals
arginine sufficiency to mTORCL. Science 347, 188-194. [PubMed: 25567906]

Cell Metab. Author manuscript; available in PMC 2022 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal.

Page 20

Wang T, Chen K, Zeng X, Yang J, Wu Y, Shi X, Qin B, Zeng L, Esteban MA, Pan G, et al. (2011). The
histone demethylases Jhdml1a/1b enhance somatic cell reprogramming in a vitamin-C-dependent
manner. Cell Stem Cell 9, 575-587. [PubMed: 22100412]

Wang X, Xiang Y, Yu Y, Wang R, Zhang Y, Xu Q, Sun H, Zhao ZA, Jiang X, Wang X, et al. (2021b).
Formative pluripotent stem cells show features of epiblast cells poised for gastrulation. Cell Res
31, 526-541. [PubMed: 33608671]

Washington JM, Rathjen J, Felquer F, Lonic A, Bettess MD, Hamra N, Semendric L, Tan BSN, Lake
J-A, Keough RA, et al. (2010). I-Proline induces differentiation of ES cells: a novel role for an
amino acid in the regulation of pluripotent cells in culture. American Journal of Physiology-Cell
Physiology 298, C982—-C992. [PubMed: 20164384]

Webster DM, Teo CF, Sun 'Y, Wloga D, Gay S, Klonowski KD, Wells L, and Dougan ST (2009).
O-GlcNAc modifications regulate cell survival and epiboly during zebrafish development. BMC
Dev Biol 9, 28. [PubMed: 19383152]

Wolfson RL, Chantranupong L, Saxton RA, Shen K, Scaria SM, Cantor JR, and Sabatini DM (2015).
Sestrin2 is a leucine sensor for the mTORCL1 pathway. Science 351, 43-48. [PubMed: 26449471]

Wu H, WuY, Ai Z, Yang L, Gao Y, Du J, Guo Z, and Zhang Y (2014). Vitamin C enhances
Nanog expression via activation of the JAK/STAT signaling pathway. Stem Cells 32, 166-176.
[PubMed: 23963652]

Yang P, Shen WB, Reece EA, Chen X, and Yang P (2016). High glucose suppresses embryonic
stem cell differentiation into neural lineage cells. Biochem Biophys Res Commun 472, 306-312.
[PubMed: 26940741]

Yang YR, Song M, Lee H, Jeon Y, Choi EJ, Jang HJ, Moon HY, Byun HY, Kim EK, Kim DH, et
al. (2012). O-GlIcNAcase is essential for embryonic development and maintenance of genomic
stability. Aging Cell 11, 439-448. [PubMed: 22314054]

Ye J, Palm W, Peng M, King B, Lindsten T, Li MO, Koumenis C, and Thompson CB (2015). GCN2
sustains MTORCL1 suppression upon amino acid deprivation by inducing Sestrin2. Genes Dev 29,
2331-2336. [PubMed: 26543160]

Yeo JC, and Ng HH (2013). The transcriptional regulation of pluripotency. Cell Res 23, 20-32.
[PubMed: 23229513]

Young NP, Kamireddy A, Van Nostrand JL, Eichner LJ, Shokhirev MN, Dayn Y, and Shaw RJ (2016).
AMPK governs lineage specification through Tfeb-dependent regulation of lysosomes. Genes &
Development 30, 535-552. [PubMed: 26944679]

Yu L, Wei Y, Sun HX, Mahdi AK, Pinzon Arteaga CA, Sakurai M, Schmitz DA, Zheng C, Ballard
ED, LiJ, et al. (2021). Derivation of Intermediate Pluripotent Stem Cells Amenable to Primordial
Germ Cell Specification. Cell Stem Cell 28, 550-567 e512. [PubMed: 33271070]

Zhang C, Skamagki M, Liu Z, Ananthanarayanan A, Zhao R, Li H, and Kim K (2017a). Biological
Significance of the Suppression of Oxidative Phosphorylation in Induced Pluripotent Stem Cells.
Cell Rep 21, 2058-2065. [PubMed: 29166598]

Zhang C-S, Hawley SA, Zong Y, Li M, Wang Z, Gray A, Ma T, Cui J, Feng J-W, Zhu M, et al.
(2017b). Fructose-1,6-bisphosphate and aldolase mediate glucose sensing by AMPK. Nature 548,
112-116. [PubMed: 28723898]

Zhang H, Badur MG, Divakaruni AS, Parker SJ, Jager C, Hiller K, Murphy AN, and Metallo
CM (2016). Distinct Metabolic States Can Support Self-Renewal and Lipogenesis in Human
Pluripotent Stem Cells under Different Culture Conditions. Cell Rep 16, 1536-1547. [PubMed:
27477285]

Zhang J, Khvorostov I, Hong JS, Oktay Y, Vergnes L, Nuebel E, Wahjudi PN, Setoguchi K, Wang G,
Do A, et al. (2011). UCP2 regulates energy metabolism and differentiation potential of human
pluripotent stem cells. EMBO J 30, 4860-4873. [PubMed: 22085932]

Zhang J, Zhao J, Dahan P, Lu V, Zhang C, Li H, and Teitell MA (2018a). Metabolism in Pluripotent
Stem Cells and Early Mammalian Development. Cell Metab 27, 332-338. [PubMed: 29414683]

Zhang W, Wang H, Zhang S, Zhong L, Wang Y, Pei Y, Han J, and Cao S (2018b). Lipid Supplement in
the Cultural Condition Facilitates the Porcine iPSC Derivation through cAMP/PKA/CREB Signal
Pathway. Int J Mol Sci 19.

Cell Metab. Author manuscript; available in PMC 2022 November 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Luetal.

Page 21

Zhang Y-L, Guo H, Zhang C-S, Lin S-Y, Yin Z, Peng Y, Luo H, Shi Y, Lian G, Zhang C, et al. (2013).
AMP as a Low-Energy Charge Signal Autonomously Initiates Assembly of AXIN-AMPK-LKB1
Complex for AMPK Activation. Cell Metabolism 18, 546-555. [PubMed: 24093678]

Zhong X, Cui P, Cai Y, Wang L, He X, Long P, Lu K, Yan R, Zhang Y, Pan X, et al. (2019).
Mitochondrial Dynamics Is Critical for the Full Pluripotency and Embryonic Developmental
Potential of Pluripotent Stem Cells. Cell Metab 29, 979-992 e974. [PubMed: 30527743]

Zhou J, Su P, Wang L, Chen J, Zimmermann M, Genbacev O, Afonja O, Horne MC, Tanaka T, Duan
E, etal. (2009). mTOR supports long-term self-renewal and suppresses mesoderm and endoderm
activities of human embryonic stem cells. Proc Natl Acad Sci U S A 106, 7840-7845. [PubMed:
19416884]

Zhu Q, Cheng X, Cheng Y, Chen J, Xu H, Gao Y, Duan X, Ji J, Li X, and Yi W (2020).
O-GIcNAcylation regulates the methionine cycle to promote pluripotency of stem cells. Proc
Natl Acad Sci U S A 117, 7755-7763. [PubMed: 32193337]

Cell Metab. Author manuscript; available in PMC 2022 November 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Luetal.

Page 22

Methionine
Glutamine Glucose .
l 1 SAM Glutamine
Sestrin 1/2
Cytosol Arginine Leucine — | l ¥
G6P LKB1 bz ) SAMTOR a-KG
CASTOR 1 { GATOR 2 s > i
GFAT AXIN Y s 2
Glucosamine-6-phosophate «—— F6P AMPK SHAD =i G/\T‘f‘\m ///// Glucose
- r g
Acetyl-CoA l / Glucose — Rag
FBP 5/
GTPases MTORC 213 AMPK
GlcNAC-6P FBP 9 Rheb ~
© SLC38A9
Aldolase & Ragulator 3
Nucleotides i ER <
m— = Lysosome
2+ Arginine
UDP-GIcNAc o8 ¢
Amino acids MTORC | ey

Figure 1. Nutrient Sensing Pathways Impact Pluripotent Stem Cell Fate
Nutrient-specific sensing occurs via the hexosamine biosynthesis pathway (HBP, gray),

mTORC1 (blue), and AMPK (yellow). HBP integrates carbohydrates (glucose), amino acids
(glutamine), lipids (acetyl-CoA), and nucleotides (UTP), culminating in the generation

of UDP-GIcNAC, a substrate for O-GIcNAcylation reactions by OGA/OGT. Signaling

by mTORC1 and AMPK are regulated by concentrations of glucose and amino acids

at multiple sensors, with activities localized to the lysosomal membrane. These specific
nutrients fuel enzyme-based alterations in the epigenome, gene transcription, translation, and
PTMs to shape PSC fate (see Table 2).

Key: Glucose-6-phosphate (G6P); fructose-6-phosphate (F6P); glutamine-fructose-6-
phosphate transaminase (GFAT); fructose 1,6-bisphosphate (FBP); endoplasmic reticulum
(ER); O-GIcNAc transferase (OGT); O-GIcNAcase (OGA); dihydroxyacetone phosphate
(DHAP)
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