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ABSTRACT OF THE DISSERTATION 

 

The Role of Glutamine in Primed Human Pluripotent Stem Cell Fate 

 

by 
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Doctor of Philosophy in Molecular and Medical Pharmacology 
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Professor Donald B. Kohn, Co-Chair 

Professor Michael A. Teitell, Co-Chair 

 

Human pluripotent stem cells can self-renew indefinitely or be induced to differentiate into the 

three embryonic germ lineages: endoderm, mesoderm, and ectoderm. Multiple studies show that 

reconfiguring metabolic pathway activities influences the fate of pluripotent stem cells through 

metabolite-regulated changes in intracellular signal transduction pathways and the epigenome. 

Through these and potentially additional mechanisms, the conversion of available nutrients into 

metabolite fluxes and steady-state levels can tip the balance between pluripotent stem cell self-

renewal and differentiation, although which nutrients and metabolites favor specific cell fate 

decisions are largely unidentified. 

 

Glutamine participates in a wide variety of cellular processes beyond biomass and energy-

producing reactions in pluripotent and adult-type stem cells. We showed that endoderm, 

mesoderm, and ectoderm all consume abundant glutamine supplied in cell culture media. 

Additionally, exogenous glutamine withdrawal biased spontaneous human pluripotent stem cell 
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differentiation toward ectoderm and away from mesoderm. However, a mechanism for this 

nutrient-directed cell fate bias was, until recently, unknown. 

 

We uncovered that while all three germ lineages are capable of de novo glutamine synthesis, only 

ectoderm generates sufficient glutamine to sustain cell viability and differentiation, clarifying 

lineage fate restrictions observed with glutamine withdrawal. While exogenous glutamine is 

dispensable for ectoderm, complete glutamine starvation obliterates this lineage, suggesting a 

critical role for glutamine in ectoderm specification. We uncovered that glutamine fulfillment of 

mTORC1 activation, but not biosynthetic demands and protein translation, is critical for initiating 

ectoderm fate commitment. Glutamine acts as a signaling molecule to activate mTORC1 signaling 

in ectoderm that supersedes lineage-specifying cytokine induction. In contrast, glutamine in 

mesoderm and endoderm serves as the preferred precursor of a-ketoglutarate without a direct 

role in cell fate signaling. Our findings show that a nutrient acts as a signaling molecule to control 

cell fate, raising a question about whether the nutrient environment functions directly in cell 

differentiation during development. 

 

For these reasons, we hypothesize that intracellular glutamine may help coordinate differentiation 

of the three embryonic germ layers. Differing patterns of nutrient availability occur during early 

embryonic germ lineage differentiation. Interestingly, transcriptome analysis of a gastrulation-

stage human embryo shows unique glutamine enzyme-encoding gene expression patterns may 

also distinguish germ lineages in vivo. 

 

In summary, these findings reveal critical roles for metabolic regulation and nutrient signaling 

during early embryonic development.  
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CHAPTER 1: 
 

Introduction
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HUMAN PLURIPOTENT STEM CELLS 

The modern era of regenerative medicine began over two decades ago with the successful 

isolation and culture of embryonic stem cells (ESCs) from a human blastocyst (Thomson et al., 

1998). A decade later, the promise of pluripotent stem cells (PSCs) grew with the discovery that 

the combination of four factor variations (cMyc, Oct3/4, Sox2, Klf4 or OCT4, SOX2, NANOG, 

LIN28) could convert adult human fibroblasts into “induced” pluripotent stem cells (iPSCs) in a 

process known as reprogramming (Takahashi et al., 2007; Yu et al., 2007). The defining 

characteristics of PSCs are their ability to self-renew indefinitely or differentiate into the primary 

germ lineages, endoderm, mesoderm, and ectoderm, upon induction with specific cues. In this 

thesis, pluripotent/self-renewing stem cells are cells expressing core pluripotency transcription 

factors (OCT4, NANOG, SOX2, and others), and differentiation is the loss of these core 

pluripotency transcription factors coupled with the expression of lineage-specifying biomarkers 

(Yeo and Ng, 2013). Additionally, two functional features of PSCs are (1) blastocyst chimerism, 

which is the capacity to re-enter development in a host embryo, and (2) teratoma formation, 

which is the ability to spontaneously generate the three germ layers (De Los Angeles et al., 

2015).  

 

Intrinsic plasticity in cell identity, in conjunction with its reproduction of certain features of early 

mammalian development ex vivo, enables the promise of PSCs for applications in tissue 

engineering, regenerative medicine, and early embryo development studies. However, to date, 

this promise has not been fully realized due to stochastic genetic lesions, reprogramming 

factors, and residual pluripotency that all increase the risk of tumorigenicity manifesting as both 

malignant transformation and benign teratoma formation (Lee et al., 2013; Yamanaka, 2020). 

Additionally, heterogeneity in morphology, growth rate, gene expression profiles, and 

differentiation potential among PSC lines presents another challenge in downstream 

applications. Genetic background variation, rather than cell origin, is a major contributing factor 
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for transcriptional and epigenetic differences among PSC lines, as genetically matched human 

PSCs (hPSCs) and human iPSCs (hiPSCs) are molecularly and functionally equivalent (Choi et 

al., 2015). Studies have also reported varying differentiation capacity linked to epigenetic 

variation among PSC lines (Koyanagi-Aoi et al., 2013; Nishizawa et al., 2016). Accordingly, this 

thesis takes a different approach in optimizing PSC differentiation strategies by identifying and 

manipulating distinct metabolic requirements during differentiation. The following findings will 

ultimately inform more precise control of directed tri-lineage hPSC differentiation and reveal 

novel metabolic or pharmacological factors to optimize regenerative cell therapies.   

 

METABOLISM AND STEM CELL FATE DETERMINATION 

PSCs are highly proliferative, employing aerobic glycolysis to meet the biosynthetic and 

energetic demands required for rapid growth and division. Mitochondrial respiration and 

oxidative phosphorylation (OXPHOS) are downregulated in PSCs, which possess active but 

immature-looking mitochondria (Folmes et al., 2011; Zhang et al., 2011; Zhou et al., 2012). For 

many years, these metabolic features of PSCs were seen as passive consequences associated 

with the pluripotent cell state, but several lines of evidence have demonstrated the active, 

facilitating role of metabolic rewiring in pluripotent state transitions. For example, a shift from 

OXPHOS to glycolytic metabolism is required for somatic cell reprogramming (Zhou et al., 

2012). Indeed, glycolytic gene expression occurs early in reprogramming and precedes the 

induction of pluripotent and self-renewal genes (Folmes et al., 2012; Folmes et al., 2011; 

Mathieu et al., 2014; Prigione et al., 2014). Furthermore, promotion of glycolytic pathway 

effectors increased, while inhibition of glycolytic enzyme activity decreased, reprogramming 

efficiency (Folmes et al., 2011). These findings indicated that glycolytic flux upregulation and 

OXPHOS downregulation are regulatory pre-requisites, rather than passive responses, for the 

de-differentiation process.  
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Upon the discovery that glycolytic metabolism is a controlling feature of pluripotent induction, 

additional reports emerged on metabolic regulation on other aspects of PSC fate decisions 

(Carey et al., 2015; Folmes et al., 2011; Moussaieff et al., 2015; Shiraki et al., 2014; Shyh-

Chang et al., 2013; TeSlaa et al., 2016; Varum et al., 2011). An important theme during this era 

was the discovery that metabolic intermediates generated from glycolysis, tricarboxylic acid 

(TCA) cycle, and one-carbon mentalism can serve as reactants in epigenome, chromatin, and 

gene expression alterations. These metabolites include alpha ketoglutarate (a-KG) (Carey et al., 

2015; TeSlaa et al., 2016), succinate (TeSlaa et al., 2016), acetyl-CoA (Moussaieff et al., 2015), 

methionine/threonine (Shiraki et al., 2014; Shyh-Chang et al., 2013), ascorbate (Chen et al., 

2013; Eid and Abdel-Rehim, 2016; Esteban et al., 2010; Hore et al., 2016), and nicotinamide 

adenine dinucleotide (NAD+) (Calvanese et al., 2010; Fang and Li, 2021; Lees et al., 2020). 

Thus, in coordination with specific cell differentiation cues (such as BMP, Wnt, and SMAD 

signaling pathway induction or inhibition), metabolism enables and reinforces PSC cell fate 

decisions via metabolite-responsive fate-specifying transcription programs, enzyme-mediated 

chromatin changes, and/or nutrient-sensitive signaling (Baksh and Finley, 2021).  

 

Until about half a decade ago, consensus in the field was that as PSCs differentiate into more 

specialized mature cells, a metabolic shift from aerobic glycolysis to OXPHOS is generally 

required. However, early hPSC differentiation into the three germ layers does not exhibit this 

indiscriminate shift in metabolic phenotype. In 2017, a study reported endoderm cells exhibit 

relatively moderate OXPHOS, mesoderm cells induce high-level OXPHO, and ectoderm cells 

maintain elevated glycolysis (Cliff et al., 2017). Additional studies indicated that a tightly 

regulated metabolic continuum exists across the range of ESC and ESC-derived states (from 

early lineage to terminal cell differentiation) that is context and cell-type specific (Chi et al., 

2020; Cornacchia et al., 2019; Lu et al., 2019; Oburoglu et al., 2014; Tohyama et al., 2013). 

These findings implied potential for even more control over PSC differentiation by taking 
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advantage of early cell-type specific metabolic dependencies to guide or enrich for cells of 

interest (Tohyama et al., 2016; Tohyama et al., 2013). Here specifically, manipulation of only 

glutamine revealed the ability to control tri-lineage differentiation efficiency, viability, and 

enrichment.  

 

GLUTAMINE 

Glutamine is the most abundant amino acid in plasma and muscle and a major carrier of 

nitrogen (Cruzat et al., 2018). Classically, glutamine is known as a non-essential amino acid 

(NEAA), meaning the body is able to endogenously synthesize sufficient amounts for nitrogen 

balance or biosynthesis. This classification has since been reconsidered for contexts in which 

endogenous production is insufficient, such as during embryo/fetal development, where 

glutamine is a “conditionally essential” amino acid (Lacey and Wilmore, 1990; Wernerman, 

2008; Wu, 2010). Glutamine contributes to effectively every essential metabolic requirement of 

rapidly proliferating cells, including: serving as TCA cycle and mitochondrial metabolism fuel, 

generating glutathione to detoxify oxidative stress, producing biosynthetic macromolecules 

nucleotides, amino sugars, NEAAs, and proteins, as well as activating nutrient-sensitive cell 

signaling pathways (DeBerardinis and Cheng, 2010; Watford, 2015; Yang et al., 2017).    

 

The functional roles of glutamine can be classified into three main categories – nitrogen donor, 

carbon donor, and signaling molecule. While glucose, the other major nutrient, is only able to 

serve as a carbon donor, glutamine uniquely acts as both a carbon and nitrogen donor. 

Glutamine is an obligate nitrogen donor, meaning to be oxidized, glutamine must donate its 

amide (γ nitrogen) group to form glutamate, which then loses its amine group (a nitrogen) to 

form TCA cycle metabolite a-KG (Wise and Thompson, 2010). This process, known as 

glutaminolysis, is orchestrated by glutaminase (GLS1/GLS2), while the reverse reaction is 
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enabled by glutamine synthetase (GS) conversion of glutamate and ammonia to glutamine. 

Deamination of glutamine to glutamate frees up the amide group to serve as a precursor to 

purines, pyrimidines, glucosamine, NAD+, ammonia, and asparagine (Yang et al., 2017). As a 

carbon donor, glutamine can provide the carbon backbone for a-KG, a key TCA metabolite and 

epigenome co-factor. Additionally, in hypoxic or defective mitochondria conditions, glutamine 

can directly supply carbons for citrate production and subsequent fatty acid synthesis via the 

reductive carboxylation process (Metallo et al., 2011). Finally, unmetabolized glutamine plays a 

key function in the activation of intracellular signaling pathways, namely, the mechanistic target 

of rapamycin complex 1 (mTORC1). Glutamine activation of mTORC1 occurs through Rag 

GTPase-dependent activation via exogenous leucine and arginine exchange, or by Rag 

GTPase-independent activation via direct glutamine interaction with Arf1 GTPase (Jewell et al., 

2015; Meng et al., 2020; Saxton and Sabatini, 2017). In sum, glutamine plays key roles in 

biomass/energy generation, cell maintenance, and signaling through its inherent biochemical 

and biophysical properties.   

 

GLUTAMINE AND STEM CELLS  

Along with glucose, glutamine has endured remarkable longevity in research interest for its role 

in tumor cell metabolism, dating back to the 1950s (DeBerardinis and Cheng, 2010; Eagle, 

1955). In the past decade, this interest has expanded to PSC metabolism and fate, with reports 

showing promising results on using context-specific glutamine deprivation as a strategy to 

enrich for differentiated cells of interest. For instance, short-term glutamine withdrawal 

eliminated cells with high glutamine dependence and enriched for mouse ESCs (mESCs) and 

hPSCs with high expression of pluripotent transcription factors OCT4 and SOX2 (Vardhana et 

al., 2019). In contrast, long-term glutamine deprivation coupled with differentiation cues 

eliminated PSCs to enrich for hPSC-derived cardiomyocytes (Tohyama et al., 2016) or enhance 

the angiogenic capacity of endothelial cells (Marsboom et al., 2016). These reports indicate 
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manipulating the timing and context of exogenous glutamine availability enables control over 

whether PSCs or non-pluripotent cells are removed from the cell population.   

 

In 2019, we showed that long-term glutamine deprivation during spontaneous 21-day hPSC 

differentiation inhibited mesoderm but promoted ectoderm lineage development. This was an 

exciting finding as it indicated glutamine presence can bias and skew differentiation potentiation 

in the absence of lineage-specifying cytokines and chemokines. These data initiated a 

fundamental question on whether specification into the three embryonic germ layers 

differentially required glutamine availability (Lu et al., 2019), which would provide further insight 

on the impact of metabolism on the coordination of early mammalian development. This thesis 

documents the active roles of metabolism in pluripotency and differentiation, the similarities in 

metabolism between PSCs and early mammalian development, the application of chemically 

defined nutrient-equivalent tri-lineage differentiation culture media, and the roles of extracellular 

and intracellular glutamine availability on downstream PSC fate decisions.  

 

CHAPTER SUMMARIES 

Chapter 2 of this thesis is a comprehensive review of the driving role of metabolic flux and 

metabolite concentration on pluripotency and differentiation regulation. This chapter provides 

updated context for seminal findings in the stem cell metabolism field and identifies the key 

open questions for future investigations. This review article was previously published as a 

Review article in Journal of Biological Chemistry in 2018 by the laboratory of Dr. Michael Teitell. 

It was selected for a special virtual issue on “Pluripotency regulation and differentiation” in 2019.  

 

Chapter 3 of this thesis discusses the influence of metabolism on gene expression in embryos, 

their ex vivo models (PSCs), and primordial germ cell differentiation through epigenome 

modification. This chapter reviews published evidence revealing the context-dependent 
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coordination of intracellular signaling, histone modifications, and gene expression in developing, 

quiescent, and malnourished embryos and in early germ cell development. The first part of this 

chapter, entitled “Metabolism in Pluripotent Stem Cells and Early Mammalian Development,” 

was previously published as a Review article in Cell Metabolism in 2018 by the laboratories of 

Drs. Jin Zhang and Michael Teitell. This article was special featured in the “Cell Press 

Selections Stem Cell Metabolism: Fate Regulation and Disease Modeling” Reprint 

Compendium. The second part of this chapter, entitled “Alpha-ketoglutarate: a “magic” 

metabolite in early germ cell development,” was previously published as a News and Views 

commentary article in The EMBO Journal in 2018 by the laboratory of Dr. Michael Teitell.  

 

Chapter 4 of this thesis is a detailed protocol for the maintenance of hPSCs and subsequent 

differentiation into the three embryonic germ lineages (endoderm, mesoderm, and ectoderm). 

This chapter provides a robust and validated method for preparing chemically defined, nutrient-

balanced differentiation culture medium to enable customizable experimental conditions. This 

work has been submitted as a manuscript to the journal STAR Protocols and is currently in 

revision.  

 

Chapter 5 of this thesis is a comprehensive literature review on the role of unmetabolized 

nutrients in PSC cell fate decisions through nutrient-sensitive intracellular signaling, cell 

enrichment, and context-dependent mechanisms of action. This chapter synthesizes impactful 

questions of high research interest and highlights the lack of detailed work on these robust, 

reproducible observations. This work was previously published as a Perspective article in Cell 

Metabolism in 2021 by the laboratory of Dr. Michael Teitell.  

 

Chapter 6 of this thesis demonstrates that deprivation of extracellular glutamine is able to bias 

hPSC fate decisions during spontaneous non-directed differentiation—a process that generates 
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all three germ layers without lineage-specifying cytokines under control conditions. While all 

three embryonic germ layers utilize extracellular glutamine as the major carbon contributor to 

the TCA cycle, only certain lineages are dependent on glutamine. Specifically, during the 

formation of hPSC-derived embryoid bodies, endodermal/mesodermal cell potentiation is 

inhibited while ectodermal cell potentiation is slightly promoted by the lack of glutamine. This 

work initiated a fundamental question on whether glutamine availability is a core cell type-

specific requirement during early mammalian development. This research article was published 

as a Letter to the Editor in Cell Research in 2019 by the laboratory of Dr. Michael Teitell.  

 

Chapter 7 of the thesis elucidates the critical role of glutamine in the differentiation capacity, cell 

fate, and viability of all three germ layers. This work is the direct continuation of Chapter 6, 

enabling deeper insight into the distinct glutamine dependencies exhibited by each lineage cell 

type. In brief, endoderm/mesoderm cells are dependent on extracellular glutamine to provide 

the carbon skeleton for a-KG generation. While these cell types are capable of generating 

endogenous glutamine upon extracellular glutamine deprivation via GS, these levels are 

insufficient to support cell survival. In contrast, upon extracellular glutamine deprivation, 

ectoderm cells are capable of synthesizing sufficient intracellular glutamine levels to sustain 

glutamine-dependent mTORC1 signaling and enable ectoderm specification to occur. 

Importantly, these requirements are specific and irreplaceable by other mTORC1-sensed amino 

acids and/or glutamine-derived metabolites, clarifying core functions for non-metabolized 

nutrients in developmental regulation. This work was published as an Article in Developmental 

Cell in 2022 by the laboratory of Dr. Michael Teitell.  
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Pluripotent stem cells (PSCs) are highly proliferative cells
characterized by robust metabolic demands to power rapid divi-
sion. For many years considered a passive component or “pas-
senger” of cell-fate determination, cell metabolism is now start-
ing to take center stage as a driver of cell fate outcomes. This
review provides an update and analysis of our current under-
standing of PSC metabolism and its role in self-renewal, differ-
entiation, and somatic cell reprogramming to pluripotency.
Moreover, we present evidence on the active roles metabolism
plays in shaping the epigenome to influence patterns of gene
expression that may model key features of early embryonic
development.

Most investigators view metabolism, which encompasses the
synthesis and utilization of macromolecules and energy, as a
passive supporter of self-renewal and rapid proliferation in plu-
ripotent stem cells (PSCs)2 and their differentiated, slower
dividing progeny. However, exciting recent studies are chang-
ing this perception by showing an active role for metabolism in
PSC fate determination.

Metabolism in PSCs and somatic cells

Glycolysis and oxidative phosphorylation

Mammalian cells generate ATP by varying the ratios of gly-
colysis and oxidative phosphorylation (OXPHOS). Human and
mouse PSCs produce energy mainly by the enzymatic conver-
sion of glucose to lactate (1), which contrasts with resting

somatic body cells that favor OXPHOS (Fig. 1) (2–5). This dif-
ference persists for PSCs made from blastocysts or by somatic
cell reprogramming, independent of oxygen availability (6). We
interpret this energetic difference as a possible programmed
feature of cell state rather than a consequence of relative
hypoxia in earliest embryo development. Despite a markedly
lower ATP yield per glucose molecule, elevated glycolysis in
PSCs, also seen in rapidly dividing cancer cells (Warburg
effect), has several key advantages. Increased glycolytic flux
fuels the biosynthesis of nucleotides, lipids, and reducing equiv-
alents to support rapid cell replication. Maintaining embryonic
integrity, or genomic stability during embryonic development,
requires reducing genomic and mitochondrial DNA damage
and protein and lipid oxidation from reactive oxygen species
(ROS) produced by OXPHOS. A premium for embryonic integ-
rity is also manifest as heightened apoptosis sensitivity in early
embryos, germ cells, and PSCs (2, 7, 8). Favoring glycolysis
reduces ROS, which, along with augmented antioxidant mech-
anisms, supports PSC self-renewal until differentiation is trig-
gered with required OXPHOS and ROS elevations (9 –11).

Glutamine

Glutamine supports PSC survival and expansion by increas-
ing antioxidant GSH (4) and fueling mitochondrial energy
metabolism (12–14). Glutaminolysis generates tricarboxylic
acid (TCA) cycle substrates (12) and supports the mitochon-
drial inner membrane potential (!") required for PSC survival
(15). A paradoxically high !" in PSCs compared with PSC-
differentiated progeny cells (3, 16, 17), despite low OXPHOS in
PSCs, may arise from the hydrolysis of glycolytic ATP by com-
plex V ATP synthase. PSCs show low expression of inhibitory
factor 1, which prevents the ATP synthase from running as an
ATP hydrolase (2). Because low !" facilitates the induction of
apoptotic pathways, enhanced apoptotic sensitivity of PSCs
compared with PSC-differentiated progeny is surprising with
comparatively heightened !" in PSCs and requires further
study.

Lipids

Similar to rapidly dividing cancer cells and antigen-activated
lymphocytes, robust lipid biosynthesis occurs in PSCs to
replenish membranes and organelles (16). Lipid production
also supports somatic cell reprogramming to pluripotency (18,
19). Carbons for lipid building are siphoned from glycolysis and
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glutaminolysis biochemical pathways (12, 14). Indeed, lipid
anabolism promotes PSC identity, notably by regulating mito-
chondrial dynamics (see below).

Regulation of PSC metabolism

Core pluripotency transcription factors

In embryonic stem cells (ESCs), core pluripotency tran-
scription factors (CPTFs), such as OCT4, interact with the
promoters of genes encoding glycolytic enzymes hexokinase
2 and pyruvate kinase M2 (PKM2) to drive transcription and
augment glycolytic flux (5, 20, 21). Metabolic coordination
by CPTFs indicates an essential role for metabolism in
pluripotency.

Regulators of mitochondrial carbon routing

Uncoupling protein 2 (UCP2) is a mitochondrial inner mem-
brane protein expressed in PSCs that limits OXPHOS and ROS
production (2). Aberrant re-expression of UCP2 in many types
of cancer also inhibits OXPHOS to bias ATP production
toward aerobic glycolysis or “Warburg” metabolism (22). UCP2
functions as a carbon substrate transporter. In PSCs, UCP2
expels carbon 4 (C4) intermediate metabolites, including oxa-
loacetate, malate, and L-aspartate from the TCA cycle and
mitochondrial matrix, thereby reducing electron-donating
substrates for OXPHOS and ATP production (22). In cancer
cells, UCP2 conversely promotes the incorporation of carbons
from glutaminolysis into the TCA cycle. Recent studies also
show that glutamine supports the TCA cycle more robustly in
PSCs than in differentiated cardiomyocyte progeny cells (12).
Combined, these studies provide a model for PSCs in which

UCP2 routes glucose-derived carbons into cytosolic biosyn-
thetic pathways and glutamine-derived carbons into the TCA
cycle to maintain !" and low OXPHOS levels. This model is
supported by a study that shows glucose provides metabolites
only for the first steps (Ac-CoA, citrate, and cis-aconitate) of
the TCA cycle, whereas glutamine contributes metabolites to
later TCA cycle steps as an anapleurotic fuel (Fig. 2) (12).

Another potential carbon routing regulator in PSCs comes
from cancer metabolism studies. Cancer cells show robust glu-
cose import and augmented glycolysis to feed biosynthetic
reactions. This activity blocks pyruvate oxidation to CO2 in the
mitochondria by repression of the mitochondrial pyruvate car-
rier (MPC) genes, MPC1/2 (23). Pyruvate exclusion from mito-
chondrial oxidation may be a more general stem cell strategy
beyond cancer cells that requires further study. Supporting this
idea, repression of MPC levels occurs in intestinal and hair-
follicle adult stem cells, whereas MPC levels increase with dif-
ferentiation of intestinal crypt stem-like cells (24, 25).

Mitochondrial network

PSCs show punctate mitochondria with immature inner
membrane cristae and evidence of reduced functionality with
low OXPHOS (2, 4, 5) and ROS production (14, 26). A granular
mitochondrial morphology contrasts with elongated interlac-
ing mitochondrial networks in somatic cells and helps to sus-
tain CPTF expression and prevent expression of differentiation
genes (27). Conversely, the REX1 pluripotency-associated tran-
scription factor (TF) causes Ser-616 phosphorylation and acti-
vation of the mitochondrial fission regulator DRP1 by CDK1/
cyclin B (27). Also, repression of mitochondrial fusion proteins

Figure 1. Metabolic transitions between pluripotency and differentiation. The primed pluripotent state is characterized by elevated glycolysis, which
associates with a fragmented mitochondrial network. Glycolytic metabolism fuels rapid proliferation and self-renewal while maintaining molecular integrity
from decreased oxidative stress. PSC metabolism appears to favor a relatively high level of protein O-GlcNAcylated motifs, particularly on SOX2 and OCT4, that
are quickly erased upon differentiation. These modifications could also regulate other transcription factors and epigenome remodelers upon pluripotency exit.
During PSC-derived generation of somatic cells, such as cardiomyocytes, oxidative metabolism is up-regulated by mitochondrial dynamics via REX1 repression
and MFN2 and OPA1 expression. This supports efficient mitochondrial energy production at the expense of macromolecular biosynthesis. The consequence
of increased OXPHOS is increased ROS production and oxidative stress, which may serve regulatory roles in differentiation. Conversely, the reprogramming of
somatic cells toward pluripotency depends on an early glycolytic shift, and mitochondrial morphology remodeling facilitated by RAB32 kinase and lipid
biosynthesis induced FIS1 stabilization. The down-regulation of proteins driving MFN1/2 can promote a glycolytic shift through HIF1! stabilization.
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MFN1/2 during somatic cell reprogramming is linked to reduced
p53 expression and increased proliferation (26). Together, these
studies connect mitochondrial network dynamics with pluripo-
tency and proliferation in PSCs.

Mitochondrial dynamics regulators may influence PSC met-
abolic flux. A granular mitochondrial morphology supports
fatty acid (FA) biosynthesis and promotes glycolytic gene
expression (14). Studies show that mitochondrial fission with
an immature ultrastructure, rather than function of respiratory
chain complexes, supports a glycolytic preference (2, 4, 5). In
immortalized fibroblasts, mitochondrial dysfunction and a shift
to glycolysis occurs with mitochondrial fission factor overex-
pression (28). Additionally, MFN1/2 depletion can augment
the expression and stabilization of the glycolytic master up-reg-

ulator, hypoxia-inducible factor 1! (HIF1!) (26). These data
suggest that network regulators influence both the cell cycle
and metabolism in pluripotency. The potential for mitochon-
drial network morphology to affect the expression of cell fate
and metabolism genes requires further investigation. New
insights from recent studies on metabolic control of chromatin
structure and gene expression (detailed later) provide a poten-
tial mechanism for this connection.

Metabolism in pluripotent cell-fate transitions

Metabolic events during iPSC generation

Reprogramming somatic body cells to induced pluripotent
stem cells (iPSCs) is a model for cell-fate transitions. iPSC pro-

Figure 2. Influence of metabolism on the epigenome in the maintenance of pluripotency. Glycolytic flux regulates the NAD!/NADH ratio, which controls
the activities of sirtuin (SIRT) histone deacetylases. TCA cycle intermediates exported from the mitochondria include citrate and !-KG. Conversion of cytosolic
citrate to Ac-CoA provides a donor for HAT-mediated histone acetylation. !-KG is a cofactor for histone and DNA demethylation reactions by JHDM and TET
enzymes, respectively. By-products of glucose and glutamine catabolism supply reactants for O-GlcNAc modifications of epigenetic remodeling proteins
through the HBP. Highlighted in red, blue, and green are the metabolic pathways associated with pluripotency, their contribution to TCA cycle metabolite
production, and their subsequent influence on the epigenome (solid lines). Another potential mechanism for how metabolism can shape transcriptional
patterns could be by fueling HBP-derived O-GlcNAcylation of proteins driving epigenome remodeling (dashed line).
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duction provides insight for how metabolism governs pluripo-
tency and self-renewal or differentiation into highly specialized
and functional cell types. Stimulating glycolytic flux by modu-
lating pathway regulators or effectors promotes iPSC repro-
gramming efficiency, whereas impeding glycolysis has the
opposite effect (21, 29, 30). Transcriptome and proteome anal-
yses during reprogramming reveal metabolic roles in dediffer-
entiation. Changes in the expression of metabolic genes that
shift OXPHOS to glycolysis precede the induction of pluripo-
tency and self-renewal genes (21, 31–34). An early reprogram-
ming hyper-energetic state, partly mediated by estrogen-re-
lated nuclear receptors, shows elevated OXPHOS and
glycolysis, with increases in mitochondrial ATP production
proteins and antioxidant enzymes (32, 35, 36). An early burst in
OXPHOS increases ROS generation and leads to an increase in
nuclear factor (erythroid-derived 2)-like 2 (NRF2) activity,
which promotes a subsequent glycolytic shift through HIF acti-
vation (36). Together, these studies show a progression from a
hyper-energetic state to glycolysis during the conversion to
pluripotency.

Hypoxia-related pathways in PSC fate transitions

Inducing glycolysis and reducing OXPHOS by modulating
p53 and HIFs can influence somatic cell dedifferentiation. p53
inactivation (37–40) and HIF stabilization in low O2 tension
promote reprogramming efficiency (34, 41) and reversible plu-
ripotency re-entry during early differentiation (42). Early in
reprogramming, HIF1! and HIF2! are stabilized in normoxia
and are notably required for metabolic shift by facilitating the
expression of glycolysis-enforcing genes such as the pyruvate
dehydrogenase kinase 3 (34). However, enforced HIF2 stabili-
zation is deleterious during the last steps of iPSC generation by
inducing tumor necrosis factor–related apoptosis inducing
ligand (TRAIL) (34).

Conversely, HIFs and hypoxia-related pathways are also
effectors in driving early differentiation depending on environ-
mental context. For instance, hypoxia promotes PSC differen-
tiation into definitive endoderm and retinal or lung progenitors
(43, 44). In the context of neurogenesis, low O2 tension and
HIFs propel a neural fate at the expense of other germ lineages
in early differentiation of hPSCs. At later stages of neural spec-
ification from neural progenitor cells (NPCs), hypoxia pro-
motes glial rather than neuronal fate by an increase in regulat-
ing the activity of Lin28 (45). A synergistic combination of
HIF1! and Notch signaling promotes hiPSC-derived NPC dif-
ferentiation into astrocytes through DNA demethylation of the
glial fibrillary acidic protein– encoding gene (46). Overall, by
promoting glycolysis and changing epigenome modifications
associated with cell identity, HIF1! influences cell fate toward
either pluripotency or differentiation depending on the envi-
ronmental context. O2 tension is an environmental driver that
modifies metabolism to enable epigenome remodeling and
changes in gene expression to influence cell fate.

Lipid metabolism and mitochondrial dynamics in somatic cell
reprogramming

Compared with differentiated cells, iPSCs undergo rewiring
of energetic and biosynthetic programs as illustrated by the

reduction of mitochondrial oxidative stress pathways and rapid
lipogenesis (19). For instance, somatic cell reprogramming effi-
ciency is promoted by an increase in key lipogenic enzymes,
such as Ac-CoA carboxylase and FA synthase (18, 19).

The de novo FA biosynthesis controls reprogramming and plu-
ripotency through shifts in mitochondrial dynamics. Equilibrium
toward mitochondrial fission is driven by lipogenic enzyme
(ACC1) inhibition of mitochondrial fission factor (FIS1),
ubiquitin–proteasome degradation, and the lipid generation (14).
Mitochondrial dynamics is further supported by reduction of
MFN1/2 and an increase of the mitochondrial protein kinase
A–anchoring protein RAB32 involved in mitochondrial fission
synchronization (26, 47). Genetic or pharmacological perturba-
tion of MFN1/2 endorses HIF1! stabilization through ROS pro-
duction and promotes iPSC generation by indirectly favoring a
metabolic transition from OXPHOS to glycolysis (26, 48). These
findings hint at an interconnected mechanism triangulating lipid
metabolism, mitochondrial fission, and a metabolic shift to glycol-
ysis that favors the PSC state (Fig. 1).

Metabolism in pluripotency exit and early
differentiation

Metabolic remodeling during PSC differentiation

Spontaneous nondirected hPSC differentiation shows an oppo-
site metabolic shift compared with somatic cell reprogramming. A
gradual increase in lactate production associates with an increase
in O2 consumption, mitochondrial biogenesis, and ROS accumu-
lation (2, 11, 49). This progressive metabolic remodeling is partly
mediated by UCP2 repression, which enables complete mitochon-
drial oxidation of pyruvate leading to an increase in OXPHOS (2).
An increase in ROS is a direct consequence of increased OXPHOS
and is enforced by repression of major antioxidant defenses (11,
49), suggesting a role for oxidative stress in PSC differentiation.
Support for this idea comes from mouse ESC (mESC) cardiac dif-
ferentiation studies that show ROS augmentation through activa-
tion of mitogen-activated protein kinase (MAPK) signaling path-
ways (9, 10, 50). OXPHOS and ROS are also driven by proteins
orchestrating mitochondrial dynamics through REX1 repression
(27) and the requirement for MFN2 and OPA1 expression during
cardiomyocyte differentiation from mESCs (51).

Metabolites supporting pluripotency exit

Although PSCs and cancer cells have a shared metabolic hall-
mark, aerobic glycolysis or the Warburg effect, a unique mech-
anism for how this metabolic shift supports pluripotency exit
has recently been proposed. A critical point of divergence is
that PSCs strategically utilize glycolysis to produce both lactate
and cytosolic Ac-CoA by siphoning glucose-derived citrate
from the TCA cycle (Fig. 2). Inhibition or promotion of glyco-
lytic Ac-CoA enhances or delays differentiation, respectively,
suggesting that Ac-CoA has a key role during the glycolytic
switch in pluripotency exit (52). In PSCs, glycolytic Ac-CoA
production is through ATP citrate lyase enzyme activity and
may consequently fuel histone acetylation. However, in the 1st
h of spontaneous differentiation, repression of this enzyme may
assist exit-associated epigenome remodeling by reducing sub-
strate for histone acetylases (52).
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Metabolic shift kinetics linked with cell fate

In vitro modeling of embryonic tri-lineage differentiation
provides insight for metabolic events during early lineage com-
mitment. Substantially diminished glycolytic flux does not
occur for all lineages. Sustained high aerobic glycolytic flux is
necessary for early ectoderm lineage commitment and expres-
sion of ectoderm-specific differentiation genes (53). Con-
versely, a metabolic shift toward OXPHOS has recently been
observed in early mesoderm and endoderm lineage cells and is
consistent with an elevated OXPHOS requirement for PSC
generation of cardiomyocytes (54). The utilization of other car-
bon sources and pathway fluxes beyond glucose in early fate
outcome remains unexplored.

Hexosamine biosynthesis and fate transitions

The hexosamine biosynthesis pathway (HBP) is a nutrient-
sensing pathway that depends on glucose, glutamine, and cyto-
solic Ac-CoA levels (Fig. 2). HBP branches from glycolysis to
produce UDP-GlcNAc as an end product. UDP-GlcNAc is a
substrate of O-GlcNAc transferase (OGT) for post-transla-
tional protein modification by O-GlcNAcylation with addition
of O-linked !-D-GlcNAc (O-GlcNAc). The removal of
O-GlcNAc by O-GlcNAcase (OGA) counteracts OGT activity,
and this dynamic cycling of protein GlcNAcylation regulates
numerous cell processes such as cell cycle, signaling pathways,
transcription, and organelle and chromatin dynamics (55).

During development and general differentiation processes,
GlcNAcylation is implicated in the regulation of pluripotency
and gene silencing (56 –62). Manipulation of O-GlcNAcylation

to elevate O-GlcNAc motifs delays mESC differentiation and
subsequent generation of cardiomyocytes (56 –61). Conversely,
a decrease in O-GlcNAcylation disrupts self-renewal and
reprogramming (57) but promotes differentiation in neuronal
cells (63–65). Moreover, CPTFs such as OCT4 and SOX2 har-
bor an O-GlcNAcylation motif that is quickly erased upon dif-
ferentiation (57). Together, these studies suggest that a high
rate of O-GlcNAcylation is involved in the maintenance and
acquisition of pluripotency, whereas its reduction is linked to
pluripotency exit and differentiation. Elevated glucose, gluta-
mine, and Ac-CoA production in PSCs could support enhanced
HBP flux to provide substrate for OGT (Fig. 3). CPTF promoter
occupancy at the OGA-encoding gene (66, 67) implies a role for
protein O-GlcNAcylation dynamics in pluripotency. This sug-
gestion is supported by in vivo studies showing roles for OGT
and OGA during embryogenesis (68 –70). Remarkably, high-
level O-GlcNAcylation was linked with perturbation in glucose
homeostasis and neural tube defects in the fetus of diabetic
mice (71). Thus, HBP constitutes a direct link between metab-
olism and protein O-GlcNAcylation, with a suggested role in
regulating pluripotency dynamics and cell-fate acquisition by
regulating TFs and the epigenome remodeling machinery, but
this idea requires further study.

Metabolism modulates epigenetic remodeling

Metabolism has key roles for inducing, maintaining, and
exiting pluripotency. It is remarkable that major metabolic
pathways can influence the activity of multiple epigenome-

Figure 3. Nutrient-sensing HBP regulates pluripotency and differentiation. A branch of glycolysis fuels the HBP to produce UDP-GlcNAc. Pathway flux
depends on levels of macromolecular metabolism, including carbohydrate, lipid, nucleotide, and amino acid biosynthesis. UDP-GlcNAc is a key intermediate
for post-translational modification of Ser and Thr residues. The catalytic activity of OGT and OGA determines the level of protein O-GlcNAcylation. This
modification influences pluripotency and differentiation gene networks via transcriptional and epigenetic machinery.
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modifying enzymes, providing an exciting potential connection
to cell-fate plasticity.

TCA cycle– derived metabolites

hPSCs produce cytosolic Ac-CoA from glycolysis, but rap-
idly lose this activity in early differentiation, which parallels
reduced histone acetylation and expression of pluripotency
markers coinciding with the expression of early differentiation
genes (52). The simultaneous occurrence of these temporal
events suggests that a metabolic shift could drive changes in
gene expression patterns and cell fate by modulating histone
acetylation. A complementary question could be whether
metabolism also affects the dynamics of epigenome methyla-
tion. One possible connection could be via the TCA cycle
metabolites !-ketoglutarate (!-KG) and succinate, respective
cofactor and inhibitor for epigenome demethylase remodeling
enzymes. !-KG, made from either glucose or glutamine, is a
cofactor for Jumonji C-domain containing histone demethyl-
ases (JHDM) and ten-eleven–translocase (TET) DNA demeth-
ylases that sustain the naïve pluripotent state in mESCs (72).
Yet, in the context of early differentiation, increased !-KG lev-
els enhance ectoderm lineage commitment (73), suggesting
that metabolism influences chromatin dynamics contextually
in pluripotency maintenance or exit.

O-GlcNAcylation

HBP is another potential link between metabolism and epig-
enome remodeling (Fig. 2). OGT influences DNA methylation
and histone modifications by regulating the stabilization, local-
ization, or substrate specificity for specific sets of genes. OGT
modifies the epigenome machinery, including TET family
enzymes and polycomb group proteins, which are transcrip-
tional repressors that regulate gene expression patterns during
embryonic development and differentiation (59). In ESCs, by
physically interacting with these proteins, OGT is directed
toward the chromatin to influence histone methylation, includ-
ing H3K4 tri-methylation (H3K4me3), DNA methylation
through TET1 interactions, and recruitment of TFs to specific
target genes (56 –61). Enriched GlcNAc motifs in the catalytic
subunit of polycomb complex PRC1 represses neural differ-
entiation genes, whereas this motif is absent on stemness-
associated genes, including cell cycle genes (74). Moreover,
O-GlcNAcylation may be implicated in neural and neuronal
cell-fate determination through epigenetic modulation by the
association of OGT with TET3, resulting in recruitment of
NeuroD1 to brain-specific target genes (64). O-GlcNAcylation
modifications appear to influence the determination of specific
neuronal identity. During mESC differentiation, OGA co-local-
izes with the histone acetyltransferase p300 on the neuropep-
tide-encoding gene orexin in orexin neurons, whereas OGT
co-localizes with histone deacetylase sirtuin 1 (SIRT1) in non-
orexin-expressing cells (65). Because of the direct link between
HBP and O-GlcNAcylation, we propose that metabolic fluctu-
ations induced by specific microenvironmental differentiation
drivers, such as hypoxia, could participate in establishing dis-
tinct epigenome patterns associated with cell fate and function
acquisitions and maintenance.

S-Adenosylmethionine (SAM)

Methyltransferases for histones and DNA depend on the lev-
els of SAM and threonine, which are required for pluripotency.
Extracellular threonine in mESCs or methionine in hPSCs are
the only amino acids critical for pluripotency and used for SAM
production (75, 76). PSCs use internal regulatory systems to
maintain intracellular SAM levels that involve p53 and p38 cell
cycle and apoptosis regulators (8, 76). mESCs or hPSCs grown
in reduced threonine/methionine show spontaneous differen-
tiation and slowed growth (82, 83). Threonine depletion
decreases SAM production and influences H3K4me3 levels,
suggesting a possible mechanism for how threonine and SAM
levels regulate pluripotent cell fate (75).

Ascorbate

Another regulator of histone modifications is ascorbate, the
principal form of vitamin C at physiological pH. Ascorbate is an
epigenomic regulator of DNA methylation and a modulator of
iPSC reprogramming efficiency (77, 78). It is also a cofactor for
TET enzymes that catalyze the oxidation of 5-methylcytosine
to 5-hydroxymethylcytosine. By contributing to the demethyl-
ation of both DNA and histones, ascorbate appears to augment
the erasure of epigenetic memory, and in this manner, it
enhances stem cell reprogramming (77). Increased ascorbate
enhances iPSC generation, which parallels TET1 deficiency in
improving reprogramming efficiency. Conversely, TET1 over-
expression impairs reprogramming (76). Although TET1 in the
absence of ascorbate remains functional, the addition of ascor-
bate is critical for the epithelial-to-mesenchymal transition
during reprogramming to pluripotency (79).

NAD

Cellular NAD level is directly impacted by the metabolic
state,suchasglycolyticflux,andregulatestheactivityofNAD!-de-
pendent histone deacetylase sirtuins (Fig. 2), including SIRT1,
which is induced in hPSCs (80). SIRT1 controls cell fate by
regulating p53-dependent homeobox protein transcription fac-
tor NANOG (homeobox protein transcription factor) expres-
sion and transcriptional repression of differentiation genes in
hPSCs (8, 80, 81). During hESC differentiation, SIRT1 is
repressed, leading to acetylation and reactivation of multiple
differentiation genes, including PAX6, TBX3, and DLL (80).
Further investigations are required to understand how distinct
metabolic shifts during cell-fate conversions influence the
NAD!/NADH ratio and, subsequently, how NAD levels impact
histone acetylation remodeling events specifically through sir-
tuin activities.

Metabolism in naïve and primed pluripotency

The pre-implantation blastocyst retains a developmentally
unrestricted cell population that differs from its post-implan-
tation counterpart (82). Although the inner cell mass of pre-
and post-implantation blastocysts yields ESCs for growth in
vitro (83, 84), pre-implantation ESCs exist in a naïve or ground
pluripotent state, whereas post-implantation ESCs exist in a
primed state. Naïve PSCs introduced in the pre-implantation
blastocyst can contribute to a chimeric mouse (85), whereas
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primed PSCs cannot, discerning their distinct developmental
potential. Another distinguishing characteristic between these
two PSC states is how metabolism fuels the requirements for
self-renewal and proliferation. Pre-implantation blastocyst-de-
rived naïve PSCs utilize glycolysis and OXPHOS and then tran-
sition to glycolysis dependence in the primed state, despite hav-
ing functionally mature mitochondria (86). The coordination of
TFs Zic3 and Esrrb regulates bivalent metabolism observed in
naïve PSCs (87). Naïve PSCs also have a greater glycolytic out-
put compared with primed PSCs (88). Yet, different patterns of
glycolysis and OXPHOS could play additional roles beyond
supporting higher proliferation in naïve ESCs (89, 90). For
instance, an open question is whether dissimilar metabolic pro-
files between primed and naïve PSCs is implicated in distinct
transcriptional patterns and chromatin organization, ulti-
mately influencing respective developmental potentials. This
issue will most likely be a relevant topic in the coming years for
the field, as illustrated by the studies conveyed below.

Metabolism and the naïve PSC epigenome

Naïve and primed PSCs show structural changes in chroma-
tin structure, including histone and DNA modifications, that
have functional consequences in regard to developmental
potential through TF expression and suppression of lineage-
restrictive genes (91). Although naïve hESCs with properties
similar to mESCs have been claimed (85, 89, 90, 92), these cells
show some differences in pluripotency markers and functions
that probably require more optimized culture and nutrient
conditions to improve consistency between species. There is
increasing evidence for interactions between the metabolome
and epigenome to sustain a global hypo-methylated profile
associated with naïve PSCs (93). Mechanistically, glucose- and
glutamine-derived TCA cycle metabolite !-KG, acting as a
cofactor for JHMD and TET proteins (Fig. 2), sustains the naïve
state in mESCs by global hypo-methylation (72). Additionally,
as mentioned previously, HBP couples macromolecular metab-
olism to O-GlcNAc modifications in proteins, including epige-
netic modifiers (Fig. 3) (94). Cycling of these post-translational
modifications by OGT and OGA are required for naïve and
primed state induction, maintenance, and differentiation (56,
95). OGT interacts with TET1 enzymes preferentially at tran-
scription start sites, thereby influencing gene expression (58).
This may implicate OGT in globally regulating the DNA hypo-
methylation profile in naïve compared with primed PSCs. As
such, the O-GlcNAcylation cycle could have a role in the
observed differences of X-chromosome inactivation in primed
state female ESCs (97). Thus, a potential link between OGT and
X-chromosome inactivation may have functional relevance in
the context of naïve and primed PSCs (94).

Moreover, naïve to primed epigenetic transitions are partly
mediated by nicotinamide N-methyltransferase (NNMT),
which decreases H3K27me3. By consuming SAM and up-reg-
ulating Wnt signaling, NNMT prevents histone methylation in
the naïve state (98). In addition to the role of ascorbate in repro-
gramming (84, 85), a combination of ascorbate and retinol has
been shown to enhance naïve state acquisition by increasing
TET expression and catalysis (99). In contrast, high ratios of
L-proline to ascorbate prevents naïve state maintenance,

although the mechanism(s) by which L-proline induces epige-
netic changes has yet to be elucidated (96). Collectively, these
studies suggest a role for metabolism in influencing naïve versus
primed pluripotency dynamics by facilitating chromatin
remodeling through multiple specific metabolites.

Conclusions

Accumulating evidence illustrates the influence of metabo-
lism on differentiation plasticity by regulating the epigenetic
machinery. Our current understanding provides a foundation
for further investigations into links between environmental
stimuli and subsequent metabolic adaptations that orchestrate
epigenome remodeling events, which ultimately drive cell fate.
A key open question is what recruits epigenome remodelers,
co-factors, and substrates to specific loci to influence patterns
of pluripotent and somatic cell gene expression. Here, we sug-
gest that HBP may have a role by acting at crucial nodes con-
necting metabolism and epigenome remodeling. Answers to
fundamental questions raised here will provide a deeper basis
for generating safe and accessible PSC-derived cells for use in
regenerative medicine, disease modeling, and drug screening
applications in the future.
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Emerging and seminal studies have shown that cell metabolism influences gene expression bymodifying the
epigenome, which can regulate stem cell pluripotency, differentiation, and somatic cell reprogramming. Core
pluripotency factors and developmental regulators reciprocally control the expression of key metabolism
genes and their encoded pathways. Recent technological advances enabling sensitive detection methods
during early mammalian development revealed the state-specific and context-dependent coordination of
signal transduction, histone modifications, and gene expression in developing, resting, and malnourished
embryos. Here, we discuss metabolism as a potential driver of earliest cell fate through its influence on
the epigenome and gene expression in embryos and their in vitro surrogate pluripotent stem cells.

Introduction
In its broadest sense, cellular metabolism is a dynamic orches-
tration of interconnected signaling networks involving the
coordination of nutrient utilization to generate energy (ATP) and
biomass as well as energy consumption and biomass removal
and recycling. The importance of cell metabolism is straightfor-
ward in certain contexts, such as building biomass for cell
proliferation, compared with less obvious contexts, such as
during cell-state transitions driven by epigenetic remodeling
and specific gene activation or suppression. There is rapidly
accumulating evidence for extensive, interdependent interac-
tions between metabolism and epigenetics in cancerous trans-
formation (Kinnaird et al., 2016), immune system activation and
silencing (Raghuraman et al., 2016), and now stem cell mainte-
nance and differentiation (Ryall et al., 2015). A robust example
of concurrent changes in epigenome remodeling and cell prolif-
eration occurs during early mammalian embryo development.
Blastomeres formed by cleavage divisions do not grow and
show minimal gene expression, which suddenly transitions
to re-setting of the chromatin structure, massive genome tran-
scription, protein translation, and increased cell proliferation
following zygotic genome activation (ZGA) (Jukam et al., 2017).
After ZGA, additional changes in epigenetic and gene expression
programs occur during pre- and post-implantation embryonic
development.

Pluripotent stem cells (PSCs) model cells from pre- and post-
implantation embryos and grow indefinitely in culture. They have

garnered tremendous attention because of multiple potential ap-
plications. Biochemical, molecular, and functional features of
PSCs, including metabolism, are being intensively studied. Sim-
ilarities and distinctions between PSC metabolism and meta-
bolic features from early-stage embryos reported more than 40
years ago are being revisited today with newer, small sample
techniques (Leese, 2012). This re-examination has practical con-
sequences as investigators attempt to identify optimal ex vivo
conditions for generating mature and functional cell types from
PSC differentiation protocols.
In contrast to 40 years ago, today there are several types

of cultured mammalian PSCs with differing developmental po-
tential that resemble cells at different stages of early embryo
development. ‘‘Naive’’-state PSCs functionally resemble the
pre-implantation blastocyst inner cell mass with differentiation
potential for all three germ layers and primordial germ cells.
‘‘Primed’’-state PSCs (Tesar et al., 2007; Brons et al., 2007)
resemble post-implantation epiblast cells that have a low capac-
ity to contribute to embryonic chimeras and a low competence
for germline differentiation (Weinberger et al., 2016). ‘‘Extended’’
PSCs can form both embryonic and extraembryonic tissues,
reminiscent of early blastomeres (Yang et al., 2017). A key chal-
lenge for studying early embryos are small sample sizes with
limited starting materials. Fortunately, technological advances
are beginning to provide versatile omics tools that can analyze
the molecular features of small samples directly from early em-
bryos (Lu et al., 2016; Wu et al., 2016; Xue et al., 2013). Profiling
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studies are starting to reveal that metabolic programs are regu-
lated by stage-specific transcription factors or other types of
regulators and also that, reciprocally, metabolism may promote
fate regulator expression in humans and mice. This new insight
helps integrate metabolic patterns with upstream regulatory cir-
cuits and uncovers potential causal roles for specific aspects of
metabolism that confer downstream cell-fate determination.
Beyond development, epidemiologic studies on the pathological
effects of parental and fetal malnutrition are increasingly being
explored using small animal models (Sharma and Rando,
2017). It is possible that understanding metabolism in early
development will uncover mechanisms for diseases with embry-
onic origins and also linked malnutrition causes. In this Review,
we evaluate, interpret, and discuss recent metabolic findings
for embryos and for in vitro surrogate cultured PSCs. We further
assess the current state of integration of metabolism into the
PSC regulatory circuitry and its potential impact on cell fate
with implications for malnutrition in embryo development and
causal connections to adult diseases.

Metabolic Features of PSCs
Embryonic stem cells (ESCs) or induced pluripotent stem cells
(iPSCs), collectively referred to as PSCs, are the most accessible
cell types to studymetabolic events in early mammalian develop-
ment. Although valuable, PSC studies, nevertheless, may or may
not represent the intrinsic metabolic features of their in vivo coun-
terparts, as PSCs may acquire unique metabolic features to sup-
port infinite self-renewal in several types of culture conditions
(Tang et al., 2010). A decade ago, studies began revealing unique
patterns of cellular metabolism during PSC differentiation (Chung
et al., 2007), during reprogramming to pluripotency (Folmes et al.,
2011), and in naive-versus primed-state PSCs (Zhou et al., 2012).
Combined, these studies showed a link between metabolic pat-
terns and the loss, gain, or maintenance of PSC pluripotency.
In general, PSCs exhibit a high glycolytic flux to support high

energy and biosynthetic demands during rapid proliferation
(Folmes et al., 2011; Zhang et al., 2011). Thesemetabolic features
are also reacquired during nucleus reprogramming of somatic
cells to iPSCs prior to the induction of pluripotency gene expres-
sion (Folmes et al., 2011; Kida et al., 2015). Robust metabolism in
PSCs supports proliferation andmetabolite production for epige-
nome modifications, as, for example, acetyl-CoA produced by
glycolysis maintains histone acetylation and pluripotency (Mous-
saieff et al., 2015). Naive—or more primitive—and primed—or
developmentally more advanced—stages of pluripotency have
been defined for mouse PSCs. Naive PSCs and primed epiblast
stem cells (EpiSCs) are both metabolically active, but naive
PSCs respire more than primed EpiSCs (Zhou et al., 2012), which
has been reviewed in detail previously (Teslaa and Teitell, 2015).
This metabolic pattern could support the production of the TCA
cycle intermediates for amino acid biosynthesis and the mito-
chondrial folate cycle for nucleotide biosynthesis. Higher oxygen
consumption through respiration is consistent with a slightly
lower proliferation rate for naive PSCs because nutrient carbons
may be lost as CO2 to lessen the rate of biomass accumulation
required for cell replication. Differences in mitochondrial meta-
bolism between naive and primed PSCs likely foster large epige-
nome differences, such as global hypomethylation in naive PSCs
and hypermethylation in primed PSCs, because metabolites

serve as co-factors or substrates for epigenome-modifying en-
zymes, as discussed below. Clearly, there are additional effects
from active mitochondria in naive PSCs that need further study
and that go beyond support for growth and proliferation. Finally,
recent work has also begun to examine metabolic remodeling
linked to lineage-specific differentiation, which has refined the
concept that differentiation from pluripotency always requires a
shift fromglycolytic to oxidativemetabolism. Sustained high-level
glycolysis without an oxidative shift through maintained expres-
sion of MYC/MYCN during ectoderm lineage differentiation con-
trasts with a shift to oxidative metabolism and MYC/MYCN
repression for mesoderm and endoderm lineage differentiation
(Cliff et al., 2017).

Metabolism in Early Mammalian Embryos
In contrast to our increasing knowledge of cell metabolism in
easily expandable PSCs, our understanding of metabolism in
early mammalian embryos remains rudimentary and mostly
based on whole-embryo nutritional needs (Brown and Whitting-
ham, 1991), metabolic activities (Acton et al., 2004; Houghton
et al., 1996), and the abundance of certain metabolites in whole
embryos (Barbehenn et al., 1978). Few studies have dissected
embryonic metabolism with spatial or temporal resolution or by
specific cell types, such as differences and similarities between
trophectoderm and the blastocyst inner cell mass (Gopichan-
dran and Leese, 2003; Houghton, 2006; Robinson and Benos,
1991). Cultured PSCs are likely imperfect surrogates for in vivo
counterparts within a developing embryo becausemicroenviron-
ment differences may cause variation in metabolism gene
expression (Tang et al., 2010), which limits our extrapolation of
in vitro PSC results. New transcriptome profiling studies of indi-
vidual cells from each stage of early embryo development and
each lineage within an embryo are providing expression data
for all genes, including metabolism-regulating genes. Concur-
rently, new epigenome profiling studies requiring just a few cells
(Liu et al., 2016; Zhang et al., 2016a) are providing potential
mechanistic data for metabolism gene regulation and perhaps
how certain environmental insults influence the epigenome at
the earliest stages in mammalian development. A missing
component for profiling technologies applied to embryogenesis
is the metabolome, as current metabolomics and metabolic flux
studies remain challenging for small numbers of cells.
Recent transcriptome and epigenome profiling has revealed

clues for changes in metabolism during certain stages of early
embryo development (Figure 1). Two studies examining single-
cell RNA transcriptomes of mouse and human pre-implantation
embryos showed the induction of genes controlling OXPHOS
during the blastocyst stage of development (Yan et al., 2013;
Xue et al., 2013). These results agree with prior studies that
showed blastocysts consuming high levels of oxygen, most
likely through mitochondrial respiration (Houghton et al., 1996;
Leese, 2012). They also align well with naive PSCs that resemble
pre-implantation epiblast cells (Boroviak et al., 2015) showing
active respiration (Zhou et al., 2012). Open questions include
which signals, epigenome modifications, and transcription fac-
tors activate expression and translation of OXPHOS genes.
Also, what are the carbon fuel sources for the TCA cycle and
respiration, and in what way(s) does respiration support the blas-
tocyst and other early stages?
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Transcriptome studies of mammalian diapause embryos, and
embryos deficient in mTOR or MYC that resemble diapause (Bu-
lut-Karslioglu et al., 2016; Scognamiglio et al., 2016; Boroviak
et al., 2015), are providing new connections betweenmetabolism
and thisphysiologicdormant reproductive state.NaiveESCsdefi-
cient in both c-Myc and N-Myc enter a quiescent state with a
strong reduction in protein and nucleic acid biosynthesis, similar
to inhibition of MYC in blastocysts, which also induces a dormant
state with reduced protein biosynthesis (Scognamiglio et al.,
2016). Inhibition of mTOR in ESCs caused global transcription
repression, and inhibition of mTOR in blastocysts led to paused
embryodevelopment, similar tomammalian diapause (Bulut-Kar-
slioglu et al., 2016). Diapause embryos, with lower expression of
c-Myc and N-Myc (Scognamiglio et al., 2016), maintain naive
epiblast gene expressionpatterns and also show lowered expres-
sion of glycolytic genes and serine metabolism genes, such as
Aldoa and Phgdh (Boroviak et al., 2015). Upstream inhibition of
the one-carbon serine metabolism pathwaymight account for re-
ductions in nucleotide biosynthesis, DNA/RNA metabolism, and
lower proliferation in diapause (Locasale, 2013; Yang and Vous-
den, 2016). Whether diapause also induces other one-carbon
metabolism changes, such as in S-adenosylmethionine (SAM)
production that could alter the methylation state of the epige-
nome, or changes in the cellular redox state mediated by gluta-
thione is currently unknown. An additional regulator of pluripo-
tency, LIN28, is an intermediate in the MYC to mTOR pathway.
LIN28 expression can be induced by c-MYC (Chang et al., 2009)
and is co-regulated by ERK/MEK signaling as both c-MYC and
LIN28Aproteins are phosphorylated and stabilized by ERK (Sears
et al., 2000; Tsanov et al., 2017). LIN28 also influences mTOR
signaling by targeting IGF/PI3K/mTOR signaling pathway mem-
bers through let-7 in mouse embryonic fibroblasts (Zhu et al.,
2011). Depletion of LIN28 in mouse ESCs also reduces one-car-
bon metabolism and nucleotide biosynthesis (Zhang et al.,
2016b), similar to MYC-depleted ESCs or mTOR-suppressed
ESCs. LIN28 suppression in mouse zygotes arrests development
between two-cell and four-cell stages (Vogt et al., 2012), which is

reminiscent of MYC or mTOR deficiency-caused embryo devel-
opmental dormancy. Whether this arrested transition is due to a
metabolic deficiency alone, other gene regulatory network alter-
ation, or both causes is currently unknown.
Remarkably, a subset of TCA cycle enzymes transiently local-

izes in the nucleus at the two-cell embryo stage in mice and be-
tween four- and eight-cell stages in human development, coinci-
dent with ZGA for each species, and seems to be critical for
ongoing development (Nagaraj et al., 2017). Pyruvate is a
nutrient that is required to support the one-cell-to-morula transi-
tion in mice prior to glucose becoming an essential nutrient
(Brown and Whittingham, 1991). Interestingly, the nucleus local-
ization of several TCA enzymes during the two-cell stage of
development in mice is pyruvate dependent. Lack of pyruvate
in the media of cultured mouse zygotes led to a two-cell stage
arrest and a reduction in citrate and a-ketoglutarate (aKG), along
with reduced H3K4Ac, H3K27Ac, and H3K27me3 epigenome
marks and decreased global transcription activity. These data
provide evidence for a specialized nucleus metabolic program
during ZGA that is required for gene activation, likely through
changes in the epigenome. The relationship between this meta-
bolic program and waves of transcriptional activity during ZGA is
currently unknown (Jukam et al., 2017).

Pluripotency Circuitry and the Metabolic Network
Distinct patterns of metabolic activity associate with specific
developmental stages and cell fates. This correlation suggests
probable integration between the circuitry that controls pluripo-
tency and early development and the regulation of metabolic
gene expression and function (Figure 2). Accumulating evidence
from PSC studies supports this suggestion. For example, to
maintain or induce pluripotency, developmentally activated
c-Myc directly trans-activates glycolysis genes (Folmes et al.,
2013; Cao et al., 2015). Also, development factor LIN28 regu-
lates glycolysis by repressing let-7, which targets the glycolysis
enzyme Pdk1 (Ma et al., 2014) and influences OXPHOS gene
expression through post-translational mechanisms in mouse

Figure 1. Dynamic Gene and Metabolic Regulation during Early Mouse Embryo Development
The nutrient pyruvate supports the one-cell-to-morula transition inmice prior to glucose becoming an essential nutrient. Enzymatically active PDH and a subset of
the TCA cycle enzymes transiently localize into the nucleus at the two-cell stage in mice and between four- and eight-cell stages in human development,
coincident with ZGA for each species. Mitochondrial respiration activates during the mouse blastocyst stage and inactivates after implantation, around the same
time blastocyst epiblast activation of OXPHOS genes occurs as revealed by transcriptome profiling, and is consistent with high mitochondrial activity in cultured
naive-versus primed-state PSCs. PDH, pyruvate dehydrogenase; ZGA, zygotic gene activation.
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ESCs (Zhang et al., 2016b). Pluripotency-associated mir-290
cluster microRNAs in mouse ESCs activate glycolysis by repres-
sing a reader for methylated CpG dinucleotides, MBD2, which
represses c-Myc directly and glycolysis genes Pkm2 and Ldha
(Cao et al., 2015). The transcription factor ERR, which is a co-
factor of PGC-1a that is transiently induced by somatic cell re-
programming with OSKM factors, generates a burst of OXPHOS
activity at day 3 or 5 of mouse and human reprogramming,
respectively (Kida et al., 2015). Finally, a serine metabolism
gene, Psat1, is trans-activated by core pluripotency factors
Oct4/Sox2/Nanog and mediates the production and effects of
aKG on mouse ESC differentiation (Hwang et al., 2016). Com-
bined, the evidence is strong and mounting that pluripotency
and development factors coordinately regulate metabolic gene
expression and activity in early mammalian development.
A transition between mouse PSC naive and primed states en-

gages development factors Stat3, Esrrb, Zic3, and Lin28a/b and
provides new details for how the metabolic network of these two
pluripotent stages is regulated by this circuitry (Figure jFig. 2)
(Sone et al., 2017; Zhang et al., 2016b; Carbognin et al., 2016).
For naive-state PSCs, Stat3 sustains the nucleus naive gene
expression profile and also interacts with the mitochondrial
genome to activate genes promoting respiration (Carbognin
et al., 2016). Esrrb induces OXPHOS through an unknownmech-
anism during the primed-to-naive-state transition, and it has a
similar function during somatic cell reprogramming to pluripo-
tency (Sone et al., 2017). Esrrb and Zic3 synergistically enhance
glycolysis during iPSC generation, and they combine to maintain
pluripotency through direct binding of glycolysis promoting
genes. Conversely, Lin28a/b represses OXPHOS to support
state conversion in the opposite direction from the naive to
primed state (Zhang et al., 2016b), and Zic3 alone can repress
OXPHOS and activate glycolysis to help establish the primed-

state metabolic profile (Sone et al., 2017). Collectively, these re-
ports show that key metabolic parameters are controlled by
state-specific pluripotency and development factors, strongly
suggesting that metabolism has an active, required role in
shaping different pluripotent states.

Towhat Extent CanMetabolism Influence PSC and Early
Embryo Fates?
Changes in metabolism could passively participate in PSC and
early embryo fate determination driven by other regulatory fac-
tors, or they could help shape and even control fate outcomes
(Zhang et al., 2012). Accumulating data strongly suggest an
active role for metabolism in early cell-fate determination. Fate-
influencing mechanisms are centered on several key meta-
bolism-regulating signal transduction pathways, such as
AMPK/mTOR (Bulut-Karslioglu et al., 2016), and intermediate
metabolites, such as aKG, SAM, and acetyl-CoA (Ryall et al.,
2015) (Figure 3). Changes in bioenergetics or nutrient availability
resulting in a high ADP/ATP ratio inactivates the AMPK/mTOR
pathway, as do mTOR inhibitors, and consequently stalls devel-
opment similar to the physiologic diapause in rodent embryos
(Bulut-Karslioglu et al., 2016). Additionally, AMPK/mTOR
pathway activity is also required for post-implantation prolifera-
tion of embryonic and extraembryonic cells in vivo (Murakami
et al., 2004). The TCA cycle metabolite aKG is a required co-fac-
tor for dioxygenase enzymes that include the Jumonji C (JmjC)-
domain-containing histone demethylases (JHDMs) and Ten-
eleven translocation (TET) DNA methylcytosine hydroxylases.
aKG levels impact histoneH3K9m3andH3K27m3marks to facil-
itate cell-fate outcomes between LIF/2i naive-state PSCs and a
LIF/serummetastable PSC state (Carey et al., 2015) or FGF2/Ac-
tivin-induced primed PSC state (Zhang et al., 2016b). aKG levels
can also promote PSC differentiation through altering histone

Figure 2. Glucose and One-Carbon Metabolic Pathways Regulated by Pluripotency and Early Development Factors
Naive PSC factor ESRRB activates mitochondrial OXPHOS, and STAT3 binds to the mitochondrial genome to enhance oxidativemetabolism. Primed PSC factor
LIN28 coordinates with let-7 to enhance glycolysis and repress OXPHOS. Pluripotency core factors OCT4, NANOG, and SOX2 bind the serine metabolism Psat1
gene promoter to activate transcription and influence mouse ESC differentiation. Nuclear factor ESRRB activates OXPHOS and c-MYC activates glycolysis at
early stages of somatic cell reprogramming to iPSCs to pre-set the metabolism program before induction of pluripotency gene expression. MYC and mTOR are
required for anabolic metabolism in mouse ESCs and embryos, with loss of mTOR and MYC generating a dormant state that resembles reproductive diapause
and maintains features of naive pluripotency. In the diagram, orange-colored objects are regulators associated with naive-state metabolism. Blue-colored
objects depict regulators that, upon depletion, may confer mouse ESCs’ naive-like state features. Gray-colored objects indicate regulators related tometabolism
in maintenance of general pluripotency, differentiation, and reprogramming.
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andDNAmethylation levels in spontaneousmouse ESCdifferen-
tiation (Hwanget al., 2016) and in directed humanneuroectoderm
differentiation (TeSlaa et al., 2016) even though the mechanisms
of aKG production may vary in different cell contexts. Levels of
the one-carbon metabolism pathway metabolite SAM influence
H3K4me3 levels in mouse ESCs (Shyh-Chang et al., 2013) and
in humanESCs (Shiraki et al., 2014). Acetyl-CoAproducedduring
glycolysis affects histone acetylation and gene expression in
both human and mouse ESCs, and modulation of acetyl-CoA
levels either by inhibiting glycolysis enzymes or by supplement-
ing acetate influences PSC pluripotency versus differentiation
fates (Moussaieff et al., 2015). Key metabolites, including those
that are produced intracellularly or those that are imported from
the microenvironment or culture media, can substantially influ-
ence histone and/or DNA epigenetic marks. Nevertheless, our
current understanding of how metabolic pathways influence
cell fate is complicated by two unresolved challenges. One chal-
lenge is to provide evidence that the physiologic fluctuation of
metabolite levels can cause significant changes of global or local
chromatin modifications. Another challenge is to provide evi-
dence that metabolism-mediated epigenetic changes can trans-
late to specific changes in gene expression that are causal for
cell-fate outcomes, which is briefly discussed below.

Interpreting the Influence ofMetabolites on Epigenetics
and Cell Fate
Studies to date provide relatively consistent and reinforcing data
for interconnections between metabolite levels, epigenetic alter-
ations, and fate outcomes for PSCs without resolving questions
of specificity and causality.Which chromatinmodifications during
embryo development arise from differences in which metabo-
lites? Which genes affected by metabolism-mediated changes
inhistoneand/orDNAmodificationsare involved incell-fatedeter-
mination? Reporting correlations between metabolic rewiring,
epigeneticmodifications, geneexpression, andcell fate is the sta-
tus quo, and definitive studies showing that metabolism influ-
ences PSC fate through epigenetic alterations are still lacking.
Direct evidence for causal connections and molecular mecha-

Figure 3. Reported Intermediate
Metabolites that Regulate Histone and DNA
Epigenetic Modifications in PSCs
S-adenosylmethionine (SAM) is a substrate for
histone methyltransferases (HMTs) and DNA
methyltransferases (DNMTs) in PSCs. Conversely,
erasure of histone and DNA methylation marks by
Jumonji C (JmjC)-domain-containing histone de-
methylases (JHDMs) and Ten-eleven translocation
(TET) proteins requires a-ketoglutarate (aKG) as
an enzyme co-factor. Acetyl-CoA is a substrate for
histone acetyltransferases (HATs) in PSCs.

nisms requires further studies with new
tools and technologies, such as site-spe-
cific epigenetic modifiers that are under
development to confer causality.
A second open area is to determine

how much each nutrient source contrib-
utes to a metabolite pool of interest.
This is a difficult question to address

because it is technically infeasible to knock out all the genes con-
trolling a specific metabolite, leaving extracellular metabolite
addition or omission as the leading way to perturb some metab-
olites of interest. Also, metabolite pools arise frommultiple sour-
ces, making assignments of nutrient origins potentially complex.
For example, in PSCs, aKGoriginates from the TCA cycle via iso-
citrate dehydrogenase, from glutaminolysis through glutaminase
(TeSlaa et al., 2016), or from serine metabolism through phos-
phoserine aminotransferase (Hwang et al., 2016). Also, SAM
can be produced from exogenous or glucose-derived serine,
from threonine metabolism in mouse ESCs (Shyh-Chang et al.,
2013), or from methionine metabolism in human ESCs (Shiraki
et al., 2014).
Another open question is evidence in vivo showing that metab-

olite levels control biochemical reactions to modify chromatin.
For example, it has not been shown within a PSC nucleus that
fluctuating aKG levels impact dioxygenase or demethylase
enzyme activities. This would be difficult to do currently
because, unlike in vitro biochemical reactions, there is no way
to add or reduce only aKG without perturbing other systems
within a cell. Similarly, a one-carbon subunit, such as a methyl
group, from any nutrient source has not yet been shown to
generate a methylation mark on a histone or deoxynucleotide.
Therefore, development of new tools to monitor, quantify, and
even manipulate specific metabolite levels within living cells
will potentially provide causative links between changes in cell
metabolism, the epigenome, and cell fate.

Embryo Malnutrition and Disease
Improved understanding of metabolism during embryonic devel-
opment can lay a foundation for comparative studies of abnormal
development due to environmental insults such as malnutrition.
Malnutrition can predispose individuals to diseases that manifest
later in life but whose origins begin during early development
(Barker, 1997). Studies using small animal models have revealed
that poor nutrition may impact germ cells, and this information
can be transmitted between generations and show up as
changes in epigenetic modifications and/or the expression of
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small noncoding RNAs (Chen et al., 2016; Huypens et al., 2016;
Sharma et al., 2016), as recently reviewed (Sharma and Rando,
2017). It is technically more difficult to tease out maternal effects
of malnutrition for studies on early embryo development because
placental insufficiency or hormone deregulation can also be
caused bymalnutrition in a pregnant female. In addition tomalnu-
trition models, genetics studies are also useful. There is evidence
that the consequences ofmalnutrition in the unborn depend upon
genetic polymorphisms in IGF2BP2 and PPAR-g2 from the Dutch
Famine Birth Cohort (van Hoek et al., 2009; de Rooij et al., 2006).
Therefore, genetic manipulations of key metabolism-related
genes may help to model fetal malnutrition in animals, and such
models can be potentially disentangled from maternal effects.
For example, conditional knockout of Lin28a and Lin28b in em-
bryos using tamoxifen-induced excision can cause aberrations
in growth and glucose metabolism in adults (Shinoda et al.,
2013). Since most metabolism genes are ubiquitously expressed
and required for normal adult tissuedevelopment andphysiology,
transient reduction of these genes during embryo development
may be preferable for modeling effects of transient malnutrition
in utero. For instance, with an inducible dCAS9 fused to an acti-
vating or repressive domain, it is possible to transiently change a
metabolism gene in the embryo, then determine acute metabolic
alterations, and later determine long-term adult phenotype ab-
normalities and epigenome changes after the animal grows up.
Once an animal model is established, critical questions can be
asked, such as howamalnutrition signal is translated to long-last-
ing epigenetic memories that can be manifested in adult life, or
even in the next generation.

Concluding Remarks
Great advances in our understanding of metabolism in PSCs
have been made, with next steps to understand upstream regu-
lators and downstream impact that are directly hard wired into
PSC fates. Additionally, there are tremendous opportunities to
understand metabolism in the physiological context of early em-
bryo development, and in the pathological context of malnutri-
tion and the early origins of diseases.
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Alpha-ketoglutarate: a “magic” metabolite
in early germ cell development
Vivian Lu1 & Michael A Teitell2,3,4,5,6,7

A causal relationship between cell meta-
bolism and the fate of pluripotent stem
cells through epigenome regulation is
emerging. A recent study shows that the
tricarboxylic acid cycle intermediate
alpha-ketoglutarate (aKG) can both
sustain naïve mouse embryonic stem cell
pluripotency and promote primordial
germ cell differentiation. This observation
together with other studies provides
intriguing possibilities for stabilizing
ephemeral embryonic cell states and
enhancing desired fate transitions through
specific metabolite manipulations.

The EMBO Journal (2018) e100615
See also: J Tischler et al

P rimordial germ cells (PGCs) are

precursors of gametes that connect

one generation to the next. Modeling

early mouse germ cell development in vitro

begins with the transition of naı̈ve mouse

embryonic stem cells (mESCs) into tran-

sient, primed mouse epiblast-like cells

(EpiLCs) (Fig 1). This is followed by

conversion of EpiLCs into PGC-like cells

(PGCLCs), which can produce sperm and

oocytes. mESCs and PGCs are similar in

expressing pluripotency regulators Oct4,

Nanog, and Sox2, but are unique from

epigenome and transcriptome changes that

yield cell states with distinct developmental

potentials (Hayashi et al, 2011). A key

question under study in many lineage-

specific developmental systems is what is

the role for metabolism in cell fate transi-

tions and outcomes?

Now, Tischler et al (2018) identify roles

for alpha-ketoglutarate (aKG) in maintaining

mESC pluripotency and enhancing PGCLC

differentiation. Using single-cell RNA-Seq

over a developmental time course referred

to as a “pseudotime analysis”, they show a

transition from mainly oxidative (OXPHOS)

to glycolytic metabolism with progression

from mESCs to EpiLCs. On conversion of

EPiLCs to PGCLCs, OXPHOS increases and

glycolysis decreases, consistent with a prior

study (Hayashi et al, 2017). Repressing

glycolysis or elevating aKG levels favors

retention of mESC self-renewal over exit

from naı̈ve pluripotency. Adding aKG boosts

PGCLC production by ~50%, and added aKG
can replace 2i/Lif medium to maintain mESC

self-renewal or can substitute for BMP4/8 in

PGCLC fate induction. Remarkably, aKG
addition also extends EpiLC competency to

form PGCLCs without affecting cell quality,

with H3K9me2 and H3K27me3 histone

marks stabilized.

Alpha-ketoglutarate is a cofactor for

Jumonji C (JmjC)-domain-containing histone

demethylases (JHDMs) and ten-eleven

translocation (TET) DNA demethylases. Cell-

permeable dimethyl-aKG (dm-aKG) used to

elevate aKG also has non-epigenome activities

and can stabilize hypoxia-inducible factor 1a
(HIF1a) to induce a pseudo-hypoxic state with

altered gene expression (Hou et al, 2014).

aKG can also inhibit the ATP synthase and

mTOR (Chin et al, 2014), although added

aKG did not affect the ATP synthase and

could substitute for dm-aKG to promote

human ESC differentiation in a prior study

(TeSlaa et al, 2016). Consistent with an

epigenome effect, dm-aKG altered H3K9me3

and H3K27me3 levels to promote self-renewal

of naı̈ve mESCs in another study (Carey et al,

2015). Added aKG also enhanced sponta-

neous mESC differentiation (Hwang et al,

2016) and directed human neuroectoderm dif-

ferentiation (TeSlaa et al, 2016) with altered

histone and DNA methylation levels.

Using pseudotime modeling, the current

RNA-Seq analysis revealed cell heterogene-

ity in differentiation capacity on EpiLC

induction, with added aKG increasing PGC

competency. Also, aKG preserved histone

methylation patterns and prolonged a tran-

sient state for PGC competency. Whether

succinate, a product and inhibitor of dioxy-

genase epigenome modifying enzyme reac-

tions, would impair PGC competency was

not examined. Also, the epigenetic state

resulting from increased aKG may be physi-

ologic or aberrant and requires further

comparison studies. These results further

suggest that aKG or other metabolites could

prolong (or shorten) other transitory inter-

mediate cell states. For example, cancer cells

use glutaminolysis to generate aKG as an

anapleurotic fuel for the TCA cycle and drug

resistance may occur by induction of a tran-

sient transcriptional state via epigenome

remodeling (Shaffer et al, 2017). Manipulat-

ing aKG levels by glutamine reduction could

deplete TCA cycle intermediates and block

transient drug-resistant cancer cell states.

In vivo studies of aKG and other metabo-

lites on cell fate are largely unexplored,

yielding questions about how diet and envi-

ronment influence germ cell metabolite

levels and outcomes. Most epigenetic marks
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shaped by short-term environmental condi-

tions are not inherited even with known

imprinting (Heard & Martienssen, 2014).

Caloric restriction, high-fat diet, and

malnourishment in parents can impact the

epigenome and small noncoding RNAs

transmitted by gametes to offspring (Sharma

& Rando, 2017). Emerging genome editing

technologies may abet in vivo manipulations

of metabolite levels at specific times within

a developing embryo to start addressing the

role of metabolites in vivo. Indeed, large

knowledge gaps exist for (i) how to assess

the contribution of diet to key metabolite

levels in both somatic and germ cells, (ii)

the responsiveness of epigenetic regulators

and cofactors to specific metabolite levels,

and (iii) whether metabolite-influenced

epigenome modifications persist and mani-

fest into adulthood and across generations.

An impediment to early embryo studies is

the paucity of starting materials, with

advances in single-cell methods holding

promise to bridge the gap between metabo-

lism, epigenetics, and stem cell fates (Zhang

et al, 2018). Advancing this emerging

opportunity in vitro at first, Tischler et al

(2018) deploy single-cell technologies to

reveal how targeted metabolic manipula-

tions augment (or potentially retard)

dynamic cell state conversions during PCG

development.
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Figure 1. aKG effects on PGC competency and primordial germ cell development.
(A) A transition from naïvemESCs to primed EpiLCs coincides with reduced OXPHOS and increased glycolysis that
reverses when EpiLCs convert to PGCLCs. (B,C) Addition of aKG prolongs PGC competency from 48 to 72 h,
potentially by locking-in an epigenetic pattern regulated by KDM3a/b and TET1 enzyme activities. mESC, mouse
embryonic stem cells; EpiLCs, epiblast-like cells; PGCLCs, primordial germ cell-like cells; PGC, primordial germ
cell; aKG, alpha-ketoglutarate.
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CHAPTER 4: 

Use of Chemically Defined, Nutrient-Balanced Media for Germ Lineage Differentiation of Primed 

Human Pluripotent Stem Cells 
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Highlights 
• Instructions for biomarker analysis of primed and lineage differentiated hPSCs 
• Guide to making nutrient-balanced media for primed hPSC differentiation 
• Steps for directed differentiation of primed hPSCs into ectoderm, mesoderm, or endoderm 
• Detailed proof-of-concept example with manipulation of glutamine (Gln) availability 

 

Summary 
Metabolism regulates cell fates during early mammalian cell differentiation (Carey et al., 2015; Cliff et 
al., 2017; Folmes et al., 2011; Moussaieff et al., 2015; TeSlaa et al., 2016; Varum et al., 2011). Here, 
we provide a chemically defined nutrient-balanced media formulation for directed differentiation of 
primed-stage human pluripotent stem cells (hPSCs) into the three primary germ lineages, ectoderm, 
endoderm and mesoderm. Although the transient removal and addition of specific nutrients does not 
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occur in vivo during earliest embryonic development, manipulation of nutrients in vitro provides a 
handy, easily available method for evaluating and understanding how extracellular and intracellular 
metabolites help to determine PSC fate. 
 
For complete details on the use and execution of this protocol, please refer to Lu et al. (2019) and 
Lu et al. (2022).  
 
Graphical abstract 
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Before you begin 
We have had experience and success with commercially available ready-to-use human pluripotent 
stem cell (hPSC) differentiation kits, although these reagents may present a cost barrier for certain 
hPSC projects or applications. Additionally, the formulations of these kits are often proprietary and 
opaque to users. In designing experiments in which eliminating confounding variables is paramount, 
differing nutrient and/or metabolite concentrations within and between different differentiation 
media formulations may bias the interpretation of results unknowingly. Here, we provide a validated 
(Lu et al., 2019) and accessible methodology for differentiating primed hPSCs into early germ lineage-
specific cells using chemically defined, nutrient-balanced media.  
 
This protocol provides detailed instructions for differentiating primed hPSCs into endoderm, 
mesoderm and ectoderm using readily available cytokines and equivalent media-supplied nutrient 
concentrations. We have used this protocol successfully for differentiating human embryonic stem 
cell (hESC) and induced pluripotent stem cell (iPSC) lines including H9 (WA09; RRID:CVCL_9773), H1 
(WA01; RRD:CVCL_9771), HSF-1 (RRID:CVCL-D003), hIPS2 (RRID:CVCL_B508), and UCLA1 
(RRID:CVCL_9951). We also include instructions for biomarker analysis of primed-undifferentiated and 
differentiated hPSCs (Table 1), as well as a detailed proof-of-concept example with the manipulation 
of extracellular glutamine (Gln) availability.  
 
Depending on the organization where this protocol will be performed, prior approval for the use of 
hPSCs may be required, such as from an institutional Stem Cell Research Oversight Committee. 
Standard cell culture procedures and equipment are required for the maintenance and differentiation 
of primed hPSCs. In addition, all steps of this protocol utilize a humidified incubator at 37°C and 5% 
CO2, without regulating the O2 level, for cell culture and Matrigel® matrix gelation. It is also 
recommended that primed hPSCs in culture are tested bi-weekly for mycoplasma contamination, 
which can adversely affect mammalian cells. 
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Table 1. Commonly used biomarkers for primed-undifferentiated and differentiated hPSCs 

Category Transcription factor (full name) 

pluripotent/ undifferentiated SOX2 (SRY-box 2) 

pluripotent/ undifferentiated NANOG (Nanog homeobox) 

pluripotent/ undifferentiated POU5F1 (POU class 5 homeobox 1) 

endoderm FOXA2 (Forkhead Box A2) 

endoderm SOX17 (SRY-box 17) 

endoderm EOMES (Eomesodermin)  

endoderm LEFTY1 (Left-right determination factor 1) 

endoderm AFP (Alpha fetoprotein) 

mesoderm MIXL1 (Mixed paired-like homeobox) 

mesoderm T (T brachyury transcription factor) 

mesoderm HAND1 (Heart and neural crest derivatives expressed 1) 

mesoderm DES (Desmin) 

mesoderm CD34 (Transmembrane phosphoglycoprotein)  

mesoderm  SNAI2 (Snail family transcriptional repressor 2) 

ectoderm NCAM1 (Neural cell adhesion molecule 1) 

ectoderm PAX6 (Paired box 6) 

ectoderm OTX2 (Orthodenticle homeobox 2) 

ectoderm NES (Nestin) 

ectoderm TFAP2A (Transcription factor AP-2 alpha) 

ectoderm  SOX 1 (SRY-box 1) 
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Coating plates with Matrigel®   
hPSCs will be maintained in culture and differentiated in feeder-free conditions on tissue culture-
treated polystyrene microplates coated with Corning Matrigel® basement membrane matrix. For our 
protocol, we describe hPSC culturing conditions using a 6-well plate format and differentiation with a 
12-well plate setup. 
 
Timing: 30 min  
 
Note: Corning Matrigel® matrix should be handled on ice as it will start to polymerize at temperatures 
above 10°C. Each lot of Matrigel® matrix varies in protein concentration and dilution, which is 
indicated on the Certificate of Analysis from the manufacturer. For additional information on the 
handling and use of Matrigel® matrix, visit the Corning® Matrigel® Matrix information page (here) for 
detailed instructions.  
 
In general, we coat 6- and 12-well tissue culture-treated polystyrene microplates with 1 ml/well (6-
well plate) or 0.5 mL/well (12-well plate) of cell feeder-free Matrigel® basement membrane matrix 
diluted in ice-cold DMEM/F-12 media in a sterile hood, followed by incubation in a 5% CO2 tissue 
culture incubator for gelation for at least 30 min at 37°C.  
 
CRITICAL: Do not leave coated plates at 37°C incubation for more than 48 h. Coated plates left to 
incubate for extended periods of time are susceptible to evaporation and drying out. hPSCs will not 
adhere to dry plates.     
 
 
Preparing media and stock reagents  
Obtain media and reagents indicated in the Key resources table. Prepare mTeSR(+) and working 
stocks of reagents as described in Table 2 and Table 3, respectively.  
 
 
Thawing hPSCs for culture   
Here, we provide a general procedure for thawing and reviving hPSC lines onto a 6-well tissue culture-
treated polystyrene microplate for culturing stock hPSCs for further differentiation.  
 
Timing: 30 min  
 

1. Prepare a 6-well tissue culture-treated polystyrene microplate coated with Corning Matrigel® 
basement membrane matrix (as described above in Coating plates with Matrigel®).  

2. Obtain a frozen cryotube of hPSCs stored in liquid nitrogen and gently swirl the sealed vial in a 
37°C water bath until frozen liquid contents are almost completely melted.  

3. In a sterile tissue culture hood, carefully transfer vial contents using a 5-mL serological pipette 
into a 15-mL conical tube containing 5 mL of 37°C DMEM/F-12 media. Do not pipette up and 
down vigorously because cell colonies will dissociate.  

4. Centrifuge cells at 300 x g at room temperature for 5 min. 
5. Aspirate the media off the coated 6-well tissue culture-treated polystyrene microplate. 
6. Aspirate the supernatant and resuspend the cell pellet with 6 mL, 37°C mTeSR(+) by gently 

pipetting up and down 2-3x with a 10-mL serological pipette.  
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7. Pipette 1 mL/well of cell suspension into the 6-well tissue culture-treated polystyrene 
microplate. Make sure that hPSC colonies are evenly distributed, then incubate the 
microplate at 37°C in a 5% CO2 tissue culture incubator without disturbing for 24 h.  
 

CRITICIAL: Avoid over-pipetting the resuspension to avoid single celling colonies and inducing 
apoptosis. Colonies in suspension should look no smaller than ~8-10-cell clusters under the 
microscope.  
 
Maintaining hPSCs 
This step describes daily maintenance of hPSCs in culture.  
 
During primed hPSC maintenance and expansion, it is vital to assess and sustain the quality of cells 
and colonies until the time of seeding for differentiation experiments. Visible changes in hPSC colony 
morphology will be noticeable and must be removed to reduce unwanted genetic aberrations or loss 
of pluripotency due to poor cell quality and spontaneous differentiation (Garitaonandia et al., 2015).  
 
There are variations in the morphological appearance of hPSC colonies that a user may encounter, 
with the experience of the user helping to identify acceptable or unacceptable appearance variations. 
As an example, Figure 1 brightfield images illustrate different morphologies of high- and low-quality 
primed hPSC colonies. Desirable primed hPSC features include relatively uniform appearing colonies 
with defined borders, rounded shapes and dense colony centers (Figure 1A). By contrast, undesirable 
primed hPSC colony features include non-uniform shapes and borders between colonies, especially 
with modest to large colony areas of apparent spontaneous differentiation showing increasingly 
‘fibroblast-like’ shaped cells (Figure 1B). Note that culling may not be necessary when differentiation 
involves <5% of cells and colonies within a well, but spontaneous differentiation regions should not 
exceed 20% of the well when the stock culture is high quality. It is best to revive a new cell stock when 
there are high levels of low quality colonies.  
 
It is recommended that a user visually inspects growing primed hPSC colonies every day to mark and 
remove low quality colonies or regions (Figure 1C). Use brightfield microscopy at low magnification 
(either 4x or 10x) to identify and mark unacceptable hPSC colonies using a microscope lens cell 
dotting marker, such as this, to stamp the bottom of each well.  Remove selected regions by gently 
aspirating the marked colonies.  
 
Note: Be sure to wear gloves and wipe down benchtop surfaces with 70% ethanol before beginning 
daily maintenance. Maintain culture sterility during visual inspection by keeping the microplate lid on 
at all times when working outside a sterile tissue culture hood. Do not leave the culture plate out of 
the incubator for more than 15 min at a time during inspection.   
 
Timing: 30 min  
 

1. Aspirate spent media from each well of the 6-well plate and replace daily with 2 mL 37°C 
mTeSR(+). 

2. Repeat daily maintenance until hPSCs are ready to seed for differentiation experiments. 
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Key resources table 
 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Bacterial and virus strains  
Biological samples 
Chemicals, peptides, and recombinant proteins 
Gentle Cell Dissociation Reagent Stemcell Technologies Cat#07174 
mTeSR Plus Kit (mTeSR(+)) Stemcell Technologies Cat#100-0276 
DMEM/F12 Gibco Cat#11320033 
ROCK Inhibitor; Y-27632 Stemcell Technologies Cat#72304 
Monothioglycerol Millipore Sigma Cat#M6145 
BSA Fraction V, 7.5% Gibco Cat#15260037 
2-mercaptoethanol Thermofisher Cat#21985-023 
GlutaMAX supplement Thermofisher Cat#35050-061 
N2 supplement Gibco Cat#17502048 
B27 supplement Gibco Cat#17504044 
SB43154 Stemgent Cat#04-0010 
Dorsomorphin Stemgent Cat#04-0024 
Human recombinant insulin Millipore Sigma Cat#11376497001 
Transferrin from human serum Millipore Sigma Cat#10652202001 
Chemically defined lipid concentrate (CDLC) Gibco Cat#11905031 
Human recombinant VEGF-165 Stemcell Technologies Cat#78073.1 
Human recombinant BMP-4 PeproTech Cat#120-05ET 
Human recombinant FGF2 Stemcell Technologies Cat#78003 
Human recombinant Activin A Stemcell Technologies Cat#78001.1 
CHIR99021 (GSK3i) Stemcell Technologies Cat#72052 
PI-103 hydrochloride Tocris/Fisher Scientific Cat#29-301 

 
Figure 1 

B CA



 

 43 

 

 

 
 
 
Stemolecule LDN-1931189 Stemgent Cat#04-0074 
Matrigel Corning/Fisher Scientific Cat#CB-4023A 
DMEM/F12, no Gln Gibco Cat#21331020 
DPBS, 1x, without calcium or magnesium Corning Cat#21031CV 
Cell Culture Grade Water Fisher Scientific Cat# MT25055CI 
Dimethyl Sulfoxide (DMSO) Fisher Scientific  Cat# MT-25950CQC 
Critical commercial assays 
MycoAlert detection kit Lonza Cat#LT08-418 
Deposited data 
Experimental models: cell lines 
H9 (WA09); Female UCLA BSCRC hESC core bank RRID:CVCL_9773 
Experimental models: organisms/strains 
Oligonucleotides 
Recombinant DNA 
Software and algorithms 
Other 
Sterile vacuum filtration system  Fisher Scientific Cat#0974101 
Polystyrene microplates Falcon Cat#087721 
Hemocytometer  Fisher Scientific Cat#02-671-5 
Cell scrapers Fisher Scientific Cat#08-100-241 
UltiMate 3000 RSLC (HPLC) Thermo Scientific n/a 
Q Exactive (MS) Thermo Scientific n/a 

Materials and Equipment 
All cell culture and material preparation must be performed under sterile conditions. When preparing 
media and reagents, we suggest the use of sterile cell culture materials, such as sterile centrifuge 
tubes, pipette tips, serological pipettes, and solvents. Sterilization using a 0.22-micron 
polyethersulfone (PES) membrane filter is also an option. Aliquot and pre-warm media to 37°C before 
usage. Excess warmed media should be discarded and not be re-stored at 4°C and re-warmed for 
usage due to reduced protein efficacy of media components essential for maintaining cell viability and 
proliferation.   

 
Table 2. mTeSR™ Plus (mTeSR(+)) media – commercially available kit  
Reagent Final concentration  Amount 
mTeSR™ Plus Basal Medium n/a 400 mL 
mTeSR™ Plus 5x Supplement 1x 100 mL 
Total n/a 500 mL 

 
Store at 4°C for up to 2 weeks. Visit Stemcell Technologies™ mTeSR™ Plus information page (here) for 
official guidelines on storage and handling of mTeSR™ Plus kit reagents and preparation and usage of 
complete mTeSR™ Plus.  
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Table 3. Stock and working concentration of reagents 
Reagent Solvent  Stock concentration Working concentration 
Y-27632 water 10 mM  10 μM 
Insulin  water 10 mg/mL 0.7 μg/mL 
Transferrin n/a  30 mg/mL 15 μg/mL 
Activin A water 100 μg/mL 100 ng/mL 
CHIR99021 water 10 mM 2 μM 
PI-103 water 50 μM 50 nM 
LDN 1931189 DMSO 250 μM 250 nM 
VEGF-165 water 100 μg/mL 100 ng/mL 
BMP4 5 mM HCl pH3, 

0.1% BSA in DPBS 100 μg/mL 100 ng/mL 

FGF2 water 20 μg/mL 20 ng/mL 
N-2 supplement n/a 100x 1% 
B-27 supplement  n/a 50x 2% 
SB43154 DMSO 10 mM 10 μM 
Dorsomorphin  DMSO 2 mM 0.2 μM 

 
Store reagents as stated on the Certificate of Analysis from the manufacturer.  

 
Note: We store working aliquots at -20°C, except for transferrin, which we store at 4°C. We 
recommend making working aliquots of each reagent solution to avoid multiple freeze thaw cycles. 
Working aliquot amounts are based on the user’s experimental necessity.  
 
 
Step-by-step method details 
The above section describes best practices for maintaining and expanding healthy primed hPSC 
colonies using visual inspection and culling, as needed, until the time of seeding for differentiation 
experiments. The following step-by-step method details the directed differentiation of primed hPSCs 
into each of the three primary germ lineages using chemically defined nutrient-balanced media 
formulations (Figure 2).  
 
CRITICAL: No antibiotics are present or used in hPSC culture medium. All steps must be performed 
under sterile conditions. Take extra caution in all steps by using sterile reagents and filtration. If any 
cloudiness or opaqueness appear in culture media, or when colonies are dying in suspension, throw 
the stock away and start with new cells, as contamination is likely to have occurred.  
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hPSC plating for differentiation  

Timing: 1-1.5 h, two days prior to differentiation  
 
This section covers harvesting and single cell seeding of primed hPSCs for directed differentiation 

experiments. We encourage users to test cells for mycoplasma contamination using standard kits of 

choice, such as the Lonza MycoAlert Kit, prior to starting the differentiation procedure. Additionally, 

take care to visually inspect the spent culture media for any cloudiness or opaqueness, as this may 

indicate bacterial or fungal contamination. Users should routinely check stock hPSC cells for the 

presence of pluripotency and absence of differentiation biomarkers using flow cytometry or RT-qPCR 

to ensure starting cell populations are of high quality (Table 1). Growth and expansion of hPSC 

colonies to 70-80% confluency, which yields ~2.0-3.0 x 106 cells in the 6-well microplate format, is 

optimal for harvest and seeding of growing colonies at the start of the differentiation procedure. The 

protocol below provides detailed procedures for harvesting hPSCs from a 6-well tissue culture-treated 

polystyrene microplate and seeding into 12-well plates. These steps can be adapted to other plating 

formats by adjusting the numbers of cells or colonies and media volumes accordingly. 
 

1. Prepare 12-well tissue culture-treated polystyrene microplates coated with Corning Matrigel® 

basement membrane matrix (as described in Before you begin).  

2. Identify and remove regions of differentiation using aspiration (as described in Figure 1C) in 

the stock 6-well hPSC culture plate before harvesting.  

3. Remove the media from the 6-well hPSC culture plate by needle aspiration. 

4. Wash hPSCs gently to not disrupt colonies with 1 mL 1x Dulbecco’s phosphate-buffered saline 

(DPBS) without calcium or magnesium. Aspirate to remove the 1x DPBS. 

5. Add 1 mL/well of Gentle Cell Dissociation Reagent to hPSC colonies at 37°C in a 5% CO2 tissue 

culture incubator for 10 min. 

6. Add 1 mL/well of 37°C DMEM/F-12 media to dilute out Gentle Cell Dissociation Reagent.  

 
Figure 2 
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7. Using a cell scraper, gently scrape colonies and cells off the bottom of the 6-well culture plate 
and ensure they are dissociated into single cells by pipetting against the surface of each well 
with a P1000 3x before collecting the combined contents of the plate into a 50 mL conical 
tube. 

8. Count the number of hPSCs harvested for use with a hemocytometer. 
 
Optional: Automated cell counters are acceptable, but we recommend validating automated counting 
machines using a hemocytometer.  
 

9. Centrifuge the harvested hPSCs at 450 x g for 5 m. Aspirate media gently to avoid disrupting 
the cell pellet and resuspend the hPSCs in 1 mL of 37°C mTeSR(+) containing 10 μM Rho-
associated protein kinase (ROCK) inhibitor, Y-27632.  

 
CRITICAL: It is critical to add ROCK inhibitor, Y-27632, into the media because it prevents apoptosis 
induced by single cell dissociation of hPSC colonies. Otherwise, the survival of hPSCs post-seeding will 
be markedly reduced (Kurosawa, 2012). 
 

10. Calculate the volume required to resuspend primed hPSCs in mTeSR(+) media with 10 μM Y-
27632 at 6.5 x 104 cells/cm2 final concentration.  

11. Place 1 mL/well of hPSCs in mTeSR(+) media with 10 μM Y-27632 into Matrigel®-coated 12-
well tissue culture-treated polystyrene microplates. Make sure that hPSCs are evenly 
distributed, and then incubate the seeded microplate at 37°C in a 5% CO2 tissue culture 
incubator for 24 h. 

12. 24 h post-plating (Figure 3A), gently wash the primed hPSCs with 1 mL 1x DPBS without 
calcium or magnesium. Aspirate the 1x DPBS gently, then add 1 mL/well of 37°C mTeSR(+) 
media (without ROCK inhibitor) and return the microplate to the 37°C, 5% CO2 tissue culture 
incubator. 
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13. Allow the primed hPSCs to grow in mTeSR(+) media for 24 h before beginning the directed 
differentiation procedure.  

 
 
CRITICAL: In the event that the primed hPSCs do not appear ~70-80-% confluent in their seeded wells 
(Figure 3B) on Day 0 (Figure 2), allow the hPSCs to continue growing in replaced, fresh 1 mL mTeSR(+) 
media for an additional 24 h prior to initiating the directed differentiation procedure.  
 
 
Making chemically defined, nutrient-balanced media for tri-lineage 
differentiation  
Timing: 1 h 
 
This section details the preparation of media for chemically defined, nutrient-balanced directed 
differentiation of primed hPSCs into ectoderm, mesoderm, and endoderm lineages. Of note, the 
protocol endpoint for endoderm is three days (72 h) post-start of differentiation, whereas the 
endpoint for mesoderm and ectoderm differentiation is five days (120 h) post-start of differentiation 

 

 
Figure 3 

A

B
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(Figure 2). Additionally, be sure to exclude insulin, transferrin, and chemically defined lipid 
concentrate from the base media for ectoderm differentiated cells because B-27 and N2 supplements 
already contain these factors. The Base Media Preparation Tables provided below note this 
difference. These cytokine combinations have been optimized and adapted from previous studies 
(Chambers et al., 2009; Loh et al., 2014; Loh et al., 2016). Here, we also include formulation 
instructions for Gln-free medium as an example; however, this protocol for chemically defined, 
nutrient-balanced media is non-limiting, meaning that it can be adjusted for any nutrient deprivation 
study.  
 

14. Make mesoderm/endoderm or ectoderm base media according to the following tables for 
lineage differentiation of choice (Tables 4-5).  

a. A range of experimental manipulations can be made by modifying DMEM/F12 
nutrient composition. Below, we provide an example for Gln-free base media (Tables 
6-7). In this instance, DMEM/F12 no Gln is used and GlutaMAX was excluded.  

 
Note: We recommend first sterile filtering base media and then adding sterile cytokines to generate 
differentiation media because lineage-inducing cytokines could stick to the filter membrane, affecting 
their final concentrations, and causing undesirable reduction or variability in hPSC differentiation 
within or between experiments.  
 
Optional: A substitute for GlutaMAX is L-Gln. However, L-Gln is not stable at 4°C and is therefore not 
recommended.   
 

Table 4. Preparation of Base Media – mesoderm or endoderm (ME or EN) differentiation 
Reagent Final concentration Amount 
DMEM/F12 n/a 96.5 mL 
1-thioglycerol 450 μM 3.9 µL 
BSA 1 mg/mL 1.33 mL 
2-mercaptoethanol 0.11 μM 182 µL 
GlutaMAX 1% 1 mL 
insulin 0.7 μg/mL 7 µL 
transferrin 15 μg/mL 50 µL 
chemically defined lipid 
concentrate 1 mL/100 mL 1 mL 

Total n/a 100 mL 
 
 

Table 5. Preparation of Base Media – ectoderm (EC) differentiation 
Reagent Final concentration  Amount 
DMEM/F12 n/a 97.5 mL 
1-thioglycerol 450 μM 3.9 µL 
BSA 1 mg/mL 1.33 mL 
2-mercaptoethanol 0.11 μM 182 µL 
GlutaMAX 1% 1 mL 
Total n/a 100 mL  
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Table 6. Preparation of Gln-free Base Media – mesoderm or endoderm (ME or EN) differentiation 
Reagent Final concentration  Amount 
DMEM/F12, no Gln n/a 97.5 mL 
1-thioglycerol 450 μM 3.9 µL 
BSA 1 mg/mL 1.33 mL 
2-mercaptoethanol 0.11 μM 182 µL 
insulin  0.7 μg/mL 7 µL 
transferrin 15 μg/mL 50 µL 
chemically defined lipid 
concentrate 

1 mL/100 mL 1 mL 

Total n/a 100 mL 
 
 

Table 7. Preparation of Gln-free Base Media – Ectoderm (EC) differentiation 
Reagent Final concentration  Amount 
DMEM/F12, no Gln n/a 98.5 mL 
1-thioglycerol 450 μM 3.9 µL 
BSA 1 mg/mL 1.33 mL 
2-mercaptoethanol 0.11 μM 182 µL 
Total n/a 100 mL  

 
15. Sterilize each final media preparation using a 0.22-micron polyethersulfone (PES) membrane 

filter. 
 
Pause point: At this step, base media preparations can be stored at 4°C for use within two weeks. 
 
CRITICAL: Sterile, non-expired cytokines that have not undergone multiple freeze-thaw cycles should 
be added immediately prior to the start of each experiment to ensure efficacy.  
 

16. At the start of differentiation (D0) (Figure 2), add sterile lineage-inducing cytokines to each 
respective base media for each desired indication (Tables 8-12).  

a. Below, we provide tables to guide the addition of cytokines to the different types of 
base media for lineage-specific differentiations. Dilute stock cytokine solutions using 
sterile techniques and store according to the manufacturers’ instructions.  

 
CRITICAL: Prepare aliquots of stock cytokine solutions to extend storage life and avoid repeated 
freeze-thaw cycles that can reduce potency.  
 
Note: Be careful because each day of differentiation may require the addition of different cytokine 
combinations to enhance the success of this protocol. See specific schedules in the tables, below. 
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Table 8. Endoderm differentiation cytokines for Day 0 

Reagent Stock concentration Final concentration  Per 1 mL EN media 

Activin A 100 μg/mL 100 ng/mL 1 µL 
CHIR99021 10 mM 2 μM 0.2 µL 
PI-103 50 μM 50 nM 1 µL 

 
 

Table 9. Endoderm differentiation cytokines for Days 1-3 

Reagent Stock concentration Final concentration  Per 1 mL EN media 

Activin A 100 μg/mL 100 ng/mL 1 µL 
LDN 1931189 250 μM 250 nM 1 µL 

 
 

Table 10. Mesoderm differentiation cytokines for Day 0 

Reagent Stock concentration Final concentration  Per 1 mL ME media 

VEGF-165 100 μg/mL 100 ng/mL 1 µL 
BMP4 100 μg/mL 100 ng/mL 1 µL 
FGF2 20 μg/mL 20 ng/mL 1 µL 
Activin A 100 μg/mL 100 ng/mL 1 µL 

 
 

Table 11. Mesoderm differentiation cytokines for Days 1-5 

Reagent Stock concentration Final concentration  Per 1 mL ME media 

VEGF-165 100 μg/mL 100 ng/mL 1 µL 
BMP4 100 μg/mL 100 ng/mL 1 µL 
FGF2 20 μg/mL 20 ng/mL 1 µL 

 
 

Table 12. Ectoderm differentiation cytokines for Days 0-5 

Reagent Stock concentration Final concentration  Per 1 mL EC media 

N-2 supplement n/a 1% 10 µL 
B-27 supplement  n/a  2% 20 µL 
SB43154 10 mM 10 μM 1 µL 
Dorsomorphin 2 mM 0.2 μM 0.1 µL 

 
Directed differentiation of hPSCs to primary germ lineages 
Timing: 30 min – 1 h per day 
 
This section provides instructions for the execution of hPSC directed differentiation into each of the 
three germ lineages, starting with the transition of mTeSR(+) hPSC maintenance cultures to lineage-
specific differentiation media.   
 

17. Remove spent mTeSR(+) maintenance media from wells and wash the hPSC colonies gently 
with room temperature 1x DPBS w/o calcium & magnesium.  
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18. Add 1 mL/well (~263 uL/cm2) of 37°C appropriate differentiation media and then incubate 
cells at 37°C in a 5% CO2 incubator for 24 h.  

19. Every 24 h, repeat gentle washing and media changes according to the cytokine schedule 
above (Tables 6-10) until hPSCs have committed to a directed lineage (Table 1, Figures 2, 4).  

20. Harvest cells according to planned downstream applications and analyses.  
 

 
Expected outcomes 
There is growing, multidisciplinary appreciation for the role of nutrients in governing developmental 
cell fate decisions (Lu et al., 2021). An increased understanding for how specific nutrients that are 
present in certain niches in vivo, and our ability to alter these nutrients in hPSC culture media, 
provides a valuable experimental tool to yield new insights into the regulation of early cell fate 
transitions, potentially within a developing human embryo. This protocol provides an accessible and 
customizable way to uncover the influence of nutrients in in vitro culture, with the following 
comments providing details of the expected outcomes of implementing this protocol. To confirm 
equivalent amounts of nutrients in each lineage differentiation media, we used ultra high-
performance liquid chromatography mass spectrometry (UHPLC-MS) to quantify carbon sources and 
amino acids present in freshly prepared, unspent media. Results indicate that unspent media for 
induction of each lineage consisted of equivalent levels of metabolites (Figure 5). This is the expected 
outcome when directed differentiation media is prepared properly since the base media composition 
and cytokine cocktails net out to the same concentration of nutrients. Successful, directed hPSC 
differentiation into each specific germ lineage was also verified using RNA-Seq transcriptome profiling 
and lineage-specifying biomarker protein expression by flow cytometry and immunoblot analyses 
(Table 1) (Lu et al., 2019; Lu et al., 2022).  
 
Proof-of-Concept Example:  
Using our chemically defined, nutrient-balanced differentiation media, our group recently showed 
that there is an essential need for Gln during germ lineage differentiation, with each lineage having its 
own unique Gln dependency (Lu et al., 2019). Specifically, we uncovered that initial ectoderm is 

 
 
Figure 4 
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independent of extracellular Gln (Lu et al., 2022). Directed tri-lineage differentiation with and without 
Gln in the media revealed varying reliance for this nutrient in the formation and viability of hPSCs 
undergoing cell fate transitions (Figure 6).  For the full execution and proof-of-concept for this 
protocol that examined Gln availability during hPSC differentiation, please refer to Lu et al., 2022.  
 

 
 
 
 
 
 
 
 
 

 
Figure 5 
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Limitations 
Using this protocol, chemically defined, nutrient-equivalent lineage directed differentiation of primed 
hPSCs is limited to feeder-free systems that use Matrigel® matrix, gelatin, or other solid substrates. 
Studies comparing feeder-free and feeder-dependent systems reported differences in hPSC metabolic 
characteristics and differentiation potential (Gu et al., 2016; Zhang et al., 2016), which guided our 
initial decision to optimize this protocol in feeder-free hPSC culture. Other factors that limit the 
translational impact of this protocol include: (1) shifting nutrient concentrations that exclude one 
nutrient or another almost certainly do not occur in vivo during development and (2) nutrient 
concentration levels used in this in vitro culture system may be supra-physiologic and likely do not 
resemble in vivo levels.  
 
 

 
Figure 6 
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Troubleshooting 

 

Problem 1: 

Stock or seeded hPSCs exhibit a high amount of cell death and/or release from culture plate surface as 

flakes or whole colonies.  

 

Potential solution:  

This could be from several issues related to the sterility of the cell culture. Note that this protocol 

does not utilize antibiotics, so extra precaution is required. In addition, it is advisable to routinely 

examine the stock hPSC culture for mycoplasma infection by testing spent media removed from plate 

wells with 70-80% confluent hPSC growth, followed by mycoplasma testing using commercially 

available kits, such as the Lonza MycoAlert Kit. Additionally, visual checks for clarity or cloudiness of 

spent media could suggest or exclude bacterial, fungal or yeast contamination as a potential source 

for this problem. Another reason for high death could be exclusion of ROCK inhibitor to single cell 

suspensions during the hPSC seeding step, which will induce apoptosis due to single cell dissociation.  

 
Problem 2: 

Stock, seeded, or differentiating cells are flaking off into suspension during media changes and/or 

during DPBS washes.  

 

Potential solution:  

Primed hPSC colonies are sensitive to physical dislodging from a plate surface. When performing daily 

culture media changes, gently pipette the media to the side of the well to avoid direct interaction of 

the media stream with the colonies. Additionally, when aspirating media from wells, take care not to 

directly touch the bottom of the well with the aspirator tip, as doing so may disrupt the Matrigel® 

coating and/or aspirate off colonies.  

 

Problem 3: 

Cells are not differentiating properly, as verified by morphological or biomarker assessments.   

 

Potential solution:  

A problem could be the potency of small molecules or cytokines used to induce differentiation. Ensure 

that cytokines are not used beyond their expiration date after aliquoting and fresh dilution before 

each addition to base media. For example, failed mesoderm differentiation could be from multiple 

freeze-thaw cycles, or old and expired, low potency BMP4.  

 

Problem 4: 

There is high variability of differentiation efficiencies between biological replicates. 
 
Potential solution:  

It is typical for different hPSC lines to vary in functional differentiation capacities (Cahan and Daley, 

2013). However, when an experimentalist is experiencing high differentiation variability between 

replicate studies of the same hPSC line, several issues may be at fault. First, ensure primed hPSC 
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seeding is consistent and confluence at the start of differentiation (Day 0) is ~70-80% in each plate 
well. When the starting hPSC confluence is too low, differentiating cells may experience high cell 
death rates. When the starting hPSC confluence is too high, differentiation may be impaired because 
amount of available cytokine of interest is insufficient. Second, it is crucial to ensure all cytokines, 
reagents, and base media components are presumably active (non-expired, not continuously freeze-
thawed, correct storage conditions, non-contaminated). In our experience, it may be helpful to 
contact technical support to inquire whether other users are having similar issues with a particular lot. 
Third, check the genomic integrity and stability of the hPSC stock cells to ensure the starting cells are 
high quality. Karyotypic abnormalities can be detected using qPCR analysis with products such as this 
hPSC Genetic Analysis Kit.        
 
Resource availability 
Lead contact 
Further information and requests for resources and reagents should be directed to and will be fulfilled 
by the lead contact, Michael A. Teitell (mteitell@mednet.ucla.edu). 
 
Materials availability 
This study did not generate new unique reagents. 
 
Data and code availability 
This protocol did not generate new datasets or code.  
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Figure legends 
 
Figure 1: Assessing the quality of primed hPSCs by visual inspection. Representative brightfield 
images of (A) high and (B) poor quality hPSC morphologies. (C) An example of an area of 
differentiation (boxed in white) near a healthy hPSC colony that should be removed during routine 
maintenance. Scale bar: 400 µM. 
 
Figure 2: Workflow timeline schematic. Illustration of a primed hPSC-derived differentiation timeline 
for each germ lineage. Primed hPSCs should be seeded two days (48 h) prior to the start of 
differentiation. Culture media must be changed every day (24 h). The differentiation endpoint for 
endoderm is three days (72 h) post-start of differentiation, whereas the endpoint for mesoderm and 
ectoderm differentiation is five days (120 h) post-start of differentiation. The method of differentiated 
cell harvesting depends on downstream applications.  
 
Figure 3. Primed hPSCs post-plating for differentiation. Representative brightfield images of hPSCs 
post-seeding (Day -1 and 0). hPSCs (A) 24 h and (B) 48 h post-seeding grown in mTeSR(+) medium. 
Scale bar: 400 µM. 
 
Figure 4. Morphologies of primed hPSCs differentiate into specific embryonic germ lineages. 
Representative brightfield images of directed germ lineage differentiation. Expected morphologies of 
differentiated hPSCs at the end of this protocol: ectoderm and mesoderm after five days and 
endoderm after three days. Scale bar: 400 µM. 
 
Figure 5. Quantification of metabolite abundances in tri-lineage differentiation media show 
equivalent nutrient formulations. Metabolites were extracted from endoderm, mesoderm, and 
ectoderm differentiation media, without addition of cells, and processed using UHPLC-MS. Nutrient 
abundances for each lineage-inducing media were quantified. Alanine (Ala), Arginine (Arg), 
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Asparagine (Asn), Aspartic acid (Asp), Glucose (Glc), Glutamic acid (Glu), Glycine (Gly), Histidine (His), 
Lactate (Lac), Leucine/Isoleucine (Leu/Ile), Methionine (Met), Proline (Pro). 
 
Figure 6. Stages of hPSC differentiation to directed germ lineages with and without Gln deprivation. 
Representative brightfield images of day-by-day (D) stages of hPSC differentiation grown in Gln-
supplemented (Ctr) or Gln-free (-Gln) conditions to each specific lineage. Scale bar: 400 µM. 
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SUMMARY

Pluripotent stem cells model certain features of early mammalian development ex vivo. Medium-supplied nu-
trients 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.

INTRODUCTION

Pluripotent stem cells (PSCs) self-renew or, with specific cues,
can differentiate into the three primary germ lineages in 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 develop-
ment (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 in vivo ability to re-enter development in a host embryo
and spontaneous generation of the three germ layers, respec-
tively (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 iden-
tity 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 tricarbox-
ylic acid (TCA) cycle, and one-carbon metabolism generates in-
termediate metabolites used in reactions to modify the PSC epi-
genome, 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 me-
tabolites with epigenome modifications, many interesting ques-
tions 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; Cornac-
chia et al., 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 perspective, we examine the contribu-
tions 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 transi-
tions (Summers and Biggers, 2003). This result suggested that
the 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-estab-
lished 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 natu-

rally in vivo, but in vitro nutrient changes provide a valuable

ll
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experimental tool. For example, the timed withdrawal of gluta-
mine 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 survivingmouse 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 gluta-
mine 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 glutaminewithdrawal followed by repletion eliminates
more oxidative PSCs (Folmes et al., 2011; Moussaieff et al.,
2015; Varum et al., 2011) and yields more homogeneous PSCs
with higher expression of pluripotency transcription factors.
Thus, manipulating the timing of glutamine exposure in PSC cul-
ture can control whether PSCs or non-pluripotent cells enrich.
Investigators subdivide PSCs into a continuum of states that

resemble different gestational stages of blastocyst develop-
ment, with each state showing specific nutrient requirements
and activities (Hackett and Surani, 2014; Smith, 2017). A hypoth-
esized, and recently captured, intermediate ‘‘formative’’ pluripo-
tent 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-implanta-
tion 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
GSK3b inhibitors) plus leukemia inhibitory factor (LIF) media sup-
plementation, which promotes independence from added gluta-
mine (Carey et al., 2015). By contrast, mESCs grown in LIF-con-
taining medium without 2i supplementation are more advanced,
with glutamine deprivation causing increased spontaneous dif-
ferentiation, mainly into trophectoderm (TE) and mesoderm,
and decreased pluripotency transcription factor expression
(Carey et al., 2015; Ryu et al., 2015). In primed hPSCs, sponta-
neous differentiation upon glutamine deprivation inhibits meso-
derm 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 spe-
cies of origin, mouse or human, also contributes to differences

in differentiation potential for naive or primed PSCs with gluta-
mine withdrawal.
Glucose, another key nutrient for mammalian cells, also ap-

pears 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 frommorula to TE and the blas-
tocyst inner cell mass, which is the first fate specification,
glucose-dependent signaling directs the formation of extra-em-
bryonic TE, but not the ICM (Chi et al., 2020). These ex vivo
mouse studies showed glucose import support of pentose phos-
phate pathway (PPP) nucleotide production and hexosamine
biosynthesis pathway (HBP) signaling that activated the TE-
specifying transcription factor, CDX2. Culture in glucose-defi-
cient 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 avail-
ability 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 acti-
vate (Gardner, 1998; Gardner and Harvey, 2015; Leese and Bar-
ton, 1984; Schulz and Harrison, 2019; Zhang et al., 2018a).
These changes add flexibility in nutrient dependence because
the developing embryo increases enzymes capable of intercon-
verting nutrients (Sharpley et al., 2021). Later stage develop-
ment, modeled in vitro by PSC-derived tri-lineage germ layer dif-
ferentiation, 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. Inhibi-
tion 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 plu-
ripotency, 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 plu-
ripotency. Reprogramming of mouse and human somatic cells
into induced PSCs (iPSCs) accelerates with the addition of as-
corbic acid by reducing p53 levels to impede cellular senes-
cence (Esteban et al., 2010), by reducing H3K36me3/2 levels
through Jhdm1a1/b demethylases (Wang et al., 2011), and by
increasing STAT2 phosphorylation, which increases binding to
and activation of the Nanog promoter (Wu et al., 2014). In human
iPSC colonies, ascorbic acid actively promotes pluripotency and
inhibits spontaneous differentiation through enhancement of his-
tone 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
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differentiation (D’Aniello et al., 2017). For example, under cardiac
differentiation cues, ascorbic acid promotes cardiac differentia-
tion (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 ecto-

derm-like morphology and elevates the expression of genes
associated with primitive ectoderm even in culture medium de-
signed 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 differ-

entiation. 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-50-thioadenosine (MTA), a methionine precursor,
and SAM (Shiraki et al., 2014), which is generated from methi-
onine (Figure 1). This short-term manipulation causes transient
cell-cycle arrest, whereas long-term methionine deprivation re-
sults in cell death. Supplementation with either MTA or SAM
during long-term methionine deprivation rescues hPSC prolif-
eration (Shiraki et al., 2014), indicating that methionine-derived
metabolites are essential for sustained hPSC self-renewal.
Short-term methionine deprivation can also trigger loss of plu-
ripotency and differentiation of hPSCs into the three germ line-
ages. 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 pro-
line 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, ascorbic acid, proline,
and methionine, can elicit differing, and at times 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 achieveT
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or sustain pluripotency, or to promote lineage-specific differen-
tiation?

INTRACELLULAR NUTRIENT ROUTING INFLUENCES
PSC IDENTITY

Controlled oxidation and intracellular routing of nutrients by spe-
cific 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 config-
urations regulate PSC fate. Lipid metabolism, such as fatty acid
(FA) oxidation, is essential for early mouse and human embryonic
development (Dunning et al., 2010, 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, in vitro
studies of PSC fate by addition of lipid-rich bovine serum albu-
min, or AlbuMAX, yielded differential results. One study showed
that added AlbuMAX decreased 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 Izpisúa Belmonte,
2008) and porcine iPSC reprogramming by activating protein ki-
nase A signaling (Zhang et al., 2018b). A potential explanation for
these differential results could relate to differences in lipid expo-
sure time, which occurs for other nutrients, such as glutamine
(discussed above), as well. In studies reporting hPSCs without
changes inOCT4 expression, cell assays followed short-term Al-
buMAX 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 re-
porting 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 Iz-
pisúa Belmonte, 2008). Additional studies could clarify the ef-
fect(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 and 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 mitochon-
drial 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 to differentiated
cells, and inhibition of FASN caused mitochondria-triggered
apoptosis, loss of OCT4, and failure to form teratomas, a mea-
sure 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

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-GlcNAC, a substrate for O-GlcNAcylation
reactions by OGA/OGT. Signaling by mTORC1 and AMPK is 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 (Table 2). Glucose-6-phosphate, G6P; fructose-6-phosphate, F6P; glutamine-fructose-6-phosphate transaminase, GFAT; fructose 1,6-bisphosphate, FBP;
endoplasmic reticulum, ER; O-GlcNAc transferase, OGT; O-GlcNAcase, OGA; dihydroxyacetone phosphate, DHAP.
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away from OXPHOS consumption in mitochondria, increasing
substrates available for acetylation and/or cell replication (Mous-
saieff 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 plurip-
otency.

Intracellular pyruvate routing can occur to (1) produce lactate
via lactate dehydrogenase (LDH) with NAD+ generated to sus-
tain glycolytic flux, (2) produce acetyl-CoA via pyruvate dehydro-
genase (PDH) for TCA cycle oxidation, (3) produce oxaloacetate
via pyruvate carboxylase (PCB) to replenish TCA cycle interme-
diates, 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 re-
programming and viability, whereas increased pyruvate flux into
the mitochondria decreases pluripotency biomarker expression,
reduces PSC self-renewal, and lowers PSC viability (Rodrigues
et al., 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 oxida-
tion to support PSC differentiation.

Several studies show that the activation of metabolic enzymes
and expression of transporters precede changes in gene expres-
sion and PSC identity, potentially as a mechanism to prepare for
cell identity transitions (Folmes et al., 2011; Moussaieff et al.,
2015; Zhang et al., 2011). As an example, another regulator of
pyruvate fate is uncoupling protein 2 (UCP2), a uniporter that ex-
ports 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 promotesmito-
chondrial oxidation of pyruvate and precedes exit from pluripo-
tency with PSC differentiation (Zhang et al., 2011). During differ-
entiation, 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
themechanism(s) PSCs primed for directed differentiation use to
sense pyruvate concentration, and whether a threshold influ-
ences 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 dur-

ing mouse ZGA. Transient nuclear localization of exogenous py-
ruvate, PDH, PCB, and select TCA cycle enzymes enables chro-
matin-localized synthesis of metabolites used in epigenome
remodeling during ZGA (Nagaraj et al., 2017). How large enzyme
complexes that typically reside within the mitochondrial matrix
instead transiently localize within the nucleus of cleavage-divi-
sion 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 pro-
duction 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 gener-
ation 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 (mTORC1) is
a serine/threonine protein kinasewhose 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
mTORC1 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
mTORC1, including lysosomal vacuolar H(+)-adenosine triphos-
phatase (v-ATPase), SAM sensors, leucine sensor Sestrin2, argi-
nine sensor CASTOR1, SLC38A9, and SAMTOR (Chantranu-
pong et al., 2016; Gu et al., 2017; Wang et al., 2015; Wolfson
et al., 2016; Ye et al., 2015), signal to the Rag GTPases to acti-
vate or inactivate mTORC1 (Figure 1; Table 2).
Similar to amino acids arginine, leucine, and glutamine,

glucose can also directly activate mTORC1. In glucose

Table 2. Nutrient-sensitive signal transduction pathways consist of (1) substrate (nutrient), (2) sensor, (3) transducer, and (4) effector

Nutrient-sensing pathway Substrates Sensors Transducers Effectors

HBP glucose, glutamine,

glucosamine

GFAT (OGA and

OGT: unclear)

OGA, OGT O-GlcNAcylation of

core pluripotency

transcription factors

mTOR methionine, leucine,

arginine, glutamine,

asparagine, glucose,

SAM, a-KG

Rag GTPases, Arf1

GTPases, V-ATPase,

SAMTOR, GATOR,

Sestrins, SLC38A9

mTOR complex 4E-BP, S6K

AMPK glucose V-ATPase, AMPK AMPK ULK1, acetyl-CoA

carboxylase 1, SREBP1c
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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 mTORC1 (Efeyan et al.,
2013). Additional recent studies showed intracellular glucose
detection bymTORC1 occurs through a glucose-derivedmetab-
olite, 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, mTORC1 binds ULK1 to

inhibit autophagy, and conversely, nutrient starvation dissoci-
ates mTORC1 from ULK1, triggering autophagosomes to form
(Rabinowitz and White, 2010). In hPSCs, nutrient starvation in-
hibited mTORC1 activation, increased autophagosome forma-
tion, and decreased levels of OCT4, SOX2, and NANOG tran-
scription factors (Cho et al., 2014; Zhou et al., 2009).
Autophagy inhibition in starvation conditions caused pluripo-
tency transcription factors to accumulate, suggesting a role for
nutrients in controlling pluripotency by regulating autophagy
(Cho et al., 2014). Immunofluorescence microscopy and immu-
nogold-stained electron microscopy during nutrient starvation
confirmed pluripotency transcription factor interactions with au-
tophagosomes (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

mTORC1 inhibition and subsequent induction of autophagy
(Saxton and Sabatini, 2017). Amino acids such as glutamine,
methionine, and threonine have demonstrated roles in pluripo-
tency maintenance (Carey et al., 2015; Shiraki et al., 2014;
Shyh-Chang et al., 2013b; Vardhana et al., 2019) and may pro-
mote pluripotency by signaling nutrient abundance to activate
mTORC1. 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). Thre-
onine dehydrogenase (TDH), the rate-limiting enzyme in threo-
nine catabolism, supports somatic cell reprogramming into
mouse iPSCs because TDH knockdown decreased reprogram-
ming efficiency (Han et al., 2013). Threonine supports pluripo-
tency by maintaining histone methylation levels (Shyh-Chang
et al., 2013b; Wang et al., 2009) and by regulating mTORC1 ac-
tivity (Ryu and Han, 2011). mESCs incubated with threonine
increased expression of pluripotency proteins OCT4, NANOG,
and SOX2 (Ryu and Han, 2011). Inhibition of mTORC1 signaling
activity with rapamycin abolished this effect, further suggesting a
role for nutrient-activated mTORC1 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 tran-
scription factors. Future studies could identify whether other nu-
trients, such as glucose, or specific amino acids, such as proline,

also sustain pluripotency through mTORC1 inhibition of auto-
phagy. Of course, mTOR effects on transcription, translation,
and metabolism could also influence pluripotency. For example,
nutrient starvation could inhibit mTORC1 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 pluripo-
tency. For example, FOXO1, a master regulator of core auto-
phagy 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 mito-
chondria in order tomaintainmitochondrial homeostasis that ap-
pears critical for pluripotency (Wang et al., 2021a). A possible
explanation for these contradictory results is that a precise bal-
ance 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 (Bu-
lut-Karslioglu et al., 2016; Hussein et al., 2020). Preimplantation
mammalian embryos can survive ex vivo for up to 2 days, but
deprivation of glucose, arginine, and leucine can induce
diapause (Gwatkin, 1966; Naeslund, 1979). The Bulut-Karslioglu
group hypothesized that inhibiting growth pathways could repli-
cate 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 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,
mTORC2 has been documented to additionally regulate
mTORC1 activity (Szwed et al., 2021), making it possible that
mTORC1 may also play a role in this phenomenon.
A role for nutrients in mTORC1 regulation of pluripotency exit

and subsequent differentiation is less clear. Inhibition of
mTORC1 during germ lineage non-directed embryoid body for-
mation increased mesoderm and endoderm differentiation and
decreased ectoderm differentiation (Jung et al., 2016; Zhou
et al., 2009). Chemical screens with additional mTORC1 inhibi-
tors confirmed this result (Nazareth et al., 2016). Furthermore,
mouse embryos containing a loss-of-function mutation in
mTOR showed malformations in the ectoderm-derived telen-
cephalon with subsequent loss of viability (Hentges et al.,
2001). Similarly, a loss-of-function mutation in TSC2, 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 re-
sponds to many different nutrients, it will be interesting to deter-
mine whether a particular nutrient can promote lineage differen-
tiation 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
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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 pro-
duction 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-Ra-
gulator 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 lyso-
some (Zhang et al., 2013). This non-canonical mechanism
could also activate autophagy, although this remains un-
known. 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
AMPKmay impact pluripotency. In response to glucose starva-
tion, 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 phosphor-
ylation at S757, supports autophagy, whereas impaired phos-
phorylation at these 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 in-
creases mESC pluripotent gene expression through activation
of the AMPK/ULK1 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 deter-
mined that AMPK-regulated Tfeb is required for endoderm differ-
entiation, with Tfeb overexpression in AMPK knockout mESCs
restoring lysosomal function and efficient endoderm differentia-
tion (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 ami-
nosugar nucleotide, uridine diphosphate N-acetylglucosamine
(UDP-GlcNAc), which is the substrate for cycling of O-linked
N-acetylglucosamine (O-GlcNAc) post-translational modifica-
tions (PTMs) at serine and threonine residues of nuclear and
cytoplasmic proteins (Bond and Hanover, 2015) (Figure 1; Table
2). O-GlcNAc addition, by O-GlcNAc transferase (OGT), and its
removal by O-GlcNAcase (OGA) significantly alter the posttrans-
lational 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 protea-
some degradation (Love and Hanover, 2005).
The dynamic cycling of O-GlcNAc PTMs regulates PSC main-

tenance 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-GlcNAcylation
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-GlcNAc target. O-GlcNAcylation stabilized
ESRRB levels and promoted interactions with OCT4 and
NANOG (Hao et al., 2019). Additional evidence that O-GlcNAcy-
lation is essential for pluripotencymaintenance comes fromOGT
and OGA perturbation studies. Pharmacological or genetic inhi-
bition of OGA during the induction of neuron or cardiomyocyte
differentiation caused excessive O-GlcNAcylation 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-GlcNAcylation and accelerated PSC differ-
entiation into neuroectoderm lineage cells (Andres et al., 2017).
Recent evidence suggests that nutrient regulation of O-

GlcNAcylation may have a role in controlling pluripotency.
MEFs reprogrammed in low-glucose culture medium showed
reduced cellular O-GlcNAc 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-GlcNAc were highly sensitive to glucose
deprivation (Chi et al., 2020). Glucose-regulated HBP glycosyla-
tion 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 nutri-
ents and their HBP converted products, such as UDP-GlcNAc,
are required for nutrient-sensitive O-GlcNAcylation of pluripo-
tency master regulator proteins.
An additional layer of complexity exists for O-GlcNAcylation in

regulating PSC fate because a linear relationship between the
levels of nutrients and O-GlcNAcylation may not exist. Several
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studies reported that glucose (Marshall et al., 2004; Swamy
et al., 2016; Taylor et al., 2008, 2009), glutamine (Hamiel et al.,
2009; Liu et al., 2007; Swamy et al., 2016), and amino acids (Cha-
veroux et al., 2016; Zhu et al., 2020) do not show a dose-depen-
dent connection with protein O-GlcNAc levels. This suggests
that nutrient regulation of O-GlcNAcylation may be PSC
context-dependent, a recurring theme for nutrients controlling
PSC fate. For example, whether specific nutrient availability in-
creases or decreases O-GlcNAcylation 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 inves-
tigators of the active, rather than consequential, role of meta-
bolism 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 spe-
cific 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 support-
ive roles, it is likely that nutrient availability plays a synergistic
and potentially cyclic role in enabling PSC fates through meta-
bolic 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 in vivo and during PSC identity transitions
in vitro (Duncan et al., 2019).
A practical area for future study is determining threshold con-

centrations 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 detri-
mental to PSC-derived neural lineage generation due to oxida-
tive 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 concen-
tration of pyruvate promotes mesoderm, but not ectoderm, dif-
ferentiation 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 con-
centrations in culture medium can affect pluripotency/self-
renewal and differentiation biases through altered metabolic
flux and/or signaling. A potential approach to understanding bio-
logically significant nutrient concentrations is to replicate the
in 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, 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.

ACKNOWLEDGMENTS

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, R01GM127985, and P30CA016042).

AUTHOR CONTRIBUTIONS

Conceptualization, V.L., I.J.R., and M.A.T.; research, V.L., I.J.R., and M.A.T.;
visualization, V.L. and I.J.R.; writing, V.L., I.J.R., and M.A.T.

DECLARATION OF INTERESTS

The authors declare no competing interests.

REFERENCES

Andres, L.M., Blong, I.W., Evans, A.C., Rumachik, N.G., Yamaguchi, T., Pham,
N.D., Thompson, P., Kohler, J.J., and Bertozzi, C.R. (2017). Chemical modula-
tion of protein O-GlcNAcylation via OGT inhibition promotes human neural cell
differentiation. ACS Chem. Biol. 12, 2030–2039.

Baksh, S.C., and Finley, L.W.S. (2021). Metabolic coordination of cell fate by
a-ketoglutarate-dependent dioxygenases. Trends Cell Biol. 31, 24–36.

Biggers, J.D., Summers, M.C., and McGinnis, L.K. (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.

Bond, M.R., and Hanover, J.A. (2015). A little sugar goes a long way: the cell
biology of O-GlcNAc. J. Cell Biol. 208, 869–880.

Bulut-Karslioglu, A., Biechele, S., Jin, H., Macrae, T.A., Hejna, M., Gertsen-
stein, M., Song, J.S., and Ramalho-Santos, M. (2016). Inhibition of mTOR in-
duces a paused pluripotent state. Nature 540, 119–123.

Cantor, J.R., Abu-Remaileh, M., Kanarek, N., Freinkman, E., Gao, X., Louis-
saint, A., Jr., Lewis, C.A., and Sabatini, D.M. (2017). Physiologic medium re-
wires cellular metabolism and reveals uric acid as an endogenous inhibitor
of UMP synthase. Cell 169, 258–272.e17.

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.

Carey, B.W., Finley, L.W., Cross, J.R., Allis, C.D., and Thompson, C.B. (2015).
Intracellular a-ketoglutarate maintains the pluripotency of embryonic stem
cells. Nature 518, 413–416.

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

Chantranupong, L., Scaria, S.M., Saxton, R.A., Gygi, M.P., Shen, K., Wyant,
G.A., Wang, T., Harper, J.W., Gygi, S.P., and Sabatini, D.M. (2016). The
CASTOR proteins are arginine sensors for the mTORC1 pathway. Cell 165,
153–164.

Chaveroux, C., Sarcinelli, C., Barbet, V., Belfeki, S., Barthelaix, A., Ferraro-
Peyret, C., Lebecque, S., Renno, T., Bruhat, A., Fafournoux, P., and Manié,
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LETTER TO THE EDITOR

Mitochondrial metabolism and glutamine are essential for
mesoderm differentiation of human pluripotent stem cells
Cell Research (2019) 0:1–3; https://doi.org/10.1038/s41422-019-0191-2

Dear Editor,
Human pluripotent stem cells (hPSCs) generate energy mainly

by aerobic glycolysis, with glutamine oxidation in the tricarboxylic
acid (TCA) cycle providing additional ATP required for survival.1–3

During the exit from pluripotency and initial differentiation into
multiple germ lineage precursors, energy production shifts from
mainly aerobic glycolysis to mitochondrial oxidative phosphoryla-
tion (OXPHOS).1 Until recently, consensus in the field was that as
PSCs exit pluripotency, a metabolic switch from aerobic glycolysis
to OXPHOS is required. However, a more detailed examination of
nascent ectoderm (EC) metabolism showed unexpected main-
tenance of a high, MYC-dependent glycolytic flux, resembling
sustained hPSC metabolism, in contrast to mesoderm (ME) and
endoderm (EN),4 generating questions for the role(s) of mitochon-
drial metabolism in early hPSC tri-lineage differentiation. To
examine this issue, we differentiated hPSCs into early EN, ME, and
EC lineages using a non-limiting, nutrient-balanced culture media
that differed only by established lineage-driving cytokines,5,6 so
that intrinsic metabolic preferences were not derived from a
variance in nutrient composition (Supplementary information,
Data S1). Principal component analysis (PCA) of these early
lineages using RNA-Seq was equivalent to a previous study using
nutrient-balanced and chemically defined growth media.4 Further-
more, transcriptomic and protein biomarker expression matched
established profiles for hPSCs and hPSC-derived EN, ME, and EC
(Supplementary information, Fig. S1a–c, Table S1),7 confirming the
validity of our model system.
To quantify the impact of mitochondrial OXPHOS on lineage

potentiation, mitochondrial stress tests showed that ME has the
highest basal and maximal oxygen consumption rate (OCR),
greatest spare respiratory capacity, and largest approximate
respiration-to-glycolysis ratio (OCR/ECAR) compared to hPSCs,
EN, and EC (Fig. 1a, Supplementary information, Fig. S1d, e). To
compare nutrient preferences, we used media footprint analysis,
which showed decreased glucose (Glc) consumption, decreased
lactate production, increased glutamine (Gln) consumption, and
increased glutamate production in ME compared to EC (Fig. 1b).
Live cell interferometry quantification of normalized biomass
accumulation (growth) rate revealed that ME and EC cell clusters
were statistically equivalent and higher than EN (Fig. 1c). Taken
together, the data reveal a striking metabolic plasticity in that ME
and EC differ dramatically in nutrient source and pathways for
energy and metabolite production, yet yield the same growth rate
during early lineage specification.
Prior studies show that cell biomass accumulation during

proliferation depends mainly on the consumption of non-Gln amino
acids.8 Since our data reveal that ME and EC have equivalent growth
rates, we examined biomass accumulation-independent roles for Glc

and Gln, such as facilitating cell fate specifications in these two
lineages. Initially, we determined whether Glc or Gln is most crucial
for each lineage. Early EN, ME, and EC lineages did not robustly
convert 13C6-glucose into TCA cycle metabolites, suggesting that Glc
is not a major carbon source for the germ lineages (Fig. 1d,
Supplementary information, Fig. S2a). In contrast to Glc, Gln is
a major fuel source for all three cell lineages, with >70% of
13C5-glutamine metabolized to glutamate and subsequent TCA cycle
metabolites (Fig. 1e, Supplementary information, Table S2). Speci-
fically, the mass isotopologue distribution (MID) of 13C5-glutamine
shows increased m+ 5 αKG and m+ 4 succinate, fumarate, malate,
and citrate levels in ME, indicating that ME preferentially uses Gln
compared to EC (Fig. 1f). Increased m+ 5 citrate due to reductive
carboxylation9 was detected in EC compared to ME, suggesting that
Gln may be preferentially shunted toward lipid biosynthesis and/or
gluconeogenesis through citrate rather than into other TCA cycle
intermediates in EC (Fig. 1f).10 Overall, the data show that Gln is a
major contributor to the TCA cycle in all three lineages, yet displays
increased incorporation into first turn TCA cycle metabolites in ME
compared to EC.
Since ME exhibits increased preference for Gln contribution into

the TCA cycle, we next asked whether Gln deprivation would
result in a bias in lineage potentiation in non-directed embryoid
body (EB) differentiation, which has been previously demon-
strated to recapitulate features of early embryogenesis.11 As
expected, Gln withdrawal from EB culture media at the start of
non-directed differentiation resulted in significantly reduced levels
of TCA cycle metabolites, with the exception of citrate at 48 h
(Fig. 1g). Concurrent 1 mM dichloroacetate (DCA) treatment with
Gln withdrawal to inhibit pyruvate dehydrogenase kinase and
increase the flux of Glc supplied pyruvate into the TCA cycle12

surprisingly did not replenish TCA cycle metabolite levels (Fig. 1g).
This finding is consistent with a prior study reporting that hPSCs
are highly dependent on both Glc and Gln oxidation, and that
pyruvate addition cannot rescue Glc and Gln depleted conditions.2

A mitochondrial stress test on EC and ME differentiated cells with
Gln removed from the culture media revealed a decrease in
maximal OCR and OCR/ECAR ratio in ME compared to EC,
consistent with increased reliance on Gln in ME for respiration
(Supplementary information, Fig. S2b, c). Additionally, differentia-
tion under Gln deprivation did not affect EB formation,
morphology, or viability (Supplementary information, Fig. S2d).13

Interestingly, in EBs differentiated under Gln deprivation, immu-
noblot analysis revealed a decrease in the SLUG protein level,
while qRT-PCR analysis showed significantly decreased HAND1
expression, indicating that Gln is essential for ME production
(Fig. 1h, Supplementary information, Fig. S2e). Additionally, phase
contrast microscopy of ME lineage directed differentiation
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revealed widespread cell death under Gln deprivation, suggesting
that Gln is indispensable for ME formation (Supplementary
information, Fig. S2f). In contrast, Gln withdrawal led to an
increase in EC specifying biomarker proteins PAX6 and MAP2B
during 21 days of EB differentiation (Fig. 1h, Supplementary
information, Fig. S2e). Increased EC production may be linked to a
compensation for Gln deprivation by recovery of glycolytic
metabolites (Fig. 1g, h, Supplementary information, Fig. S2g).

Together, this EB differentiation profile suggests that Gln with-
drawal skews potentiation of ME negatively and EC positively.
This report provides a deeper understanding of distinct

metabolic shifts in early germ lineages by showing that
mitochondrial respiration and Gln oxidation is essential for ME
differentiation. Further studies are needed to elucidate the
functional roles of metabolic reprogramming in early germ
lineages, with possibilities including transcriptional program
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changes regulated by metabolite-sensitive epigenetic modifiers14

or carbon source-specific dependencies.
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experiments. Media of differentiated H9 hESCs were changed 24 h prior to spent media metabolite extraction. c Normalized single colony
biomass accumulation and growth rates (%/hour) of nutrient-balanced H9-derived EN/ME/EC samples measured over 24 h. Data represent
n= 29 EN, n= 45 ME, and n= 37 EC colonies. d, e Fractional contribution of 13C6-labeled metabolites from [U-13C6] glucose (d) or 13C5-labeled
metabolites from [U-13C5] glutamine (e) after 18 h quantified by UHPLC-MS. f Mass isotopomer distribution (MID) of TCA cycle-associated
metabolites from [U-13C5] glutamine. The carbon labeling of TCA cycle-associated metabolites from [U-13C5] glutamine is schematically
illustrated in black for the first (1st) and second (2nd) turn or α-ketoglutarate (α-KG) reductive carboxylation (RC) into citrate. Media of
differentiated H9 hESCs were changed 18 h prior to intracellular metabolite extraction. g Relative levels of TCA cycle metabolites in H9 hPSCs
under 36 h and 48 h spontaneous differentiation in the presence or the absence of Gln in the culture media co-treated or untreated with
1mM DCA, quantified by UHPLC-MS. h Immunoblot of ME (SLUG) and EC (PAX6, SOX2 and MAP2) markers in H9-derived EB at 21 days of
differentiation in the presence or the absence of Gln in the culture media co-treated or untreated with 1mM DCA. *P ≤ 0.05, **P ≤ 0.01, ***P ≤
0.001, ****P ≤ 0.0001. p values are determined using unpaired Student’s t-test (c–e) or two-way ANOVA with multiple comparisons Bonferroni
correction (b, f, g). Data represent mean ± SD (a, b, d–g) or mean ± SEM (c) of independent experiments indicated above

Letter to the Editor

3

Cell Research (2019) 0:1 – 3



 

 78 

 

 

Supplementary information, Data S1 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Cell Culture 

All work with human embryonic stem cells (hESCs) has been approved under the UCLA 

Institutional Biosafety Committee (IBC) and UCLA Embryonic Stem Cell Research Oversight 

(ESCRO) Committee under Protocol # 2007-003-12. H9 (WA09 – Female; RRID:CVCL_9773), 

H1 (WA01 – Male; RRD:CVCL_9771), HSF-1 (Male; RRID:CVCL-D003), hiPS2 (Male; RRID: 

CVCL_B508) and UCLA-1 (Female; RRID:CVCL_9951) primed human pluripotent stem cells 

(hPSCs) were provided low-passage and contamination tested through the UCLA BSCRC 

hESC Core Bank (Jerome Zack, UCLA). Following receipt, hPSCs were shifted to feeder-free 

Matrigel (Corning) in mTeSR1 medium (Stemcell Technologies) and passaged using Gentle 

Cell Dissociation Reagent (Stemcell Technologies).  

 

Trilineage Directed-Differentiation Protocol  

6-wells plates were coated with 1:10 Matrigel (Corning) and incubated for 30 minutes prior to 

seeding. 80-90% confluent hPSCs were incubated in Gentle Cell Dissociation Reagent 

(Stemcell Technologies) for 8 minutes at 37qC, dissociated to single cells using a 40μm cell 

strainer, and harvested in plain media (DMEM/F12; Gibco) for counting. Cells were centrifuged 

at 450xg for 5 minutes. 

 

Ectoderm Differentiation 

1.2 x 106 cells were seeded in each well of a 6 well plate in mTeSR1 media (Stemcell 

Technologies) with 10 μM ROCK inhibitor (Y-27632; Stemcell Technologies). Media was 

changed to differentiation media 24 hours after seeding. hPSCs were differentiated over a 5-day 

period by culturing in a 50% DMEM/F12 and 50% IMDM-based medium (Gibco) supplemented 

with 450 μM monothioglycerol (Millipore Sigma), 1 mg/ml BSA (Gibco), 0.11 μM 2-
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mercaptoethanol (Gibco), 1% Glutamax (Gibco), 1% N2 supplement (Thermofisher), 2% B27 

supplement (Thermofisher), 10 μM SB43154 (Stemgent), and 0.2 μM Dorsomorphin 

(Stemgent).  

 

Mesoderm Differentiation 

1.8 x 106 cells were seeded in each well of a 6 well plate in mTeSR1 media with 10 μM ROCK 

inhibitor (Y-27632; Stemcell Technologies). hPSCs were differentiated over a 5-day period by 

culturing in a 50% DMEM/F12 and 50% IMDM-based medium (Gibco) supplemented with 450 

μM monothioglycerol (Millipore Sigma), 1 mg/ml BSA (Gibco), 0.11 μM 2-mercaptoethanol 

(Gibco), 1% Glutamax (Gibco), 0.7 µg/mL insulin (Millipore Sigma), 15 µg/mL transferrin 

(Millipore Sigma), 1 mL/100mL chemically-defined lipid concentrate (Gibco), 100 ng/mL VEGF-

165 (Stemcell Technologies), 100 ng/mL BMP4 (Peprotech), and 20 ng/mL FGF2 (Peprotech). 

Medium for the first 24 hours of differentiation was supplemented with 100 ng/mL Activin A 

(Stemcell Technologies). 

 

Endoderm Differentiation 

1.8 x 106 cells were seeded in each well of a 6 well plate in mTeSR1 media with 10 μM ROCK 

inhibitor (Y-27632; Stemcell Technologies). hPSCs were differentiated over a 3-day period by 

culturing in a 50% DMEM/F12 and 50% IMDM-based medium (Gibco) supplemented with 450 

μM monothioglycerol (Millipore Sigma), 1 mg/ml BSA (Gibco), 0.11 µM 2-mercaptoethanol 

(Gibco), and 1% Glutamax (Gibco). Medium for the first 24 hours was supplemented with 100 

ng/mL Activin A (Stemcell Technologies), 2 µM CHIR99021 (Cayman Chemicals), and 50 nM 

PI-103 (Fisher Scientific). Medium after the first 24 hours was supplemented with 100 ng/mL 

Activin A (Stemcell Technologies), and 250 nM LDN 1931189 (Stemgent). 

 

Embryoid Body Differentiation  
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3.5 x 106 cells per well were seeded in AggreWell EB Formation Media (Stemcell Technologies) 

with 10 μM ROCK inhibitor (Y-27632; Stemcell Technologies) into 6-well AggreWell 400 plates 

(Stemcell Technologies) for consistent size and shape. Within 24 hours, embryoid bodies were 

harvested through a cell strainer and transferred to 6-well Ultra-Low Attachment plates (Corning 

Costar) and grown in DMEM/F12 (Gibco) supplemented with 20% KnockOut Serum 

Replacement (Gibco), 1% Glutamax (Gibco), 1% Penicillin/Streptomycin (Corning), 1% Non-

Essential Amino Acids (Corning), and 0.1 mM 2-mercaptoethanol (Gibco). Media was changed 

every day throughout 21 days of differentiation. For DCA treated condition, media was 

supplemented with 1mM dichloroacetate (DCA; Millipore Sigma). For glutamine deprivation 

condition, DMEM/F12 without glutamine (Gibco) was used and Glutamax (Gibco) was excluded 

from media preparation.  

 

METHOD DETAILS 

Nutrient Balanced Media Formulation 

For all differentiation protocols indicated, a chemically defined, nutrient balanced base media 

(CDM2) was prepared using 50% DMEM-F12 and 50% IMDM media (Gibco). Media was 

supplemented with 1mg/mL BSA (Gibco), 1% chemically defined lipid concentrate CDLC 

(Gibco), 450 PM monothioglycerol (Millipore Sigma), 0.7 µg/mL insulin (Millipore Sigma), 15 

µg/mL Transferrin (Millipore Sigma), 1% Glutamax (Gibco), and 0.18% 2-mercaptoethanol 

(Gibco). CDM2 base media was then filter sterilized through a 0.22 µM filter (Millipore Sigma) 

prior to use.  

 

Extracellular Flux Analysis 

HPSC, ME, EN, and EC cells were plated on a XF96 (Agilent) 96-well plate at 105-106 cells/well 

seeding density. The following day, respective media was replaced one hour prior to assay with 

nutrient balanced XF media (Agilent) supplemented with 1mM sodium pyruvate (Corning), 17.5 
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mM glucose, and 2mM glutamine (without glutamine in glutamine deprivation assays). Oxygen 

consumption rate (pmol/min) and extracellular acidification rate (mpH/min) were assessed using 

a Seahorse XF96 Extracellular Flux Analyzer mitochondrial stress test (Agilent) using the 

following drug concentrations: 1 µM oligomycin, 0.5 µM/0.33 µM FCCP, and 1 µM each of 

Rotenone/Antimycin A. Measurements are normalized to protein concentration measured by 

BCA (Pierce).  

 

Media Footprint Analysis 

Following a minimum of 24 hours of nutrient balanced media culturing, 20PL of media was 

removed per sample and added to 300 PL of 80% HPLC-grade methanol (Fisher Scientific). 

Samples were then vortexed, centrifuged, washed, evaporated, and processed as indicated in 

the Metabolite Extraction and UHPLC-MS Processing methods section below. Measurements 

are normalized to protein concentration measured by BCA (Pierce), followed by normalization to 

fresh unspent media for each of the trilineage formulations as an internal blank control.  

 

Biomass Accumulation 

Biomass accumulation and growth rate measurements were obtained using quantitative phase 

microscopy (OPM) using a live cell interferometer (LCI), as described previously 2. The LCI 

system consists of a Zeiss Axio Observer Z1 inverted microscope and an on-stage incubation 

chamber (Zeiss) with temperature, CO2 and humidity modulations (Zeiss). QPM images were 

captured by a SID4BIO (Phasics) quadriwave lateral shearing interferometry (QWSLI) camera. 

All cells were imaged using a 20x 0.4NA objective and a 660nm collimated LED (Thorlabs) light 

source. 2-4 hours prior to imaging, 25,000-30,000 hPSC and hPSC-derived D5 ME, EN, and EC 

cells were seeded into ibidi polymer-treated µ-slide 4 well plates (ibidi GmbH). Immediately prior 

to imaging, media is carefully changed to remove cells in suspension and sealed with anti-
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evaporation oil (ibidi USA). During imaging, the sample plate is moved by the motorized stage, 

collecting 15 images/well on each stop at the rate of 10min/row of four wells. Following data 

acquisition, phase images are automatically processed in a custom pipeline that includes 

background flattening, cell detection, colony segmentation, and biomass calculation. Normalized 

growth rate plots are generated by subtracting the biomass of each colony by its initial biomass 

at every captured time point.  

 

Flow Cytometry 

Cells were harvested using Gentle Cell Dissociation Reagent (Stemcell Technologies) and 

resuspended in plain DMEM (Corning). Samples were fixed using the Cytofix/Cytoperm Kit (BD 

Biosciences) and processed on a LSRII or LSRFortessa flow cytometer (BD Biosciences). 

Samples were analyzed using FlowJo software (FlowJo, Inc). Antibodies and isotype controls 

used and their dilutions are indicated below.  

 

RNA Extraction 

All cells were grown to 70-80% confluence and purified using the RNeasy Mini Kit (Qiagen) and 

RNase-free DNase (Qiagen) following the manufacturer’s protocols. All samples showed a 

A260/280 ratio > 1.99 (Nanodrop; Thermo Scientific). For RNA-Sequencing, prior to library 

preparation, quality control of the RNA was performed using the Advanced Analytical 

Technologies Fragment Analyzer (Advanced Analytical, Inc.) and analyzed using PROSize 

2.0.0.51 software. RNA Quality Numbers (RQNs) were computed per sample between 8.1 and 

10, indicating intact total RNA per sample prior to library preparation. 

 

RNA-Sequencing Library Preparation 
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Strand-specific ribosomal RNA (rRNA) depleted RNA-Seq libraries were prepared from 1 µg of 

total RNA using the KAPA Stranded RNA-Seq Kit with Ribo-Erase (Kapa Biosystems, Roche). 

Briefly, rRNA was depleted from total RNA samples, the remaining RNA was heat fragmented, 

and strand-specific cDNA was synthesized using a first strand random priming and second 

strand dUTP incorporation approach. Fragments were then A-tailed, adapters were ligated, and 

libraries were amplified using high-fidelity PCR. All libraries were prepared in technical 

duplicates per sample (n = 30 samples, 60 libraries total), and resulting raw sequencing reads 

merged for downstream alignment and analysis. Libraries were paired-end sequenced at 2x150 

bp on an Illumina NovaSeq 6000.  

 

Immunoblotting 

Immunoblotting was performed as previously described 3. All images were captured using an 

Odyssey Fc with IRDye-conjugated secondary antibodies (LiCor). Antibodies used and their 

respective dilutions are listed below.  

 

Metabolite Extraction and UHPLC-MS Processing 

Intracellular metabolites were extracted with cold 80% methanol and analyzed using ultra-high 

performance liquid chromatography-mass spectrometry (UHPLC-MS) as previously described 4. 

Media of differentiated H9 hESCs were changed 18h prior to metabolite extraction. For 

experiments with glucose and glutamine tracing, unlabeled glucose and glutamine were 

replaced with [U-13C] glucose and [U-13C] glutamine isotopologues (Cambridge Isotope 

Laboratories), respectively, in a DMEM/F12 only base medium. After, cells were rinsed with cold 

D-PBS and 150mM ammonium acetate (pH 7.3) and then collected in cold 80% MeOH in water. 

To the cell suspensions, 10nmol D/L-norvaline were added and vortexed three times on ice, 

followed by centrifugation (12,130g, 4oC). The supernatant was transferred into a glass vial and 
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a second extraction was repeated with 150 µL of cold 80% MeOH. Metabolites were dried using 

an EZ-2 evaporator (Genevac) and resuspended in 70% acetonitrile.  

For the mass spectrometry-based analysis of the sample, 5 ul was injected onto a Luna NH2 

(150mm 2 mm, Phenomenex) column. The 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 (+3.50 kV/-3.50 kV) in full scan mode with an m/z range 

of 65 -975. Separation was achieved using A) 5mM 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.  

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

QPM Image Analysis 

All images were processed with custom MATLAB (MathWorks) scripts. Cells were identified and 

segmented using a local adaptive threshold based on Otsu’s method 2 and tracked using 

particle tracking code 5. QPM biomass data was summed over the projected area of each cell to 

obtain total cell biomass at each collection time point. Biomass accumulation rates were 

calculated by fitting a first-order polynomial to each biomass versus time plot using MATLAB 

Polyfit (MathWorks). Individual cell growth tracks were quality filtered using an upper cutoff of 

±5% uncertainty (s.d. of residuals) in the calculated growth rate, as determined by linear fitting 

the biomass versus time data.  

 

Metabolomics Data Analysis 

Metabolites were quantified with TraceFinder 3.3 using accurate mass measurements (3 ppm) 

and retention times. 

 



 

 85 

 

Data was corrected for naturally occurring 13C in isotopologue distribution measurements 6. Data 

analysis was calculated using the formula statistical language R. Fractional contributions were 

measured using the formula described previously, where mi denotes the intensity of the 

isotopologue, and n marks the number of carbons in the metabolite 7.  

 

RNA-Sequencing Analysis  

Fibroblasts, iPSCs, and MSCs were each sequenced in biological triplicates and technical 

duplicates (n = 60 total samples) to account for variation in extraction and culturing. Raw 

sequencing reads were converted into fastq files and filtered for low quality reads and Illumina 

sequencing adapter contamination using bcl2fastq (Illumina). Reads were then quasi-mapped 

and quantified to the Homo sapiens GENCODE 28 (GRCh38.p12, Ensembl 92, April 2018) 

transcriptome using the alignment-free transcript level quantifier Salmon v0.9.1 8-10. A quasi-

mapping index was prepared using parameters “salmon index -k 31 –type quasi”, and 

comprehensive transcript level estimates were calculated using parameters “salmon quant -l A –

seqBias –gcBias --discardOrphansQuasi”. Transcript level counts were collapsed to gene level 

(HGNC) counts, transcripts per million abundances (TPM) and estimated lengths using R 

Bioconductor package tximport v1.6.0 11. 

 

Differential Gene Expression Analysis 

The resulting sample gene count matrix was size factor normalized and analyzed for pairwise 

differential gene expression using R Bioconductor package DESeq2 v1.18.1. Expression 

changes were estimated using an empirical Bayes procedure to generate moderated fold 

change values with design “~ Batch + Sample”, modeling batch effect variation due to day of 

RNA extraction 12,13.  Significance testing was performed using the Wald test, and resulting P 

values were adjusted for multiple testing using the Benjamini-Hochberg procedure 14. DEGs 
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were filtered using an adjusted false discovery rate (FDR) q value < 0.05 and an absolute log2 

transformed fold-change > 1.   

 

Gene Expression PCA 

Variance stabilized transform (VST) values in the gene count matrix were calculated and plotted 

for PCA using R Bioconductor packages DESeq2, FactoMineR, and factoextra 12,13. Whole 

transcriptome PCA was performed with comparison to existing RNA-sequencing data of nutrient 

balanced trilineage differentiations previously provided in GEO: GSE101655 1. RNA-sequencing 

samples were batch effect normalized across library preparation differences between this study 

and previously published reports 1 using limma v3.34.9 15. PCA of nucleus-encoded 

mitochondrial protein and mtDNA transcripts were extracted using localization evidence derived 

from MitoMiner v4.0, subsetting VST matrices using genes listed in MitoCarta 2.0 16,17. 

Scatterplots and MA plots of gene expression fold-changes between fibroblasts, iPSCs, and 

MSCs were performed, and Pearson/Spearman correlation coefficients calculated, using R 

package ggpubr v0.1.6 (https://cran.r-project.org/web/packages/ggpubr/index.html). Genes of 

interest were extracted and averaged clonal heatmaps were prepared using R Bioconductor 

packages pheatmap v1.0.8 and gplots v3.0.1 18,19. Venn diagram intersections of DEG lists were 

generated using Venny 2.1.0 (http://bioinfogp.cnb.csic.es/tools/venny/index.html) 

 

Statistical Testing 

Statistical testing for all data except for RNA-sequencing was performed using Prism 7 and 8 

(Graphpad). All RNA-sequencing statistical analysis are described in the Quantification and 

Statistical Analysis sections. Unpaired Student’s t testing was performed for all extracellular flux, 

media footprint, and interferometry analysis. 2-way ANOVA with multiple comparisons 

Bonferroni adjustment was used for all metabolomics-based mass isotopomer and fractional 
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contribution distribution data. Unless otherwise indicated, all data represent the mean ± the 

standard deviation of n = 3 independent biological experiments.  

 

DATA AND SOFTWARE AVAILIABILITY 

RNA-Sequencing processed and raw files are deposited to the NCBI Gene Expression Omnibus 

(GEO) under accession GSE127270. Code used to process RNA-Sequencing data is provided 

under Atlassian Bitbucket at https://bitbucket.org/ahsanfasih/OxPhosMesoderm/src/master. 

Metabolomics and RNA-Seq processed data are provided in MS Excel format (Data Tables S1 

and S2). All other data requests should be directed to and will be fulfilled by the Lead Contact, 

Michael A. Teitell (MTeitell@mednet.ucla.edu). 

 

Key Resources Table 

REAGENT or 
RESOURCE 

SOURCE IDENTIFIER 

Antibodies 
Mouse anti-β-
tubulin; 1/1000 

Millipore Sigma Cat#T4026; RRID:AB_477577 

Rabbit anti-PAX6; 
1/500 

Cell Signaling 
Technology 

Cat#60433S 

Rabbit anti-SOX2; 
1/1000 

Cell 
Signaling Technol
ogy 

Cat#4900; RRID:AB_10560516 

Rabbit anti-OCT4; 
1/1000 

Cell 
Signaling Technol
ogy 

Cat#2840S; RRID:AB_2167691 

Rabbit anti-MAP2; 
1/500 

Cell 
Signaling Technol
ogy 

Cat#4542; RRID:AB_10693782 

Rabbit anti-SNAIL; 
1/500 

Cell 
Signaling Technol
ogy 

Cat#9585; RRID:AB_2239535 

PerCPCy5.5 
Mouse anti-Human 
PAX6 

BD Biosciences Cat#562388; RRID:AB_11153319 

Alexa Fluor 488 
Mouse anti-MAP2B 

BD Biosciences Cat#560399; RRID:AB_1645358 
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Alexa Fluor 488 
Mouse anti-
OCT3/4 

BD Biosciences Cat#561628; RRID:AB_10895977 

Alexa Fluor 
700 Mouse anti-
Human CD34 

BD Biosciences Cat#561440; RRID:AB_10715443 

V450 Mouse anti-
SOX2  

BD Biosciences Cat#561610; RRID:AB_10715443 

Alexa Fluor 488 
Mouse IgG1 κ 
Isotype Control 

BD Biosciences Cat#557782; RRID:AB_396870 

Alexa Fluor 700 
Mouse IgG1, κ 
Isotype Control 

BD Biosciences Cat#557882; RRID:AB_396920 

V450 Mouse IgG1, 
κ Isotype Control 

BD Biosciences Cat#560373; RRID:AB_1645606 

PerCP-Cy5.5 
Mouse IgG2a, κ 
Isotype Control 

BD Biosciences Cat#558020; RRID:AB_396989 

PerCP-Cy5.5 
Mouse IgG1 κ 
Isotype Control  

BD Biosciences Cat#550795; RRID:AB_393885 

Alexa Fluor 647 
Rat IgG2a, κ 
Isotype Control  

BD Biosciences Cat#557857; RRID:AB_396900 

IRDye 680RD 
Donkey anti-Rabbit 
IgG (H + L) 

LI-COR 
Biosciences 

Cat#926-68073; RRID:AB_10954442 

IRDye® 800CW 
Goat anti-Mouse 
IgG (H + L) 

LI-COR 
Biosciences 

Cat#925-32210; RRID:AB_2687825 

IRDye® 800CW 
Goat anti-Rabbit 
IgG (H + L), 0.5 mg 

LI-COR 
Biosciences 

Cat#926-32211; RRID:AB_621843 

IRDye 800CW 
Donkey anti-Goat 
IgG (H+L) 

LI-COR 
Biosciences 

Cat#926-32214; RRID:AB_621846 

IRDye 680RD 
Donkey anti-Mouse 
IgG (H+L) 

LI-COR 
Biosciences 

Cat#926-68072; RRID:AB_10953628 

IRDye 680RD Goat 
Anti-Mouse 0.5 mg 

LI-COR 
Biosciences 

Cat#926-68070; RRID:AB_10956588 

Chemicals, Peptides, and Recombinant Proteins 
Gentle Cell 
Dissociation 
Reagent 

Stemcell 
Technologies 

Cat#07174 
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mTeSR1 Stemcell 
Technologies 

Cat#85850 

DMEM/F12 Thermofisher Cat#11320-082 
IMDM Gibco Cat#12440053 
ROCK Inhibitor; Y-
27632 

Stemcell 
Technologies 

Cat#72304 

Monothioglycerol Millipore Sigma Cat#M6145 
BSA Fraction V, 
7.5% 

Gibco Cat#15260037 

2-mercaptoethanol Thermofisher Cat#21985-023 
GlutaMAX 
Supplement 

Thermofisher Cat#35050-061 

N2 Supplement Thermofisher Cat#A1370701 
B27 Supplement Thermofisher Cat#17504044 
SB43154 Stemgent Cat#04-0010-10 
Dorsomorphin Stemgent Cat#04-0024 
Human 
Recombinant 
Insulin 

Millipore Sigma Cat#11376497001 

Transferrin from 
human serum 

Millipore Sigma Cat#10652202001 

Chemically Defined 
Lipid Concentrate 
(CDLC) 

Gibco Cat#11905031 

Human 
Recombinant 
VEGF-165 

Stemcell 
Technologies 

Cat#78073.1 

Human 
Recombinant 
BMP-4 

PeproTech Cat#120-05ET 

Human 
Recombinant 
FGF2 

Stemcell 
Technologies 

Cat#78003 

Human 
Recombinant 
Activin A 

Stemcell 
Technologies 

Cat#78001.1 

CHIR99021 
(GSK3i) 

Cayman 
Chemicals 

Cat#13122 

PI-103 
Hydrochloride 

Tocris/Fisher 
Scientific 

Cat#29-301 

Stemolecule LDN-
1931189 

Stemgent Cat#04-0074 

KnockOut Serum 
Replacement 

Thermofisher Cat#10828-028 
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Penicillin/Streptom
ycin Solution, 100X 

VWR Cat#45000-652 

MEM Non-
Essential Amino 
Acids 

Gibco Cat#11140-050 

Sodium 
dichloroacetate 
(DCA), 98% 

Millipore Sigma Cat#347795 

Agilent XF Base 
Media, without 
phenol red 

Agilent 
Technologies 

Cat#103335-100 

Anti-evaporation 
Silicone Oil 

ibidi USA Cat#50051 

AggreWell EB 
Formation Medium 

Stemcell 
Technologies 

Cat#05221 

AggreWell Rinsing 
Solution 

Stemcell 
Technologies 

Cat#07010 

Matrigel Corning/Fisher 
Scientific 

Cat#CB-4023A 

RNAse-Free 
DNase Set 

Qiagen Cat#79254 

DMEM/F12, no 
glutamine 

Thermofisher Cat#21331020 

D-GLUCOSE (U-
13C6, 99%) 

Cambridge 
Isotope 
Laboratories 

Cat#CLM-1396-1 

L-GLUTAMINE 
(13C5, 99%) 

Cambridge 
Isotope 
Laboratories 

Cat#CLM-1822-H-0.1 

Critical Commercial Assays 
RNeasy Mini Kit Qiagen Cat#74106 
Seahorse XF Cell 
Mito Stress Test 
Kit 

Agilent 
Technologies 

Cat#103015-100 

KAPA Stranded 
RNA-Seq with 
RiboErase 

KAPA Biosystems Cat#KK8484 

BCA Protein Assay 
Kit 

Pierce/Thermofish
er 

Cat#23225 

Deposited Data 
RNA-Sequencing 
Data for Nutrient 
Balanced hPSC 
and Trilineage 
Differentiation to 
EN/EC/ME 

This Paper GEO: GSE127270 
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RNA-Sequencing 
Data for hPSC 
Trilineage 
Differentiation 
Comparisons 

Stephen Dalton 
Lab 1 

GEO: GSE101655 

Experimental Models: Cell Lines 
H9 (WA09); 
Female 

UCLA BSCRC 
hESC Core Bank 

RRID:CVCL_9773 

H1 (WA01); Male UCLA BSCRC 
hESC Core Bank 

RRID:CVCL_9771 

HSF-1; Male UCLA BSCRC 
hESC Core Bank 

RRID:CVCL_D003 

hiPS2; Male UCLA BSCRC 
hESC Core Bank 

RRID:CVCL_B508 

UCLA-1; Female UCLA BSCRC 
hESC Core Bank 

RRID:CVCL_9951 

Software and Algorithms 
Seahorse Wave 
Desktop Software 

Agilent 
Technologies 

https://www.agilent.com/en/products/cell-analysis/cell-
analysis-software/data-analysis/wave-desktop-2-6 

ImageJ NIH https://imagej.nih.gov/ij/ 
Salmon v0.9.1 10 https://combine-lab.github.io/salmon/ 
Tximport v1.6.0 11 http://bioconductor.org/packages/release/bioc/html/txim

port.html 
DESeq2 v1.18.1 13 https://bioconductor.org/packages/release/bioc/html/DE

Seq2.html 
Pheatmap v1.0.8 19 https://github.com/raivokolde/pheatmap 
Gplots v3.0.1 18 https://cran.r-

project.org/web/packages/gplots/index.html 
Prism 7 and 8 Graphpad https://www.graphpad.com/scientific-software/prism/ 
TraceFinder v3.3 Thermofisher https://www.thermofisher.com/order/catalog/product/OP

TON-30491 
Matlab Scripts for 
Live Cell 
Interferometry 

Mathworks; 2,5 N/A 

Limma v3.34.9 15 https://bioconductor.org/packages/release/bioc/html/lim
ma.html 

R v3.4.4 The R Project for 
Statistical 
Computing 

https://www.r-project.org 

Bioconductor v3.6 12 https://www.bioconductor.org 
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Supplementary information, Fig. S1 Molecular and transcriptomic characterization of 

germ layers generated with nutrient-balanced media.  a Principal components analysis 

(PCA) plot of transcriptomic variance between H9 and H9-derived lineage-directed 

differentiations from this study (n = 5, GSE127270) and a previously established nutrient-

balanced strategy1 (n = 2, GSE101655).  b Heatmap of hPSC and lineage-restricted marker 

gene expression. Heatmap values are plotted as the variance stabilized transform (VST) 

subtracted by the gene row average mean between samples (Z score).  Values shown are 

unaveraged replicates (n = 5 each lineage). c Representative flow cytometry traces for 

expression of pluripotency (OCT4, SOX2), EC (SOX2, PAX6, MAP2) and ME (CD34) markers 

under EC and ME directed differentiation. d Representative OCR trace and quantification of 

basal OCR, maximal OCR, and maximal OCR/ECAR ratio determined by mitochondrial stress 

test of UCLA1 hPSCs at 5 days of lineage-directed differentiation. Data are normalized by µg of 

protein content per well. e Quantification and additional biological replicates provided of 

mitochondrial stress tests for H9 hPSC and H9-derived progenitors. Each row represents one 

independent biological experiment. Data represent n = 3 ME, n = 3 EN, n = 4 EC. Related to 

Fig. 1a. *p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. p values are determined using (e) 

unpaired Student’s t-test. Data represent mean ± SD of independent experiments indicated 

above.  

 

Supplementary References 

1 Cliff, T. S. et al. MYC Controls Human Pluripotent Stem Cell Fate Decisions through 
Regulation of Metabolic Flux. Cell Stem Cell 21, 502-516 e509, 
doi:10.1016/j.stem.2017.08.018 (2017). 
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Supplementary information, Fig. S2 Impact of glutamine removal on metabolism and cell 

fate. a Schematic and mass isotopomer distribution (MID) percent labeled of select glycolysis, 

citrate, and significant TCA metabolites (fumarate, malate, aspartate) from [U-13C6] glucose 

labeling. Media of differentiated H9 hESCs were changed 18h prior to intracellular metabolite 

extraction. b-c Representative OCR trace and quantification of basal OCR, maximal OCR, and 

maximal OCR/ECAR ratio determined by mitochondrial stress test of H9 hPSCs and H9-derived 

EC and ME in presence or absence (-Gln) of glutamine in XF media. d Morphology of H9-

derived EB at 21 day differentiation in presence or absence of glutamine in culture media. Scale 

indicates 100 μm. e Relative transcriptional expression of transcription factors ME (HAND1) and 

EC (MAP2B, PAX6) in H9-derived EB at 21 day differentiation in presence (Control) or absence 

of glutamine (-Gln) and co-treated or untreated with 1mM DCA in the culture media. *p ≤ 0.05, ** 

p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 when compared to EB control, # p ≤ 0.05, ## p ≤ 0.01, ### 

p ≤ 0.001, #### p ≤ 0.0001 when compared to hPSC control. Relative expression quantification is 

normalized to Control (set to 1). f Phase contrast microscopy images of cytokine-induced 

directed differentiation of EC, ME, and EN in the presence (Ctr) or absence (-Gln) of glutamine. 

Images taken are at 40X magnification. Data represent n = 3 independent experiments. g 

Relative levels of glycolytic metabolites in H9 hPSCs under 36h and 48h spontaneous 

differentiation in presence or absence of Gln and co-treated or untreated with 1mM DCA in the 

culture media, quantified by UHPLC-MS.*p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. p 

values are determined using (b-e) unpaired Student’s t-test or (g) two-way ANOVA with multiple 

comparisons Bonferroni correction. Data represent mean ± SD of n = 3 independent 

experiments. 
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SUMMARY

Human pluripotent stem cells (hPSCs) can self-renew indefinitely or can be induced to differentiate. We pre-
viously showed that exogenous glutamine (Gln) withdrawal biased hPSCdifferentiation toward ectoderm and
away frommesoderm. We revealed that, although all three germ lineages are capable of de novoGln synthe-
sis, only ectoderm generates sufficient Gln to sustain cell viability and differentiation, and this finding clarifies
lineage fate restrictions under Gln withdrawal. Furthermore, we found that Gln acts as a signaling molecule
for ectoderm that supersedes lineage-specifying cytokine induction. In contrast, Gln in mesoderm and endo-
derm is the preferred precursor of a-ketoglutarate without a direct signaling role. Our work raises a question
about whether the nutrient environment functions directly in cell differentiation during development. Interest-
ingly, transcriptome analysis of a gastrulation-stage human embryo shows that unique Gln enzyme-encoding
gene expression patterns may also distinguish germ lineages in vivo. Together, our study suggests that intra-
cellular Gln may help coordinate differentiation of the three germ layers.

INTRODUCTION

Human pluripotent stem cells (hPSCs) self-renew indefinitely or
can be induced to differentiate into the three embryonic germ lin-
eages: mesoderm, definitive endoderm (endoderm), and ecto-
derm (Takahashi et al., 2007; Thomson et al., 1998). Multiple
studies show that specific nutrients can supply specific meta-
bolic pathways to generate enzyme cofactors or substrates
that enable or amplify PSC self-renewal or differentiation signals
(Carey et al., 2015; Chantranupong et al., 2015; Moussaieff et al.,
2015; Reid et al., 2017; Shiraki et al., 2014; TeSlaa et al., 2016;
Vozza et al., 2014; Wellen et al., 2010). We recently reported
that mesoderm, endoderm, and ectoderm all consume Gln sup-
plied in cell culture media; yet, exogenous Gln deprivation sup-
pressed mesoderm and endoderm lineages and promoted the
ectoderm lineage upon spontaneous non-directed-differentia-
tion without affecting cell growth or proliferation. This result indi-

cated that the lack of environmental Gln skewed cell fate speci-
fication (Lu et al., 2019), with amechanism for Gln control of stem
cell plasticity and lineage differentiation potential unknown.
Multiple case studies have shown the importance of Gln avail-

ability in fetal development. For example, inborn glutamine syn-
thetase (GS) enzyme deficiency resulted in severe abnormalities
in ectoderm-derived brain development and infant death in two
unrelated newborns (H€aberle et al., 2005, 2006). Although the
role of Gln as a metabolic precursor and anaplerotic fuel is well
known, whether Gln itself has a direct role in stem cell fate deter-
mination remains unknown. A recent study reported that non-
metabolized glucose controlled lineage specification of totipo-
tent stem cells in cleavage stage mouse embryos. Glucose as
a nutrient, independent of glycolysis, initiated signaling and tran-
scription to induce trophectoderm, which formed the extraem-
bryonic structures of the placenta but not the embryonic inner
cell mass (Chi et al., 2020). Accordingly, our finding that Gln
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Figure 1. The germ lineages have distinct dependencies on exogenous Gln and catabolism
(A) hPSC differentiation into three embryonic germ lineages mesoderm, endoderm, and ectoderm in nutrient-equivalent culture media.

(B) Schematic of Glc andGln entry into the TCA cycle. Gln catabolism and anabolism pathways highlighted in gray box. Dichloroacetate (DCA) increases pyruvate

flux into the TCA cycle.

(legend continued on next page)
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withdrawal induced one cell lineage over others led to a more
general question of whether nutrients, without conversion to their
metabolic derivatives, can regulate embryonic cell fates.

Here, we report that Gln functions as a signaling molecule that
enables the acquisition of ectoderm fate. The requirement for a
Gln signal in ectoderm induction supersedes differentiation
cues from lineage-inducing cytokines present in the media envi-
ronment. In contrast, Gln has nodirect signaling role and ismainly
converted to a-KG to drive mesoderm and endoderm specifica-
tion. Gln also cannot be substituted by another nutrient, carbon
source, or amino acid in tri-lineage differentiation, reinforcing its
specificity in germ layer development. Additionally, we uncover
that gene expression signatures of Gln utilization are differentially
regulated in each germ lineage in vivo. Transcriptome signature
analysis of a rare gastrulation-stage human embryo resembles
enzyme-encoding gene expression patterns found in our
in vitro studies, generating the hypothesis that distinct Gln utiliza-
tion may characterize germ lineages in vivo. Thus, our study sug-
gests that nutrient signaling, particularly Gln signaling, may coor-
dinate and facilitate germ layer fate determination.

RESULTS

Germ lineages have different Gln dependencies
We investigated Gln processing in hPSCs and the three embry-
onic germ lineages. hPSCs were directed to differentiate into
mesoderm, endoderm, and ectoderm cells using nutrient-equiv-
alent basemedia and lineage-inducing cytokines (Figure 1A). We
previously confirmed that this differentiation method generates
homogeneous, lineage-specific cell populations by RNA-seq
and transcription factor biomarker expression analyses (Lu
et al., 2019) and also cross-referenced transcript profiles with
an independent study to verify the reproducibility of this chemi-
cally defined differentiation system (Cliff et al., 2017).

To begin, we examined how each lineage handles Gln from the
culture media. Two genes, GLS (herein, GLS1) and GLS2,
encode the first enzyme in Gln metabolism, glutaminase (GLS),
and its isoenzymes, GLS1 (low Km) and GLS2 (high Km) (Fig-
ure 1B). GLS amidohydrolase activity converts Gln into ammonia
and glutamate (Glu), which can be processed into a-KG for
tricarboxylic acid (TCA) cycle anaplerosis or other uses (Katt
et al., 2017). We used RNA-seq to identify differential expression
of glutaminolysis-related and Gln metabolism genes between
hPSCs and lineage-induced progeny cells (Figure 1C). hPSC dif-
ferentiation repressed GLS2 expression in all lineages, whereas

induction of GLS1 occurred in mesoderm and endoderm
compared with slight repression in ectoderm during differentia-
tion (Figures 1C and 1D). This lineage-specific isoenzyme
switching suggests that increased GLS1 expression in meso-
derm and endoderm could favor exogenous Gln processing,
whereas ectoderm may depend less upon Gln from the external
environment, consistent with our prior results (Lu et al., 2019).
To study whether ectoderm depends on external Gln, hPSCs

were induced to differentiate in Gln-supplemented culturemedia
(Ctr), Gln-free media (!Gln, except for trace/negligible amounts
in Matrigel), or Gln-supplemented culture media with added
GLS1 inhibitor, CB-839 (+GLS1i). Mesoderm perished in Gln-
free and glutaminolysis-inhibited conditions (Figures 1E, S1A,
and S1B), and endoderm had a similar but less drastic response
to Gln perturbations (Figures 1E and S1A). In contrast, ectoderm
viability was unaffected by Gln-free and glutaminolysis-inhibited
conditions (Figures 1E, S1A, and S1B). Our prior 13C-isotopo-
logue tracing studies showed that Gln supplied the TCA cycle,
with significant Gln-derived carbons and negligible glucose-
derived carbons incorporated into a-KG in all three germ line-
ages (Lu et al., 2019). To clarify whether mesoderm and endo-
derm cell death is from a dependence on Gln fueling the TCA cy-
cle, the culture media was supplemented with cell-permeable
dimethyl a-KG (dm-a-KG) or pyruvate. Addition of dm-a-KG or
pyruvate, but not dichloroacetate (DCA; Figure 1B) alone, to
Gln-free media fully rescued endoderm viability (Figures 1F
and S1C). To quantify differentiation efficacy, differentiated cells
were gated by lineage-defining transcription factor positive
versus negative populations, which were set by hPSC expres-
sion levels. Only dm-a-KG addition to Gln-free conditions re-
sulted in the recovery of endoderm differentiation, as measured
by the population of SOX17+ cells, whereas added pyruvate
restored viability but not endoderm differentiation (Figure 1F).
Similarly, only dm-a-KG, but not pyruvate, supplementation in
Gln-free media completely restored both viability and biomarker
validatedmesoderm differentiation, asmeasured by populations
of CD34+ and SNAI2/SLUG+ cells (Figures 1G and S1C). These
data indicate that the Gln carbon backbone, retained through
glutaminolysis conversion to Glu and then to a-KG, is necessary
for mesoderm and endoderm viability and differentiation. This
substrate preference indicates that endoderm and mesoderm,
but not ectoderm, favor a-KG derivation from Gln specifically
because glucose/pyruvate-derived carbons cannot substitute
for Gln-derived carbons, at least as an alternative TCA-cycle
fuel or for other metabolic processes.

(C) Heatmap of differentially expressed glutaminolysis enzyme transcripts. Values represent the Z score of variance stabilizing transformation (VST) normalized

RNA-seq counts across each gene listed (n = 6). Genes shown are significantly altered between pairwise combinations of hPSC, mesoderm, endoderm, and

ectoderm (p < 0.05).

(D) qRT-PCR analysis of GLS1 and GLS2 isoenzymes in mesoderm, endoderm, and ectoderm throughout differentiation.

(E) Cell viability of D5 mesoderm, D3 endoderm, and D5 ectoderm cells grown in Gln-free (!Gln) or Gln-supplemented with added 1 mM CB-839 glutaminase

inhibitor (+GLS1i) culture media relative to Gln-supplemented (Ctr).

(F and G) Cell viability and differentiation quantifications of H9-derived (F) endoderm (SOX17+) and (G) mesoderm (CD34+, SNAI2/SLUG+) cells in Gln-free and

metabolic rescue conditions.

(H) Metabolite set variation analysis of ectoderm cells in Gln-free (!Gln) or added CB-389 (+GLS1i) conditions. Scores represent pathway enrichment difference

between the given treatment to baseline vehicle (Ctr) (n = 3). Pathways displayed are significantly enriched either with !Gln or +GLSi treatment relative to Ctr

(p < 0.05).

Data represent mean ± SD of nR 3 biological replicates. *p% 0.05; **p% 0.01; ***p% 0.001; ****p% 0.0001. The p values were determined by (C) Wald test with

Benjamini-Hochberg FDR correction, (D) two-way ANOVA, (E–G) one-way ANOVA with correction for multiple comparisons, or (H) moderated t-statistics

determined using empirical Bayes linear modeling.
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To study the observed exogenous Gln independence of ecto-
derm viability, we examined steady-state metabolite patterns in
Gln-free and glutaminolysis-inhibited conditions using ultra-
high performance liquid chromatography-mass spectrometry
(UHPLC-MS) and quantified a panel of 153 central carbon me-
tabolites. Metabolite set variation analysis (MSVA) showed that
TCA cycle, amino acid, and pyruvate metabolic pathway activ-
ities were elevated in Gln-free compared with Gln-supplemented
media (Figures 1H and S1D), possibly through re-routing of
glucose-derived carbons to maintain TCA metabolite levels. In
contrast, glutaminolysis inhibition did not show significant meta-
bolic pathway changes compared with no treatment (Figures 1H
and S1E), except for increased purine and pyrimidine meta-
bolism. This suggests that Gln blocked from GLS1 enzymatic
conversion to Glu is shunted toward enhanced nucleotide
biosynthesis, possibly supporting proliferation (Figures 1H and
S1E). Notably, the Gln-free and glutaminolysis-inhibited metab-
olomes are distinct; a Gln-free environment results in decreased
nucleotide biosynthesis and increased TCA cycle metabolites
compared with GLS1 inhibition (Figures 1H and S1F). Together,
these findings indicate that exogenous Gln withdrawal results in
widespread metabolic rewiring and that Gln oxidation in the TCA
cycle is not required for ectoderm viability.

Sufficient Gln synthesis distinguishes ectoderm from
mesoderm and endoderm
Compensatory metabolic adaptations and sustained ectoderm
viability in Gln-free media strongly suggest that ectoderm ob-
tains Gln by de novo synthesis from GS conversion of Glu and
ammonia to Gln (Figure 1B) (Bott et al., 2015; Fu et al., 2019; Is-
saq et al., 2019; Kung et al., 2011; Stadtman, 2004; Tardito et al.,
2015). Consistent with this assessment, GS enzyme is highly ex-
pressed in Gln-free, but not in Gln-supplemented, media during
ectoderm differentiation (Figures 2A and S2A). Equivalent line-
age-specifying PAX6, and suppression of pluripotent OCT4
and NANOG, transcription factor expression also indicated
that downstream ectoderm differentiation was unaffected by
Gln-free conditions (Figures 2A and S2A). Prior to widespread
cell death, mesoderm and endoderm cells also upregulate GS
in response to exogenous Gln withdrawal, which is an unex-
pected finding because of the dependence of mesoderm and
endoderm cells on exogenous Gln for survival (Figure S2B).
However, heavy isotopologue tracing showed low levels of
13C5-Gln derived from 13C5-glutamic acid at steady state in
mesoderm and endoderm cells in Gln-free media (Figures 2B
and S2C). Additionally, there is minimal derivation of 13C5-
a-KG from 13C5-glutamic acid in mesoderm and endoderm cells,
indicating that even though these lineage cell types are capable
of de novo Gln synthesis, insufficient levels of Gln and/or a-KG
are generated, resulting in cell death upon exogenous Gln with-
drawal (Figures 1F, 1G, 2B, and S2C). Combined, the data sug-
gest that ectoderm uniquely responds to exogenous Gln with-
drawal by synthesizing sufficient endogenous Gln, in contrast
to an insufficient Gln synthesis adaptation that occurs during
mesoderm and endoderm differentiation.

Requirement of intracellular Gln for all germ lineages
We next asked whether ectoderm required Gln at all. Cells were
differentiated in the presence of 6-Diazo-5-oxo-L-norleucine

(DON), a Gln mimetic that alkylates Gln utilizing enzymes, result-
ing in >95% death of mesoderm, endoderm, and ectoderm cells
(Figures 2C and 2D). Pharmacological inhibition of GS with L-
Methionine sulfoximine (MSO) in Gln-free media also compro-
mised mesoderm, endoderm, and ectoderm cell viability (Fig-
ures 2C and 2D). This hinted that Gln, and/or the by-products
of Gln metabolism, are still required for ectoderm, similar to
mesoderm and endoderm. The small percentage (<2%) of resid-
ual viable cells at the end of differentiation grown with either Gln
mimetic (Ctr+DON) or Gln-starvation (!G+M) showed signifi-
cantly decreased populations of respective lineage-specifying
transcription factors SNAI2/SLUG (mesoderm), SOX17 (endo-
derm), and PAX6 (ectoderm) (Figures 2D and S2D). This indi-
cates that intracellular Gln supports germ lineage cell survival
and differentiation potential. Mesoderm and endoderm require
exogenous Gln as metabolic fuel for glutaminolysis-derived
a-KG (Figures 1F and 1G), whereas ectoderm synthesizes Gln
for role(s) other than glutaminolysis and its reaction products
(Figures 1E, 2A, 2B, S2A, and S2C).
We performed steady-state metabolite profiling by UHPLC-

MS following acute Gln-starvation (!G+M) to identify altered
Gln-derived metabolites in ectoderm at the initiation of the dif-
ferentiation process. Aside from Gln, the largest decrease in
metabolites occurred for a-KG, hexosamine biosynthesis
pathway (HBP) intermediates, purine nucleosides, and gluta-
thione redox status (GSH/GSSG) (Figure 2E). Metabolite rescue
was attempted by supplementing Gln-starved ectoderm with
cell-permeable forms of these Gln-derived metabolites (Fig-
ure 2F) (Qie et al., 2019). Verification of uptake and conversion
to related metabolites was confirmed for all supplementations,
with the exception of GSH, which did not significantly alter
intracellular GSH and GSSG levels (Figure S2E). The addition
of HBP metabolite glucosamine-6-phosphate (GlcN6P) yielded
the largest rescue of ectoderm cell viability with a single agent
at "57% (Figures 2F and S2F), and the combination of GlcN6P
and nucleosides resulted in the highest ectoderm cell survival
at "69% compared with control conditions (Figures 2G and
S2F), although full rescue was not achieved with any metabolite
or binary combination (Figures 2F, 2G, and S2F). Despite partial
viability rescue with GlcN6P supplementation, pluripotency is
not completely repressed by D5 of differentiation in live-gated
Gln-starved (!G+M) ectoderm cells under this metabolite
rescue condition, as measured by a residual OCT4+ cell popu-
lation (Figure 2G). Furthermore, supplementation with com-
bined GlcN6P and nucleosides showed significantly decreased
populations of PAX6+MAP2B+ and PAX6+SOX1+ ectoderm
cells compared with Gln-supplemented (Ctr) and Gln-free
(!Gln) conditions by D5 of differentiation (Figures 2G and
S2F). Together, the data show that replenishment of HBP and
nucleosides partially restored Gln-starved ectoderm cell
viability, but did not restore differentiation, suggesting that
Gln has a role in ectoderm generation in addition to a role as
a precursor for metabolites.

Initial Gln absence impairs ectoderm differentiation
Impaired ectoderm differentiation could be a consequence of
reduced cell viability due to chronic Gln-starvation. Alternatively,
Gln absence could directly impact the ectoderm specification
program(s). To examine these possibilities, we measured
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differentiation status while cell viability and cell-cycle progres-
sion were progressively altered as Gln-starvation time increased
(Figures 3A and S3A). We quantified ectoderm differentiation
status after 24 h of Gln-starvation (!G+M), a time point with
equivalent viable ectoderm cells relative to control conditions
(Figure 3A). Flow cytometry of live-gated cells showed
decreased ectoderm (PAX6+MAP2B+, PAX6+SOX1+) cells, and
qRT-PCR showed decreased expression of MAP2B, PAX6,
and OTX2 transcripts in Gln-starvation compared with Gln-sup-

plemented and Gln-free conditions (Figures 3A and S3B). This
differentiation impairment increased with starvation time, and
pluripotency biomarkers (OCT4+NANOG+, OCT4+TRA1-81+)
were suppressed with differentiation regardless of Gln availabil-
ity (Figure 3A). Combined, these findings showed that reduced
ectoderm differentiation and cell-cycle drop out occurred within
24 h of Gln-starvation.
To assess the temporal requirement for Gln in implementing

ectoderm fate, we replenished Gln after pulsed Gln-starvation

Figure 2. Sufficient Gln synthesis distinguish ectoderm from other germ lineages
(A) Immunoblot of GS, PAX6, and OCT4 expression during H9-derived ectoderm differentiation in Gln-free conditions.

(B) Difference in 13C5-Gln and 13C5-a-KG amounts derived from 13C5-glutamic acid in Gln-free (!Gln) relative to supplemented (Ctr) conditions.

(C and D) (Left) Complete Gln-starvation (!G+M) is attained by culturing cells in Gln-free media and inhibiting de novoGln synthesis with 1 mMMSO. (Right) Cell

viability of (C) mesoderm, endoderm, and (D) differentiation of ectoderm cells grown in Gln-free (!Gln) conditions with 50 mMDON or 1 mMMSO relative to Gln-

supplemented (Ctr) media.

(E) Metabolite abundance quantified by UHPLC-MS in differentiated ectoderm cells treated in Gln-supplemented (Ctr) or 1 h Gln-starvation (!G+M) conditions.

(F) (Top) Schematic of Gln-starvation (!G+M) supplemented with individual cell-permeable Gln-derived metabolites. (Bottom) Cell viability of H9-derived D5

ectoderm cells differentiated in Gln-starvation and supplemented with GlcN6P, dm-a-KG, nucleosides, or GSH.

(G) Cell viability and percentage of ectoderm (PAX6+MAP2B+ double positive (dp), PAX6+SOX1+ (n = 2)), and pluripotent (OCT4+) biomarkers in H9-derived D5

ectoderm cells grown in Gln-starvation with added GlcN6P or both GlcN6P and nucleosides.

Data represent mean ± SD of n R 3 biological replicates unless indicated otherwise. *p % 0.05; **p % 0.01; ***p % 0.001; ****p % 0.0001. The p values were

determined by (B–D, F, and G) one-way ANOVA, or (E) unpaired two-tailed Student’s t test with correction for multiple comparisons.
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Figure 3. Gln is required at the initiation of ectoderm but not mesoderm and endoderm
(A) Cell viability and percentage of ectoderm (PAX6+MAP2B+, PAX6+SOX1+, and OCT4!SOX2+) and pluripotent (OCT4+NANOG+, OCT4+TRA1-81+) biomarkers

in H9-derived ectoderm cells grown continuously in Gln-starvation for D1 (24 h), D2 (48 h), and D3 (72 h).

(legend continued on next page)
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while retaining inducing cytokines throughout this differentia-
tion condition (Gln-repletion) (Figure 3B). After 24 h of initial
Gln-starvation, Gln-repletion (!G+M/Ctr) completely rescued
the viability and cell cycle of ectoderm cells by D5 (Figures 3B
and S3C). However, ectoderm differentiation was not rescued
at D5 following Gln-repletion, as indicated by significantly
decreased ectoderm-specifying biomarkers (PAX6, MAP2B,
SOX1, and SOX2) quantified by flow cytometry and immunoflu-
orescence imaging (Figures 3C, 3D, and S3D). Pluripotency
exit occurred regardless of initial Gln availability during initial
ectoderm differentiation as indicated by suppressed pluripo-
tency biomarkers (OCT4, NANOG, TRA1-81, and SOX2) relative
to hPSC progenitors, although Gln-repletion resulted in slight re-
sidual pluripotency biomarker expression compared with Gln-
supplemented and Gln-free conditions (Figures 3C, 3D, and
S3E). Additionally, impaired ectoderm differentiation does
not compensate with alternative lineage-specific biomarker
(SOX17, endoderm; CD34, mesoderm) expression, confirming
the specific failure for an ectoderm fate (Figure S3E). To exclude
off-target effects of MSO treatment in Gln-starved conditions,
H9 hPSCs containing short hairpin RNA (shRNA) knockdown of
GLUL, encoding for GS, were differentiated for 5 days in Gln-
free media and equally led to ectoderm cell death (Figures 3E,
S3F, and S3G). We found that a shorter, initial Gln-starvation
period of 14 h followed by Gln-repletion (!Gln/Ctr) was suffi-
cient to impair ectoderm differentiation, as quantified by a
decreased population of PAX6+MAP2B+ cells (Figure 3E). Addi-
tionally, supplementation with Gln-derived metabolites during
the initial 14 h Gln-starvation period (!G+M+GlcN-6P+nuc/
Ctr) equally resulted in impaired ectoderm differentiation (Fig-
ure S3H). Impaired ectoderm differentiation was independent
of cell proliferation, nascent protein synthesis, and ATP levels,
which were all unaffected immediately after 14 h of Gln-starva-
tion and at later time points after Gln-repletion (Figures 3F–3H,
S3I, and S3J). These results suggest that Gln is required within
the first 14 h of directed ectoderm differentiation to activate
the ectoderm program, a fate that could not be rescued by Gln
restoration following this window of time.

To study the ectoderm specificity of this temporal Gln require-
ment in the larger context of germ layer differentiation, meso-

derm and endoderm were grown in initial 14 h Gln-free (!Gln)
and Gln-starvation (!G+M) media conditions followed by Gln-
repletion (/Ctr). Strikingly, initial Gln absence did not affect
subsequent mesoderm nor endoderm specification (Figures 3I
and 3J). This demonstrates that a temporal Gln requirement is
specific to ectoderm differentiation and highlights distinct signa-
tures of Gln dependency for each respective germ lineage cell
fate (Figure 3K).

Ectoderm differentiation requires Gln-dependent
mTORC1 signaling
Because addition of Gln-derived metabolites and delayed Gln
add-back failed to restore ectoderm fate specification, we
considered an alternative possibility that Gln could signal to acti-
vate a nutrient-sensing pathway, similar to glucose signaling in
trophectoderm (Chi et al., 2020). Recent work showed that Gln
is a substrate that activates the mammalian target of rapamycin
complex 1 (mTORC1). mTORC1 activation by Gln occurs
through Rag GTPase-dependent activation by Gln exchange
for exogenous leucine and arginine, or by Rag GTPase-indepen-
dent activation directly from a Gln interaction with Arf1 GTPase
(Jewell et al., 2015; Meng et al., 2018; Saxton and Sabatini,
2017). We observed that phosphorylation of the canonical
mTORC1 substrate, ribosomal protein S6 kinase 1 (S6K1-
Thr389), in 24 h Gln-starved ectoderm is significantly reduced,
indicatingmTORC1 inhibition (Figures 4A and S4A). Pulsed addi-
tion of mTORC1 inhibitor rapamycin during initial 14 h of tri-line-
age differentiation replicated initial Gln-starvation (!G+M/Ctr),
with impaired ectoderm and unaffected mesoderm and endo-
derm differentiation (Figures 3C–3E, 3I–3K, 4B, S3D, and S3E).
This result suggests that initial mTORC1 activation, like intracel-
lular Gln presence, is critical for and specific to ectoderm
differentiation.
To investigate whether Gln-dependent mTORC1 activation

is essential for ectoderm differentiation, we transduced two
separate hPSC lines, H9 and UCLA1, with a constitutively
active mTORC1 expression vector, Raptor-Rheb15, and a con-
trol, wild-type (WT) Raptor (Sancak et al., 2010). Construct
expression was verified by puromycin selection and
DYKDDDDK (FLAG) tag detection (Figure S4B), and hPSCs

(B) (Top) Schematic of pulsed Gln-starvation experiments. Ectoderm cells were Gln-starved for the first 24 h of differentiation then switched to Gln-supplemented

media (Gln-repletion, !G+M/Ctr) until D5. (Bottom) Cell viability of H9-derived D5 ectoderm cells after initial 24 h Gln-starvation.

(C) Percentage of ectoderm (PAX6+MAP2B+, PAX6+SOX1+) and pluripotent (OCT4+NANOG+, OCT4+TRA1-81+) biomarkers in H9-derived D5 ectoderm cells after

initial 24 h Gln-starvation (!G+M/Ctr).

(D) Representative immunofluorescence images of ectoderm and pluripotent biomarkers in H9-derived D5 ectoderm cells grown in Gln-supplemented (Ctr), Gln-

free (!Gln), or Gln-repletion after initial 24 h Gln-starvation (!G+M/Ctr). (Top) PAX6 (magenta, ectoderm); MAP2B (green, ectoderm); NANOG (cyan, plurip-

otent). (Bottom) OCT4 (magenta, pluripotent); SOX2 (green, ectoderm/pluripotent); NANOG (cyan, pluripotent). Scale bar, 50 mm.

(E) H9-derived ectoderm expressing shRNA targeting GLUL (shRNAGLUL #1; shRNAGLUL #2) or a non-targeting control (NTC). Cell viability and percentage of

PAX6+MAP2B+ D5 ectoderm cells in Gln-supplemented (Ctr), Gln-free (!Gln), or Gln-repletion after initial 14 h Gln-free treatment (!Gln/Ctr).

(F) Percentage of proliferating H9-derived ectoderm cells (EdU+ staining) immediately after 14 h Gln-free or Gln-starvation treatment.

(G) Nascent protein synthesis in H9-derived ectoderm cells immediately after 14 h Gln-free, Gln-starvation, or blasticidin treatment relative to Ctr.

(H) ATP levels, quantified by UHPLC-MS, in ectoderm cells after Gln-starvation.

(I) Cell viability and percentage of H9-derived D5mesoderm (CD34+, SNAI2/SLUG+) and D3 endoderm (SOX17+) cells after initial 14 hGln-free (!Gln/Ctr) or Gln-

starvation (!G+M/Ctr) treatment.

(J) Representative immunofluorescence images of pluripotent and lineage-specific biomarkers in H9-derived (top) D5mesoderm and (bottom) D3 endoderm cells

grown in Gln-supplemented (Ctr), Gln-free (!Gln), or Gln-repletion follow initial 14 h Gln-starvation (!G+M/Ctr). (Top) OCT4 (magenta, pluripotent); SNAI2/

SLUG (green, mesoderm). (Bottom) FOXA2 (magenta, endoderm); SOX17 (green, endoderm); NANOG (cyan, pluripotent). Scale bar, 50 mm.

(K) Timing of Gln requirement for downstream lineage cell identity.

Data represent mean ± SD of nR 3 biological replicates. *p% 0.05; **p% 0.01; ***p% 0.001; ****p% 0.0001. The p values were determined by (A–C, F, G, and I)

one-way ANOVA, (E) two-way ANOVA with correction for multiple comparisons or (H) unpaired two-tailed Student’s t test.
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Figure 4. Ectoderm differentiation requires initial Gln-dependent mTORC1 signaling
(A) Representative immunofluorescence images of mTORC activation in H9-derived ectoderm cells grown for 24 h in Gln-supplemented (Ctr), Gln-free (!Gln),

Gln-starvation (!G+M), or 200 nM rapamycin treatment (Ctr+Rapa). DAPI (blue, nucleus); ACTIN (green, cytoskeleton); pS6K1-Thr389 (yellow, mTORC1 acti-

vation). Scale bar, 50 mm.

(B) Percentage of H9-derived D5mesoderm (CD34+SNAI2/SLUG+), D3 endoderm (SOX17+FOXA2+), and D5 ectoderm (PAX6+MAP2B+, PAX6+SOX1+) cells after

initial 14 h 200 nM rapamycin treatment.

(legend continued on next page)
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were directed toward ectoderm differentiation with an initial
14 h Gln-starvation. As anticipated, mTORC1 activation was
sustained in Raptor-Rheb15 but not in WT-Raptor transduced
hPSCs differentiated into ectoderm with Gln-starvation (Figures
4C and S4C). After an initial 14 h Gln-starvation, Gln-repletion
(!G+M/Ctr) completely rescued the viability and cell cycle
of ectoderm cells at D5 (Figures S4D and S4E). Gln-repletion
in WT-Raptor ectoderm cells resulted in significantly reduced
lineage-specifying biomarkers (PAX6, MAP2B, SOX1, SOX2,
and OTX2) at D5, whereas Raptor-Rheb15 ectoderm cells
grown under the same experimental conditions showed mini-
mal, non-significant changes in ectoderm specification
compared with Gln-supplemented and Gln-free conditions at
D5 (Figures 4D, 4E, and S4F). These results indicated that, in
addition to nascent protein synthesis being unaffected within
an acute 14 h Gln-starvation period (Figures 3G and S3J), the
lack of Gln incorporation into polypeptides was not the cause
of impaired ectoderm differentiation because successful ecto-
derm specification occurred in Raptor-Rheb15 hPSCs following
transient Gln absence.

To evaluate the concentration of Gln that impacts differentia-
tion, we performed Gln add-back titrations. Reports suggest
that the primary source of Gln in the embryo and fetus is derived
from placental conversion of Glu to Gln, with maternal and
fetal Gln concentrations ranging between 0.8 and 1.0 mM (Cru-
zat et al., 2018; Holm et al., 2017; McIntyre et al., 2020;
Neu, 2001). This concentration range is consistent with the
amount of Gln required to restore differentiation in transient
14 h Gln-starved ectoderm cells at D5, with full recovery of
PAX6+MAP2B+ and SOX2+OCT4! cells starting at 0.8 mM Gln
(Figures 4F, S4G, and S4H).

We tested whether only the first hours of ectoderm specifica-
tion depended on intracellular Gln by performing Gln-starvation
studies in the intermediate and late stages of differentiation.
Results indicate that only early transient (!G+M/Ctr), but not
intermediate (Ctr/!G+M/Ctr) nor late stage (Ctr/!G+M),
Gln absence impaired ectoderm differentiation (Figures 4G and
S4I). This suggests that Gln-dependent mTORC1 activation is

an early requirement for downstream functional ectoderm
specification.
We next asked whether the initial absence of other mTORC1

sensed amino acids impacted ectoderm differentiation. Since
leucine (Leu) and/or arginine (Arg) signaling to activate
mTORC1 is well characterized (Wolfson and Sabatini, 2017),
H9 and UCLA1 hPSCs were differentiated in Leu- or Arg-free
media for the first 14 h, followed by repletion until D5. We
observed that from these mTORC1 sensed amino acids, only
the initial absence of Gln, and not Leu nor Arg, impaired initial
mTORC1 activation and downstream ectoderm differentiation,
indicating specificity for the Gln requirement (Figures 4H, S4J,
and S4K).
Finally, we confirmed that constitutively active mTORC1 is

not compatible with mesoderm nor endoderm directed differ-
entiation, as indicated by significantly decreased levels of cell
viability in Raptor-Rheb15 compared with WT-Raptor-trans-
duced cells. At the differentiation endpoint, the remaining
"20% live Raptor-Rheb15 mesoderm cells did not exhibit
significantly decreased lineage nor pluripotency biomarker
expression, whereas the "60% live endoderm cells showed
decreased lineage and pluripotency biomarker expression (Fig-
ures 4I and S4L). This result supports a working model in which
early mTORC1 activity is critical for ectoderm differentiation but
is detrimental to mesoderm and endoderm differentiation (Fig-
ures 4A, S4A, and S4M), highlighting distinct requirements for
germ lineage cell fates. The data showed that a Gln signal ac-
tivates mTORC1 within the initial hours of differentiation induc-
tion to produce ectoderm (Figure 4J). Gln itself, but not the by-
products of Gln metabolism, were required for ectoderm
differentiation.

Transcriptome signatures suggest unique, lineage-
specific Gln utilization in vivo
Our experimental model of Gln withdrawal and add-back is a
useful tool to identify nutrient specificities in vitro, similar to
gain and loss of function genetic studies, and provides predic-
tions for potential differences in Gln dependency for each

(C) Representative immunofluorescence images of mTORC activation in H9-derived WT-Raptor or Raptor-Rheb15 ectoderm cells grown for 12 h in Gln-sup-

plemented (Ctr) or Gln-starvation (!G+M). DAPI (blue, nucleus); ACTIN (green, cytoskeleton); pS6K1-Thr389 (yellow, mTORC1 activation); FLAG tag (magenta;

transduced cell line reporter). Scale bar, 50 mm.

(D) Percentage of H9-derived D5 WT-Raptor or Raptor-Rheb15 ectoderm (PAX6+MAP2B+FLAG+, PAX6+SOX1+FLAG+) cells after initial 14 h Gln-starvation

(!G+M/Ctr).

(E) Representative immunofluorescence images of ectoderm biomarkers in H9-derived D5 (Top) WT-Raptor or (Bottom) Raptor-Rheb15 ectoderm cells grown in

Gln-supplemented (Ctr) or Gln-repletion follow initial 14 h Gln-starvation (!G+M/Ctr). (Left) MAP2B (green, ectoderm;) PAX6 (magenta, ectoderm); FLAG (gray,

transduced cell line reporter). (Bottom) SOX2 (green, ectoderm/pluripotent); OTX2 (magenta, ectoderm), FLAG (gray, transduced cell line reporter). Scale

bar, 50 mm.

(F) Percentage of ectoderm (PAX6+MAP2B+FLAG+, SOX2+OCT4!FLAG+) biomarkers in H9-derived D5 WT-Raptor or Raptor-Rheb15 ectoderm cells after initial 14 h

Gln-starvation with increasing concentrations of exogenous Gln supplementation.

(G) Percentage of H9-derived D5 ectoderm (PAX6+MAP2B+, PAX6+NESTIN+) cells after initial (!G+M/Ctr), intermediate (Ctr/!G+M/Ctr), or late (Ctr/

!G+M) 14 h Gln-starvation.

(H) Arginine (Arg) or leucine (Leu) were removed from culturemedia for 14 h then switched to Arg/Leu-supplemented conditions (AA repletion) until D5. Percentage

of (Left) H9 or (Right) UCLA1-derived D5WT-Raptor or Raptor-Rheb15 ectoderm (PAX6+MAP2B+FLAG+) cells after initial 14 h Gln-starvation, Arg deprivation, or

Leu deprivation.

(I) Cell viability and percentage of H9-derived WT-Raptor or Raptor-Rheb15 D5 mesoderm (CD34+SNAI2/SLUG+FLAG+) and D3 endoderm (SOX17+FOXA2+

FLAG+) cells.

(J) Timing of Gln requirement for downstream lineage cell identity. Gln is required as a metabolite precursor in mesoderm and endoderm cells and as a mTORC1

signaling activator in ectoderm cells, related to Figure 3K.

Data represent mean ± SD of nR 3 biological replicates. *p% 0.05; **p% 0.01; ***p% 0.001; ****p% 0.0001. The p values were determined by (B and I) unpaired

two-tailed Student’s t test, (D, F, and H) two-way ANOVA, or (G) one-way ANOVA with correction for multiple comparisons.
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germ layer in vivo. Although hPSC differentiation is a repro-
ducible method for studying human gastrulation (Taniguchi
et al., 2019), cross-referencing hPSC results to available in vivo
data would add further support for lineage-specific Gln utiliza-
tion. To generate hypotheses for potential translation of these
hPSC study results, we compared hPSC findings with human
embryo development at approximately the same post-implan-

tation stage (Mascetti and Pedersen, 2016; Taniguchi et al.,
2019). To do this, we queried the single-cell RNA-seq tran-
scriptome of a gastrulating human embryo !16–19 days
post fertilization (Tyser et al., 2021). Since hPSC-derived
mesoderm and endoderm depend on exogenous Gln, and
ectoderm can synthesize sufficient Gln de novo, we used
these distinguishing features as a proxy for Gln utilization

Figure 5. Distinct transcript patterns of Gln utilization characterize germ lineages in vivo
(A) Ectoderm but not endoderm and mesoderm cells exhibit increased Gln synthesis (GLUL transcripts) relative to Gln consumption (GLS1 + GLS2 transcripts)

in vitro. The average GLS1 and GLS2 expression was divided by GLUL expression for each lineage and values were normalized to hPSC control.

(B) Ectoderm cells exhibit increased Gln synthesis (GLUL transcripts) relative to Gln consumption (GLS +GLS2 transcripts) in vivo. Single-cell RNA-seq Data from

Tyser et al. (2021) were used to calculate the same ratio as in (A). The values were normalized to the average Epiblast ratio. Lineages were taken from Tyser et

al. (2021).

(C) Ectoderm cells exhibit similar trends in Gln synthesis and Gln consumption in both in vitro and in vivo contexts. Results from (A) and (B) are shown with a

reference line drawn at y = x.

(D) Working model of germ lineage cell fate dependent on Gln.

Data represent mean ± SD. *p % 0.05; **p % 0.01; ***p % 0.001. The p values were determined by (A and B) unpaired two-tailed Student’s t test.
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patterns. We calculated the ratio of Gln degradation (averaged
[GLS1 + GLS2] transcripts) to endogenous Gln synthesis
(GLUL transcripts) to correlate the tendencies for Gln auxot-
rophy versus prototrophy in each lineage. In both in vitro (Fig-
ure 5A) and queried in vivo (Figure 5B) transcriptome datasets,
we found that Gln degradation transcripts were much lower
than Gln synthesis transcripts in ectoderm, but not in meso-
derm- nor endoderm-related lineages, as quantified by the
(averaged [GLS1 + GLS2])/GLUL ratio. A comparison of our
in vitro hPSC-derived germ lineage model with the in vivo hu-
man gastrula sample showed similar clustering of Gln degra-
dation to synthesis ratios in corresponding lineages. Thus,
relative lineage-specific Gln consumption and synthesis tran-
script patterns identified in the in vitro model and in vivo sam-
ple may be maintained in the human embryo (Figure 5C) and
present an enticing hypothesis for future studies.

DISCUSSION

Our current understanding of how metabolism permits cell-
state transitions between pluripotency and differentiation is
fragmented and limited. A particular knowledge gap is that pre-
vious studies focused largely on the metabolic roles of Gln and
its by-products in maintaining pluripotency (Carey et al., 2015;
Marsboom et al., 2016; Tohyama et al., 2016; Vardhana et al.,
2019) or regulating multipotent cell lineages (Johnson et al.,
2018; Oburoglu et al., 2014; Yu et al., 2019). Here, we report
that Gln itself is a required signaling molecule in ectoderm dif-
ferentiation. We demonstrate that Gln synthesis and consump-
tion is differentially regulated between lineages in vitro, and
possibly in vivo, and that Gln has an irreversible temporal
requirement in ectoderm, but not mesoderm nor endoderm,
lineage differentiation (Figure 5D).

In vivo evidence for the developmental significance of Gln
and mTORC1 has recently been reported in which dysregu-
lated Gln-Glu cycling and mTORC1 signaling contributed to
placental dysfunction and fetal growth restriction (McIntyre
et al., 2020). Additionally, prior studies showed that mTORC1
inhibition favors PSC differentiation to mesoderm and endo-
derm lineages; yet, a mechanism has never been reported
(Jung et al., 2016; Nazareth et al., 2016; Zhou et al., 2009).
Our results show that a Gln activating signal for mTORC1 en-
ables ectoderm, whereas this nutrient-signaling activation is
detrimental for mesoderm and endoderm fates, as an attempt
to direct differentiation of constitutively active mTORC1
Raptor-Rheb15 hPSCs into mesoderm and endoderm line-
ages led to widespread cell death. Gln is essential for
mTORC1 activation within the first hours of ectoderm induc-
tion, because a transient absence of Gln in this initial period,
but not in later time periods, caused slight residual pluripo-
tency biomarker retention and diminished ectoderm-speci-
fying biomarker expression. In contrast to this strict ectoderm
time requirement for Gln, mesoderm and endoderm cells
achieve full differentiation even with an initial Gln absence
(Figures 4J, 5D, S5A–S5E, and S6A).

Gln is a non-essential amino acid not previously implicated
in germ lineage differentiation, but here we reveal it is condi-
tionally essential and depends upon cell fate context. A
divergence in Gln essentiality depending on germ lineage

was unexpected since all three lineages initiate from a com-
mon pluripotent progenitor cell. We speculate on the possi-
bility of a Gln-specific symbiotic relationship among the three
germ lineages during early in vivo development. Specifically,
ectoderm may generate de novo Gln to support nearby
mesoderm and endoderm cells dependent on exogenous
Gln, which could influence tissue patterning. This hypothesis
is supported by our previous media footprint profiling data
showing high secretion of Gln in ectoderm and high con-
sumption of Gln in mesoderm (Lu et al., 2019). Patterns of
Gln metabolism during blastocyst development may be one
of multiple input signals for embryos experiencing nutrient
gradients and discontinuities. This tempting possibility is
also suggested, but not yet proven, by human embryo tran-
scriptome data showing the Gln synthesis to consumption
expression signature is higher in ectoderm compared with
mesoderm and endoderm lineages, which is at least consis-
tent with our in vitro model system (Figures 5A–5C). Thus, our
data begin building a framework for how temporal and/or
spatial fluctuations in Gln could potentially impact normal
development.
In conclusion, our findings uncover a new testable model in

which a nutrient acts as a signaling molecule that could differen-
tially coordinate the development of the three embryonic germ
lineages. Our study provides several testable hypotheses for
nutrient-specific signaling cues as contributors to organizational
structure and fidelity in early mammalian development. These
include targeting key Gln gatekeeping enzymes in in vivo devel-
opment models, and future investigations of additional nutrient
specificities implicated in cell fate decisions. These findings
could also provide more logical manipulations of the metabolite
environment and pathway fluxes in vitro to produce higher qual-
ity hPSC derivatives for disease modeling, tissue engineering,
and eventual therapeutic usage.

Limitations
Here, we report that specific Gln requirements define the three
embryonic germ lineages upon in vitro pluripotency exit. We
further uncover that Gln acts as a signaling molecule to activate
mTORC1 and enable downstream ectoderm differentiation.
However, two main limitations temper our study conclusions.
First, to the best of our knowledge, transient Gln removal
does not occur during in vivo development. Thus, this experi-
mental perturbation does not reflect endogenous regulation,
but was a useful tool to identify nutrient specificities of different
cell types. Second, we present correlative evidence linking
GLS1, GLS2, and GLUL RNA expressions to potential func-
tional in vivo tri-lineage Gln dependency. This is a study limita-
tion since transcript levels do not necessarily equate to protein
abundance/activity. We note that this comparison of relative
gene expression made between embryo tissue and hPSC-
derived cells may inspire future work regarding in vivo tissue-
specific regulation of Gln metabolism.

STAR+METHODS

Detailed methods are provided in the online version of this paper
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STAR+METHODS

KEY RESOURCES TABLE

Reagent or resource Source Identifier

Antibodies

Mouse anti-Glutamine Synthetase; 1/500 BD Biosciences Cat#610517; RRID: AB_2313837

Rabbit anti-PAX6; 1/500 Cell Signaling Technology Cat#60433; RRID: AB_2797599

Rabbit anti-Pyruvate Dehydrogenase E1-alpha

subunit (phospho S293); 1/500

Abcam Cat#ab177461; RRID: AB_2756339

Rabbit anti-Phospho-p70 S6 Kinase (Thr389)

(108D2); 1/500

Cell Signaling Technology Cat#9234; RRID: AB_2269803

Rabbit anti-p70 S6 Kinase (49D7); 1/500 Cell Signaling Technology Cat#2708; RRID: AB_390722

Rabbit anti-OCT-4; 1/200 Cell Signaling Technology Cat#2750; RRID: AB_823583

Mouse anti-OCT-4 (D7O5Z); 1/200 Cell Signaling Technology Cat#75463; RRID: AB_2799870

Goat anti-human NANOG; 5 mg/mL R&D Systems Cat#AF1997; RRID: AB_355097

Mouse anti-SOX2; 1/400 Cell Signaling Technology Cat#4900; RRID: AB_10560516

Mouse anti-MAP2; 1/500 Invitrogen Cat#MA5-12826; RRID: AB_10976831

Rabbit anti-OTX2; 4 mg/mL Abcam Cat#ab114138

Goat anti-Brachyury/TBXT; 15 mg/mL R&D Systems Cat# AF2085; RRID: AB_2200235

Rabbit anti-SLUG/SNAI2; 1/400 Cell Signaling Technology Cat#9585; RRID: AB_2239535

Mouse anti-SOX17; 1/100 Invitrogen Cat#MA5-24891; RRID: AB_2725395

Rabbit anti-FoxA2/HNF3b (D56D6); 1/400 Cell Signaling Technology Cat#8186; RRID: AB_10891055

Mouse anti-b-tubulin; 1/1000 Millipore Sigma Cat#T4026; RRID: AB_477577

Alexa Fluor 647 Rat Anti-Histone H3 (pS28) BD Biosciences Cat#558217; RRID: AB_397065

APC anti-DYKDDDDK Tag Antibody Biolegend Cat#637308; RRID: AB_2561497

PE Mouse Anti-SNAI2/Slug BD Biosciences Cat#564615; RRID: AB_2738866

Alexa Fluor 488 Mouse Anti-Human Sox17 BD Biosciences Cat#562205; RRID: AB_10893402

PerCPCy5.5 Mouse anti-Human PAX6 BD Biosciences Cat#562388; RRID: AB_11153319

Alexa Fluor 488 Mouse anti-MAP2B BD Biosciences Cat#560399; RRID: AB_1645358

PE Mouse anti-Human Sox1 BD Biosciences Cat#561592; RRID: AB_10714631

Alexa Fluor 488 Mouse anti-Oct3/4 BD Biosciences Cat#560253; RRID: AB_1645304

V450 Mouse Anti-Sox2 BD Biosciences Cat#561610; RRID: AB_10712763

PerCP-Cy5.5 Mouse IgG2a, k Isotype Control BD Biosciences Cat#558020; RRID: AB_396989

Alexa Fluor 700 Mouse IgG1, k Isotype Control BD Biosciences Cat#557882; RRID: AB_396920

Alexa Fluor 488 Mouse IgG1 k Isotype Control BD Biosciences Cat#557782; RRID: AB_396870

PE Mouse IgG1 k Isotype Control BD Biosciences Cat#554680 RRID: AB_395506

V450 Mouse IgG1, k Isotype Control BD Biosciences Cat#560373; RRID: AB_1645606

Chemicals, peptides, and recombinant proteins

Fixable Viability Dye APC-Cy7 eFluor780 Thermofisher Cat#65-0865-14

7-AAD Staining Solution BD Pharmingen Cat#559925

ActinRed! 555 ReadyProbes" Reagent Protocol

(Rhodamine phalloidin)

Invitrogen Cat#R37112

Gentle Cell Dissociation Reagent Stemcell Technologies Cat#07174

mTeSR1 Plus Stemcell Technologies Cat#05825

DMEM/F12 Gibco Cat#11320033

ROCK Inhibitor; Y-27632 Stemcell Technologies Cat#72304

Monothioglycerol Millipore Sigma Cat#M6145

BSA Fraction V, 7.5% Gibco Cat#15260037

2-mercaptoethanol Thermofisher Cat#21985-023

GlutaMAX Supplement Thermofisher Cat#35050-061

(Continued on next page)
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Continued

Reagent or resource Source Identifier

N2 Supplement Gibco Cat#17502048

B27 Supplement Gibco Cat#17504044

SB43154 Stemgent Cat#04-0010

Dorsomorphin Stemgent Cat#04-0024

Human Recombinant Insulin Millipore Sigma Cat#11376497001

Transferrin from human serum Millipore Sigma Cat#10652202001

Chemically Defined Lipid Concentrate (CDLC) Gibco Cat#11905031

Human Recombinant VEGF-165 Stemcell Technologies Cat#78073.1

Human Recombinant BMP-4 PeproTech Cat#120-05ET

Human Recombinant FGF2 Stemcell Technologies Cat#78003

Human Recombinant Activin A Stemcell Technologies Cat#78001.1

CHIR99021 (GSK3i) Stemcell Technologies Cat#72052

PI-103 Hydrochloride Tocris/Fisher Scientific Cat#29-301

Stemolecule LDN-1931189 Stemgent Cat#04-0074

10% Fetal Bovine Serum Omega Scientific Cat#FB-11

MEM Non-Essential Amino Acids Gibco Cat#11140-050

Matrigel Corning/Fisher Scientific Cat#CB-4023A

RNAse-Free DNase Set Qiagen Cat#79254

DMEM/F12, no glutamine Gibco Cat#21331020

L-GLUTAMINE (AMIDE-15N, 98%) Cambridge Isotope

Laboratories

Cat#NLM-577

DPBS 1x w/o calcium & magnesium Corning Cat#21031CV

L-methionine sulfoximine Millipore Sigma Cat#91016

Dimethyl 2-oxoglutarate Millipore Sigma Cat#ES-008

Glucosamine 6-phosphate Millipore Sigma Cat#G5509

L-Glutathione reduced Millipore Sigma Cat#G6529

Ammonium Chloride Millipore Sigma Cat#A9434

6-Diazo-5-oxo-L-norleucine Millipore Sigma Cat#D2141

CB-839 Selleckchem Cat#S7655

1x BD Perm/Wash Buffer BD Biosciences Cat#554714

SYBR Green Roche Cat#04887352001

1x protease inhibitor Sigma Cat#P8340

1x phosphatase inhibitor Sigma Cat#P5726

1x phosphatase inhibitor Sigma Cat#P0044

Odyssey Blocking Buffer TBS Li-Cor Cat#927-50010

DMEM with L-Glutamine and Sodium Pyruvate Corning Cat#MT10013CV

OptiMEM Gibco Cat#11058021

Fugene Promega Cat#E2312

Non Essential Amino Acids Gibco Cat#1140

Lenti-X Concentrator Clontech Cat#631231

Critical commercial assays

RNeasy Mini Kit Qiagen Cat#74106

Fixation/Permeabilization Solution Kit BD Biosciences Cat#555028

iSCRIPT cDNA Synthesis Kit Bio-Rad Cat#1708841

MycoAlert Detection Kit Lonza Cat#LT08-418

BCA Protein Assay Kit Pierce/Thermofisher Cat#23225

Deposited data

RNA-Sequencing Data for Nutrient Balanced

hPSC and Trilineage Differentiation to EN/EC/ME

Lu et al. (2019) GEO: GSE127270

UHPLC-MS quantification of intracellular

abundance of metabolites.

This Manuscript Table S1
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents will be addressed by the corresponding author, Michael A. Teitell (MTeitell@mednet.
ucla.edu).

Continued

Reagent or resource Source Identifier

Experimental models: Cell lines

H9 (WA09); Female UCLA BSCRC hESC Core Bank RRID:CVCL_9773

UCLA-1; Female UCLA BSCRC hESC Core Bank RRID:CVCL_9951

HEK293FT Life Technologies Cat#31985

Oligonucleotides

Primers for RT-qPCR, see method details IDT N/A

Recombinant DNA

pLKO-shGLUL-1 Sigma-Aldrich SHCLNG-NM_002065 TRCN0000343991

pLKO-shGLUL-2 Sigma-Aldrich SHCLNG-NM_002065, TRCN0000343992

shRNA NTC (non-mammalian turboGFP) N/A Addgene: SH202

pCMV-VSV-G Laboratory of Robert Weinberg

(Stewart et al., 2003)

Addgene: 8454

pCMV-dR8.2 dvpr Laboratory of Robert Weinberg

(Stewart et al., 2003)

Addgene: 8455

pLJM1 FLAG Raptor Rheb 15 Laboratory of David Sabatini

(Sancak et al., 2010)

Addgene: 26634

pLJM1 FLAG Raptor Laboratory of David Sabatini

(Sancak et al., 2010)

Addgene: 26633

pLJM1 Empty Laboratory of Joshua Mendell

(Golden et al., 2017)

Addgene: 91980

Software and algorithms

Seahorse Wave Desktop Software Agilent Technologies https://www.agilent.com/en/products/cell-analysis/

cell-analysis-software/data-analysis/wave-desktop-2-6

Leica Application Suite (LAS) X Software Leica Microsystems https://www.leica-microsystems.com/products/

microscope-software/p/leica-las-x-ls/

ImageJ NIH https://imagej.nih.gov/ij/

Salmon v0.9.1 Patro et al. (2017) https://combine-lab.github.io/salmon/

Tximport v1.6.0 Soneson et al. (2015) http://bioconductor.org/packages/release/bioc/

html/tximport.html

DESeq2 v1.18.1 Love et al. (2014) https://bioconductor.org/packages/release/bioc/

html/DESeq2.html

MitoMiner v4.0 Calvo et al. (2016) http://mitominer.mrc-mbu.cam.ac.uk/release-

4.0/begin.do

Pheatmap v1.0.8 Kolde (2015) https://github.com/raivokolde/pheatmap

Gplots v3.0.1 Gregory Warnes (2016) https://cran.r-project.org/web/packages/gplots/

index.html

GSVA v1.26.0 H€anzelmann et al. (2013) https://bioconductor.org/packages/release/bioc/

html/GSVA.html

Prism 7 and 8 Graphpad https://www.graphpad.com/scientific-software/prism/

TraceFinder v3.3 Thermofisher https://www.thermofisher.com/order/catalog/

product/OPTON-30491

Limma v3.34.9 Ritchie et al. (2015) https://bioconductor.org/packages/release/bioc/

html/limma.html

R v3.4.4 The R Project for Statistical

Computing

https://www.r-project.org

Bioconductor v3.6 Huber et al. (2015) https://www.bioconductor.org
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Materials availability
This study did not generate new unique reagents.

Data and code availability
Raw RNA-Seq data for nutrient balanced hPSCs and tri-lineage differentiation to ectoderm, mesoderm, and endoderm were depos-
ited in the NCBI Gene Expression Omnibus (GEO: GSE127270). All raw and processed UHPLC-MS metabolomics data from this
study are in Excel spreadsheet format as Table S1. All data were analyzed with standard programs and packages, as detailed above.
All R Jupyter notebooks and supplemental files used to process RNA-Seq and UHPLC-MS data are uploaded to https://github.com/
fahsan/GlnFateGatekeeper. All raw images, immunoblots, and values for quantification are available from the corresponding author
and lead contact on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture
Human embryonic stem cell (hESCs) lines H9 (WA09 – Female, RRID:CVCL_9773) and UCLA1 (Female, RRID:CVCL_9951) were
grown in six-well tissue culture-treated polystyrene microplates (Falcon, 08-772-1B). Polystyrene plates were coated with feeder-
free Matrigel basement membrane matrix (Corning, CB-40234A) diluted at 1:60 in DMEM/F-12 w/o glutamine (Gibco, 21331020),
and incubated for 30 m at 37

!
C. hESCs were cultured in mTeSR Plus (Stemcell Technologies, 05825), with media changes every

48h, to 80%confluency at 5%CO2 in a 37
!
C incubator. For passaging, hESCswerewashedwith DPBS 1xw/o calcium &magnesium

(Corning, 21031CV) and removed from culture plates using Gentle Cell Dissociation Reagent (Stemcell Technologies, 07174) at 37
!
C

for 5 m. Cells were passaged onto Matrigel-coated plates in mTeSR Plus as described above. Cells were tested for mycoplasma
(Lonza, LT07-418) every two weeks.

Tri-lineage directed differentiation
Twelve-well tissue culture-treated polystyrenemicroplates (Falcon, 08-772-29) were coated inMatrigel basement membranematrix.
hESCs at 75%-85% confluency were removed from culture plates and dissociated into single cells using Gentle Cell Dissociation
Reagent at 37

!
C for 10 min. Gentle Cell Dissociation Reagent was diluted in an equal volume of DMEM/F-12 (Gibco, 11320033).

hESCs were scraped and centrifuged at 450 x g for 5 m, and cell number was quantified with a hemocytometer.
Cells were reseeded at 125,000 cells/cm2 onto Matrigel-coated plates in mTeSR Plus with 10 mMROCK inhibitor (Y-27632; Stem-

cell Technologies, 72304).

Ectoderm differentiation
To generate ectoderm, seeded cells were changed to a chemically-defined nutrient-balanced differentiation media 48 h after seed-
ing. Cells were differentiated over a five-day period, cultured in DMEM/F12 supplemented with 450 mM 1-Thioglycerol (Millipore
Sigma, M6145), 1 mg/mL BSA (Gibco, 15260037), 0.11 mM 2-mercaptoethanol (Gibco, 21985023), 1% Glutamax (Gibco,
35050061), 1% N-2 supplement (Gibco, 17502048), 2% B-27 supplement (Gibco, 17504044), 10 mM SB43154 (Stemgent, 04-
0010), and 0.2 mM Dorsomorphin (Stemgent, 04-0024). Media was sterilized through a 0.22 mm filter (Denville, 1210N26), and
changed every 24 h until D5 differentiation.

Mesoderm differentiation
To generate mesoderm, seeded cells were changed to a chemically-defined nutrient-balanced differentiation media 48 h after seed-
ing. Cells were differentiated over a five-day period, cultured in DMEM/F12 supplemented with 450 mM1-Thioglycerol, 1mg/mLBSA,
0.11 mM2-mercaptoethanol, 1%Glutamax, 0.7 mg/mL insulin (Millipore Sigma, 11376497001), 15 mg/mL transferrin (Millipore Sigma,
10652202001), 1 mL/100mL chemically-defined lipid concentrate (Gibco, 11905031), 100 ng/mL VEGF-165 (Stemcell Technologies,
78073.1), 100 ng/mL BMP4 (Peprotech, 120-05ET), and 20 ng/mL FGF2 (Peprotech, 78003). During the first 24 h of differentiation,
media was supplemented with 100 ng/mL Activin A (Stemcell Technologies, 78001). Media was sterilized through a 0.22 mm filter
(Denville, 1210N26), and changed every 24 h until D5 differentiation.

Endoderm differentiation
To generate endoderm, seeded cells were changed to a chemically-defined nutrient-balanced differentiation media 48 h after
seeding. Cells were differentiated over a three-day period, cultured in DMEM/F12 supplemented with 450 mM 1-Thioglycerol,
1 mg/mL BSA, 0.11 mM 2-mercaptoethanol, 1% Glutamax, 0.7 mg/mL insulin (Millipore Sigma, 11376497001), 15 mg/mL transferrin
(Millipore Sigma, 10652202001), 1 mL/100 mL chemically-defined lipid concentrate (Gibco, 11905031). During the first 24 h of dif-
ferentiation, media was supplemented with 100 ng/mL Activin A, 2 mM CHIR99021 (Stemcell Technologies, 72052), and 50 nM PI-
103 (Fisher Scientific, 29-301). After 24 h of differentiation, media was supplemented with 100 ng/mL Activin A and 250 nM LDN
1931189 (Stemgent, 04-0074). Media was sterilized through a 0.22 mm filter (Denville, 1210N26), changed every 24 h until D3
differentiation.
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METHOD DETAILS

Glutamine perturbations
For all glutamine-free conditions, differentiation media (as described above) was made with DMEM/F-12 w/o glutamine and in the
absence of 1% Glutamax (note: trace/negligible amounts of glutamine may be present in Matrigel). To achieve glutamine-starvation
conditions, glutamine-free media was supplemented with 1 mM L-methionine sulfoximine (Millipore Sigma, 91016). Metabolite
rescue experiments were performed under glutamine-starvation media in the presence of 8 mM dimethyl 2-oxoglutarate (Millipore
Sigma, 349631), 60 mL/mL Embryomax nucleosides (Millipore Sigma, ES-008), 10mMD-glucosamine 6-phosphate (Millipore Sigma,
G5509), 2 mM D-(+)-glucosamine hydrochloride (Sigma-Aldrich, G1514), or 1 mM L-glutathione reduced (Millipore Sigma, G6529).
Gln utilization was blocked by addition of 50 mM6-diazo-5-oxo-L-norleucine (Millipore Sigma, D2141) or 1 mMCB-839 (Selleckchem,
S7655) to either Gln-supplemented or Gln-free media. Gln, Arg, or Leu starvation/deprivation timed pulse experiments were per-
formed by culturing cells in respective deprivation conditions for an initial 14 h or 24 h, washed with PBS, and then grown in Gln,
Arg, or Leu replete conditions until D5 of differentiation.

Intracellular flow cytometry
Cells were dissociated using Gentle Cell Dissociation Reagent for 10 m, diluted in sterile dPBS, and pelleted at 450 x g for 5 m. Su-
pernatant was aspirated off, and cells were re-suspended in 250 mL of Fixation/Permeabilization solution (BD Biosciences, 554714)
and incubated at 4

!
C for 30 m. Following fixation, cells were washed with 1x BD Perm/Wash Buffer (BD Biosciences, 554714) and

pelleted at 450 x g for 5 m. Cells were re-suspended in 100 uL of 1x BD Perm/Wash Buffer. Conjugated antibodies were incubated
with fixed cells for 45m at 4

!
C in the dark. Samples were processed on a LSRFortessa flow cytometer (BDBiosciences) and analyzed

using FlowJo software (FlowJo, Inc.). For cell viability quantifications, values were generated from EF780 Fixable Viability Dye nega-
tive (EF780-) cell populations or from Annexin A5 and 7AAD double negative (%AV- 7AAD- dn) cell populations. For cell cycle quan-
tifications, values were determined based on 7AAD-stained DNA content and histone H3 (phospho-S28). Experiments were per-
formed at least three independent times. The following conjugated antibodies were used: Alexa Fluor 647 Rat anti-histone H3
(pS28) (BD Biosciences, 558217), APC anti-DYKDDDDK tag (Biolegend, 637308), PE Mouse anti-SNAI2/Slug (BD Biosciences,
564615), Alexa Fluor 488 Mouse anti-human Sox17 (BD Biosciences, 562205), PerCPCy5.5 Mouse anti-human PAX6 (BD Biosci-
ences, 562388), human Pax6 PE-conjugated antibody (R&D Systems, IC8150P-100), Alexa Fluor 488 mouse anti-MAP2B (BD Bio-
sciences, 560399), PE Mouse anti-human Sox1 (BD Biosciences, 561592), Alexa Fluor 488 mouse anti-Oct3/4 (BD Biosciences,
560253), V450 mouse anti-Sox2 (BD Biosciences, 561610), PerCP-Cy5.5 mouse IgG2a, k isotype control (BD Biosciences,
558020), Alexa Fluor 700 mouse IgG1, k isotype control (BD Biosciences, 557882), Alexa Fluor 488 mouse IgG1 k isotype control
(BD Biosciences, 557782), PE mouse IgG1 k isotype control (BD Biosciences, 556680), V450 mouse IgG1, and k isotype control
(BD Biosciences, 560373). For flow cytometry quantification of phosphorylated mTORC1 substrates, the following antibodies
were used: rabbit anti-phospho-p70 S6 kinase (Thr389) (108D2) (Cell Signaling, 9234) and Alexa Fluor 568 goat anti-rabbit IgG
(H+L) (Invitrogen, A11036, 1/1000).

Immunofluorescence
Cells were differentiated in 35 mm m-Dish on No. 1.5 ibitreat polymer coverslips (ibidi GmbH, 81156, 80416) coated with Matrigel
(Corning, CB-40234A). Cells were fixed in 4% methanol-free formaldehyde (Thermo Scientific, 28906) for 10-15 min at RT. Cells
were washed with PBS, permeabilized with 0.3% Triton X-100 in PBS for 10 min at RT, washed again with PBS, and incubated in
blocking buffer (5% normal donkey serum in PBS) for 1hr at RT. Cells were incubated with primary antibodies diluted in blocking
buffer overnight at 4C, washed with PBS, then incubated with secondary antibodies diluted in blocking buffer for 1hr at RT. Cells
were counterstained and mounted with ibidi Mounting Medium with DAPI (ibidi GmbH, 50011, nD 1.42–1.44). The following anti-
bodies were used: rabbit anti-OCT-4 (Cell Signaling, 610517, 1/200), mouse anti-OCT-4 (Cell Signaling, 2750, 1/200), goat anti-hu-
man NANOG (R&D Systems, AF1997, 5 mg/mL), mouse anti-SOX2 (Cell Signaling, 4900, 1/400), rabbit anti-PAX6 (Cell Signaling,
60433, 1/200), mouse anti-MAP2 (Invitrogen, MA5-12826, 1/500), rabbit anti-OTX2 (Abcam, ab114138, 4 mg/mL), goat anti-Bra-
chyury/TBXT (R&D Systems, AF2085, 15 mg/mL), rabbit anti-SLUG/SNAI2 (Cell Signaling, 9585, 1/400), rabbit anti-SLUG/SNAI2
(Cell Signaling, 9585, 1/400), mouse anti-SOX17 (Invitrogen, MA5-24891, 1/100), rabbit anti-FoxA2/HNF3b (Cell Signaling, 8186,
1/400), mouse anti-DYKDDDDK Tag (Cell Signaling, 8146, 1/200), rabbit anti-phospho-p70 S6 kinase (Thr389) (Cell Signaling,
9234). Actin counterstain was done following ActinRed! 555 ReadyProbes" Reagent Protocol (Rhodamine phalloidin) (Invitrogen,
R37112). All secondary antibodies were from sourced from donkey host of the Alexa Flour series (Life technologies, A-31573,
A-21202, A-21432, A-11055, A-31570).

Confocal microscopy image acquisition and processing
Imaging was performed on Leica TCS SP8 DLS (Digital LightSheet) confocal microscope, equipped with a Galvo X resonant scanner
and sCMOS camera controlled by the Leica Application Suite (LAS) X software, using a HC PL APO CS2 63x/1.40 OIL lens and a TD
488/552/638 main beamsplitter. Pinhole size was set to 1AU with an 8,000 Hz scan speed. 2048 x 2048 8- or 16-bit images at 1.25
zoom were acquired using HyD (410nm - 527nm, 655nm - 685nm) and PMT (567nm - 607nm) detectors. All samples with the same
immunolabeling and/or compared to each other were acquired with the same settings. DAPI was excited with Diode 405 nm laser line
and emission collected with HyD detector (455±45nm). Alexa Flour 488 was excited with OPSL 488 nm laser line and emission
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collected with HyD detector (518±13nm) or PMT (518±21nm). Alexa Flour 555 was excited with OPSL 552 nm laser line and emission
collected with HyD detector (584±23nm) or PMT (569±10nm). Alexa Flour 647 was excited with Diode 638 nm laser line and emission
collected with HyD detector (670±15nm).
All compared image sets had identical processing in shift phase (arithmetic mean), denoising (median filtering with radius of 2-6

pixels), and histogram normalization (brightness and contrast) using the Leica Application Suite (LAS) X software according to field
standards (Aaron and Chew, 2021; Schmied and Jambor, 2020). All experiment interpretations and data analysis were done on raw
image files. False color LUTs and image merges were done on the Leica Application Suite (LAS) X software.

qRT-PCR
Cells were grown to between 70% and 80% confluence and harvested as described above. RNAwas isolated using the RNeasyMini
Kit (Qiagen, 74104) and RNase-free DNase (Qiagen, 79254) following the manufacturer’s protocols. RNA was quantified using a
Nanodrop spectrophotometer (Thermo Scientific). cDNA was synthesized with 2 mg of RNA using the iScript cDNA synthesis kit
(Bio-Rad, 1708841). qRT-PCR was performed on a LightCycler480 (Roche) using SYBR green (Roche, 04887352001). Experiments
were performed at least three independent times. Primers were used as follows: RPLPO, forward, 5’-CAGATTGGCTACCCA
ACTGTT-3’, reverse, 5’-GGAAGGTGTAATCCGTCTCCAC-3’; OCT4, forward, 5’-CAAAGCAGAAACCCTCGTGC-3’, reverse, 5’-TCT
CACTCGGTTCTCGATACTG-3’; NANOG, forward, 5’-CCCCAGCCTTTACTCTTCCTA-3’, reverse, 5’-CCAGGTTGAATTGTTCCAGG
TC-3’; SOX2, forward, 5’-TACAGCATGTCCTACTCGCAG-3’, reverse, 5’-GAGGAAGAGGTAACCACAGGG-3’; MAP2, forward, 5’-
CTCAGGACCGCTAACAGAGG-3’, reverse, 5’-CATTGGCGCTTCGGACAA-3’; OTX2, forward, 5’-CAAAGTGAGACCTGCCAAAAA
GA-3’, reverse, 5’-TGGACAAGGGATCTGACAGTG-3’; PAX6, forward, 5’-TGGGCAGGTATTACGAGACTG-3’, reverse, 5’-ACTCCC
GCTTATACTGGGCTA-3’; GLS1, forward, 5’- TGGTGGCCTCAGGTGAAAAT-3’, reverse, 5’-CCAAGCTAGGTAACAGACCCTGTTT-
3’; GLS2, forward, 5’- AACGAATCCCTATCCACAAGTTCA-3’, reverse, 5’- GCAGTCCAGTGGCCTTTAGTG-3’; GLUL, forward, 5’-
AAGAGTTGCCTGAGTGGAATTTC-3’, reverse, 5’- AGCTTGTTAGGGTCCTTACGG-3’.

Immunoblot
Cells were grown to between 70% and 80% confluence and harvested as described above. Cells were lysed in SDS buffer (40 mM
Tris-HCl pH 6.8, 3%glycerol, 1%SDS), 1x protease inhibitor (Sigma, P8340) and 1x phosphatase inhibitor (Sigma, P5726 and Sigma,
P0044). Protein concentrations were quantified using a BCA assay (Pierce). 50 mg aliquots were supplemented with 5% 2-mercap-
toethanol and loaded onto gels at 90 V for 20 m followed by 120 V for 75 m. Protein was transferred to a nitrocellulose membrane at
250 mA for 2 h. Membranes were blocked with Odyssey Blocking Buffer TBS (Li-Cor, 927-50010) for 30 m and incubated in primary
antibodies overnight at 4

!
C. Following incubation, membranes were washed in TBST for 20 m. IRDye-conjugated secondary

antibodies IRDye 680RD donkey anti-rabbit IgG (H + L) (LiCor, 926-68703, 1/10,000) and IRDye! 800CW goat anti-mouse IgG
(H + L) (LiCor, 925-32210, 1/10,000) were added to membranes, incubated for 1 h at RT, and washed in TBST for 20 m. All images
were captured with an Odyssey Fc (Licor). Experiments were performed at least three independent times. The following antibodies
were used: rabbit anti-pyruvate dehydrogenase E1-alpha subunit (phospho S293) (ab177461, 1/500), rabbit anti-pyruvate dehydro-
genase E1-alpha subunit (ab168379, 1/500), mouse anti-glutamine synthetase (BD Biosciences, 610517, 1/500), rabbit anti-PAX6
(Cell Signaling, 60433, 1/500), mouse anti-b-tubulin (Millipore Sigma, T4026, 1/10,000), rabbit anti-phospho-p70 S6 kinase
(Thr389) (108D2) (Cell Signaling, 9234, 1/500), rabbit anti-p70 S6 kinase (49D7) (Cell Signaling, 2708, 1/500).

Click chemistry reactions
EdU labeling
Samples were cultured for 4 h with fresh media supplemented with 5 mMEdU (Invitrogen, A10044), harvested and fixed in 100 mL 4%
phosphate-buffered paraformaldehyde for 15 m at RT, permeabilized in 100 mL of saponin-based permeabilization wash for 15 m at
RT, and proceeded to Click-iT reaction labeling.
L-Azidohomoalanine (AHA) labeling
Samples were pulsed for 15 mwith DMEM/F-12 w/o L-methionine (US Biological Life Sciences, D9807-05A) differentiation media for
optimized AHA labeling. Then, samples were cultured in DMEM/F-12 w/o L-methionine differentiation media with 1 mMAHA (Sigma-
Aldrich, 900892; labeling condition) or 0.1 mM L-methionine (Sigma-Aldrich, M5308; control condition) for 1 h. As a negative control,
nascent protein synthesis was blocked by addition of 1 mM Blasticidin S HCL (Gibco, A1113903) to AHA-supplemented media.
As with EdU labeling, samples were harvested and fixed in 100 mL 4% phosphate-buffered paraformaldehyde for 15 m at RT, per-
meabilized in 100 mL of saponin-based permeabilization wash for 15 m at RT, and proceeded to Click-iT reaction labeling.
Click chemistry reaction
For EdU labeling, Alexa Fluor 488 azide (Invitrogen, A10266) was used. For AHA labeling, Alexa Fluor 488 Alkyne (Invitrogen, A10267)
was used. Freshly prepared Click-iT reagent mix was made with saponin-based wash reagent, 100 mM copper(II) sulfate (Sigma-
Aldrich, C1297), Click-iT buffer additive (Invitrogen, C10269), and 1 mM Alexa Fluor 488 azide or Alexa Fluor 488 Alkyne. Following
permeabilization, samples were incubated with 500 mL reagent for 30 m at RT in the dark, then washed twice with saponin-based
wash reagent. Samples were then stored in saponin-based wash reagent at 4

!
C in the dark for flow cytometry and/or further

intracellular antibody labeling.

ll
Article

Developmental Cell 57, 610–623.e1–e8, March 14, 2022 e6



 

 120 

 

 

shRNA knockdown
pLKO.1 vectors containing shRNA targeting GLUL RNA transcripts were purchased from Sigma-Aldrich (Sigma, SHCLNG-
NM_002065 TRCN0000343991 and SHCLNG-NM_002065, TRCN0000343992). pLK0.5 vectors containing shRNA control targeting
non-mammalian turboGFP were also purchased from Addgene (Sigma, SHC 202). Vectors were packaged along with pCMV-dR8.2
dvpr (Addgene, 8455) and pCMV-VSV-G (Addgene, 8454) into HEK293FT cells. HEK293FT cells were seeded into 100 mm dishes
and grown to 65% - 80% confluence in DMEM with L-Glutamine and Sodium Pyruvate (Corning, MT10013CV) supplemented
with 10%Fetal Bovine Serum (Omega Scientific, FB-11), 1%Glutamax, and 1%non-essential amino acids (Gibco, 1140). HEK293FT
cells were transfected with 829 mL of.020 mg/ml plasmid solution (8 mg shRNA plasmids, 8 mg pCMV-dR8.9, 2 mg pCMV-VSVG) in
OptiMEM (Gibco, 11058021) and Fugene HD (Promega, E2312). Media was collected 48 h and 60 h after transfection and concen-
trated using Lenti-X Concentrator (Clontech, 631231). hESC lines grown until 80% confluency were transduced with 5 – 10 x 105

lentiviral particles and 6 mg/mL polybrene for 8 h on D1. Transduction was repeated on D2 and D3, doubling viral concentration
each successive day. Transduced cell lines were selected with 1 mg/mL puromycin on D5 – 8.

cDNA transfection
pLJM1 vectors FLAGRaptor Rheb 15, FLAGRaptor, and Empty were purchased fromAddgene (26634, 26633, 91980). Vectors were
a gift from the laboratories of David Sabatini and Joshua Mendell. Vectors were packaged along with pCMV-dR8.2 dvpr (Addgene,
8455) and pCMV-VSV-G (Addgene, 8454) into HEK293FT cells. HEK293FT cells were seeded into 100mmdishes and grown to 65% -
80% confluence in DMEM with L-Glutamine and Sodium Pyruvate (Corning, MT10013CV) supplemented with 10% Fetal Bovine
Serum (Omega Scientific, FB-11), 1%Glutamax, and 1% non-essential amino acids (Gibco, 1140). HEK293FT cells were transfected
with 829 mL of.020 mg/ml plasmid solution (8 mg shRNA plasmids, 8 mg pCMV-dR8.9, 2 mg pCMV-VSVG) in OptiMEM (Gibco,
11058021) and Fugene HD (Promega, E2312). Media was collected 48 h and 60 h after transfection and concentrated using
Lenti-X Concentrator (Clontech, 631231). hESC lines grown until 80%confluencywere transducedwith 5 – 10 x 105 lentiviral particles
and 6 mg/mL polybrene for 8h on D1. Transduction was repeated on D2 and D3, doubling viral concentration each successive day.
Transduced cell lines were selected with 1 mg/mL puromycin on D5 – 8.

Media preparation for metabolite extraction and UHPLC-MS processing
For Gln-free conditions, ectoderm differentiation media (as described above) was made with DMEM/F-12 w/o glutamine and in the
absence of 1% Glutamax. For glutaminolysis-inhibited conditions, ectoderm differentiation media (as described above) was made
with DMEM/F-12 supplemented with 1 mMCB-839. To achieve Gln-starvation conditions, Gln depleted media was additionally sup-
plemented with 1 mM L-methionine sulfoximine (Millipore Sigma, 91016). For Gln-replete conditions, ectoderm differentiation media
was made with DMEM/F-12 w/o glutamine and.01% Glutamax. For Glu conversion to Gln isotopologue tracing, cells were labeled
with 0.5mM 13C5-Glu for 1 h under defined Gln perturbation conditions.

Metabolite extraction and UHPLC-MS processing
Ultra-high performance liquid chromatography and mass spectrometry was performed as previously described (Lu et al., 2019). To
extract intracellular metabolites, cells were washed with warm PBS for less than 10 s, rinsed with ice-cold 150 mM ammonium ac-
etate (pH 7.3), and quenched with 1 mL/well of cold 80%MeOH in water. Wells were scraped and contents transferred to Eppendorf
tubes and vortexed for 10 s. 5 nmol D/L-norvaline was added to each cell suspension as an internal control, and tubes were centri-
fuged at 16,000 x g for 15 m at 4

!
C. The supernatant was transferred into glass vials and dried under a vacuum. Dried metabolites

were re-suspended in 50%ACN:water and one-tenth was loaded onto a Luna 3umNH2 100A (1503 2.0mm) column (Phenomenex).
The chromatographic separation was performed on anUltimate 3000RSLC or a Vanquish Flex (Thermo Scientific) withmobile phases
A (5mMNH4AcO pH 9.9) and B (ACN) and a flow rate of 200 ml/min. A linear gradient from 15%A to 95%Aover 18mwas followed by
9 m isocratic flow at 95% A and re-equilibration to 15% A. Metabolites were detection with a Thermo Scientific Q Exactive mass
spectrometer run with polarity switching (+3.5 kV/" 3.5 kV) in full scan mode with an m/z range of 65-975. TraceFinder 4.1 (Thermo
Scientific) was used to quantify the targeted metabolites by area under the curve using expected retention time and accurate mass
measurements (< 5 ppm). Experiments were performed with three biological replicates.

QUANTIFICATION AND STATISTICAL ANALYSIS

Metabolomics data analysis
Metabolomics analysis was performed as previously described (Waters et al., 2019). Data analysis was performed using the statis-
tical language R v3.6.3 and Bioconductor v3.6.1 packages(Huber et al., 2015; R Core Team, 2017). Metabolite abundance was
normalized per mg of protein content per metabolite extraction, and metabolites not detected were set to zero.

Pathway-level relative amounts metabolite set variation analysis (MSVA) was performed using R Bioconductor package GSVA
v1.26.0 (H€anzelmann et al., 2013). Metabolite normalized relative abundances were standardized using a log2(normalized amounts +
1) transformation, and metabolites per sample were converted to a pathways per sample matrix using function gsva() with param-
eters ‘‘method = gsva, rnaseq = FALSE, abs.ranking = FALSE, min.sz = 5, max.sz = 500’’. GSVA pathway enrichment scores
were then extracted and significance testing between conditionswas calculated usingRBioconductor package limma v3.34.9, fitting
a linear model to each metabolite and assessing differences in normalized abundance using an empirical Bayes moderated
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F-statistic with an adjusted P value threshold of 0.05, using the Benjamini-Hochberg false discovery rate of 0.05 (Benjamini and
Hochberg, 1995; Ritchie et al., 2015). Pathway metabolite sets were constructed using the KEGG Compound Database and derived
from the existing Metabolite Pathway Enrichment Analysis (MPEA) toolbox (Kanehisa et al., 2012; Kankainen et al., 2011).

RNA-Seq analysis
RNA-Seq data analysis was performed as previously described (Lu et al., 2019). TPM values were extracted from GEO:GSE127270
for genes that were determined to be differentially expressed via statistical testing using R Bioconductor package DESeq2 v1.18.1
(Love et al., 2014). Differentially expressed genes were identified using Wald significance testing, with an adjusted P value threshold
below 0.05 for one or more comparisons. A variance stabilized transform matrix (VST) was generated using DESeq2, and subset for
the differentially expressed genes (DEGs) identified above. VST values were row scaled by subtracting the average mean per gene
row between samples, and then averaged per condition. Heatmapswere generated using RBioconductor package pheatmap v1.0.8
(Kolde, 2015).
Comparison of Gln synthesis to Gln consumption
RNA-Seq data from a previous publication (Lu et al., 2019) and single cell RNA-Seq data from Tyser et al., 2021 (Tyser et al., 2021)
were used to query the ratio of Gln consumption transcripts [average(GLS1 +GLS2)] to Gln synthesis transcripts [GLUL]. For the sin-
gle cell RNA-Seq data, the ratio was calculated for each individual cell and then normalized to the average Epiblast value. For bulk
RNA-Seq, each replicate was normalized to the average hPSC value.

Statistical testing
Statistical testing for all data except for RNA-Seq and UHPLC-MS metabolomics was performed using Prism 7 and 8 (Graphpad).
Details for statistical testing of RNA-Seq and UHPLC-MS metabolomics data are included in the section above. Unless otherwise
noted, each experiment is n=3, where n represents the number of independent biological replicates. Statistical details can be found
in each figure legend. Parametric data were analyzed using Student’s t tests or one-/two-way ANOVA with multiple comparisons
correction. Metabolite pathway enrichment values were quantified using empirical Bayes linear modelling with multiple hypothesis
correction. P values % 0.05 were considered significant for all data assayed. *P % 0.05, **P % 0.01, ***P % 0.001, ****P % 0.0001.
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Supplemental Figure S1. Cell viability images and quantification under Gln deprivation 
Related to Figure 1 
(A) Representative brightfield images of cell viability and confluency of D5 mesoderm, D3 endoderm, and 
D5 ectoderm grown in Gln-supplemented (Ctr), Gln-free (-Gln), or glutaminolysis-inhibited (+GLS1i) 
conditions. Scale bar indicates 500 μm. 
(B) Cell viability of UCLA1-derived D5 mesoderm (n=2) and ectoderm cells relative to Ctr. 
(C) Immunoblot and densitometry quantification of phosphorylated pyruvate dehydrogenase (PDH) and 
total PDH expression after 24h 1 mM DCA treatment (n=2).  
(D-F) Volcano plots of differential metabolite abundance in (D) -Gln vs Ctr, (E) GLS1i vs Ctr, and (F) -Gln 
vs GLS1i conditions, quantified by UHPLC-MS. Differential fold change is plotted against raw p values for 
each metabolite comparison. 
 
Data represent mean ± SD of n ≥ 3 biological replicates unless indicated otherwise. ∗p ≤ 0.05; ∗∗p ≤ 
0.01; ∗∗∗p ≤ 0.001. The p values were determined by (B) one-way ANOVA with correction for multiple 
comparisons, or (D-F) using the Student’s t test 
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Supplemental Figure S2. Tri-lineage metabolomics profiles in Gln-free media 
Related to Figure 2 
(A-B) Immunoblot of GS expression in (A) UCLA1-derived ectoderm and (B) H9-derived mesoderm and 
endoderm cells differentiated in Gln-free media.  
(C) Intracellular amounts of Gln, D-KG, 13C5-Gln, and 13C5-D-KG derived from 13C5-glutamic acid in D3 
mesoderm, endoderm, and ectoderm cells grown in Gln-supplemented or Gln-free media.  
(D) Percentage of (Left) D5 mesoderm (SNAI2/SLUG+) and (Right) D3 endoderm (SOX17+) cells grown in 
Gln-supplemented or Gln-free conditions with 50 μM DON or 1 mM MSO. 
(E) Verification of intracellular uptake and conversion to related metabolites upon respective metabolite 
supplementations (denoted in red), quantified by UHPLC-MS. Intensity values represent area under the 
curve (arbitrary units). 
(F) (Left) Cell viability of UCLA1-derived D5 ectoderm cells differentiated in Gln-starvation and 
supplemented with GlcN6P, dm-D-KG, nucleosides, or GSH. (Right) Percentage of D5 ectoderm 
(PAX6+MAP2B+) cells grown in Gln-starvation with added GlcN6P or both GlcN6P and nucleosides (nuc).  
Data represent mean ± SD of n = 3 biological replicates. ∗p ≤ 0.05; ∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001; ∗∗∗∗p ≤ 
0.0001. The p values were determined using (D, F) one-way ANOVA with correction for multiple 
comparisons or (E) Student’s t test. 
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Supplemental Figure S3. Cell cycle distribution, cell proliferation, and nascent protein synthesis 
during Gln repletion following 14h Gln-starvation 
Related to Figure 3 
(A) Flow cytometry cell cycle distribution of ectoderm cells differentiated in continuous Gln-starvation for 
D1 (24h), D2 (48h), and D3 (72h), colored ∗p symbols represent corresponding cell cycle stage with 
significant difference across indicated conditions. 
(B) qRT-PCR analysis of MAP2B, PAX6, and OTX2 expression in D1 (24h) ectoderm cells grown in Gln-
starvation. 
(C) Flow cytometry cell cycle distribution of D5 ectoderm cells after initial 24h Gln-starvation (-G+M→Ctr). 
(D) (Left) Cell viability and (Right) percentage of UCLA1-derived D5 ectoderm (PAX6+MAP2B+) cells after 
initial 24h Gln-starvation (G+M→Ctr). 
(E) Percentage of pluripotent (OCT4+SOX2+) and endoderm/mesoderm (SOX17+CD34+) biomarkers in 
D5 ectoderm cells after initial 24h Gln-starvation (-G+M→Ctr). 
(F) qRT-PCR analysis of GLUL (encoding GS) in H9 hPSCs expressing shRNA targeting GLUL (shRNA 
GLUL1, clone 1; shRNA GLUL2, clone 2) or a non-targeting control (NTC).  
(G) Representative brightfield images of H9-derived ectoderm cells expressing shRNA targeting GLUL 
(shRNA GLUL) or a non-targeting control (NTC) grown continuously in Gln-free media at D1 (24h) and D5 
(120h). Scale bar indicates 500 μm. 
(H) Cell viability and percentage of ectoderm (PAX6+MAP2B+, PAX6+NESTIN+) and pluripotent 
(OCT4+NANOG+, OCT4+TRA1-81+, OCT4+SOX2+) biomarkers in D5 ectoderm cells after initial 14h Gln-
starvation (-G+M→Ctr) or metabolite-supplemented Gln-starvation (-G+M+GlcN-6P+nuc →Ctr). 
(I) Cell proliferation (EdU+ staining) in D3 and D5 ectoderm cells after initial 14h Gln-starvation. 
(J) Nascent protein synthesis (relative AHA staining) in D3 and D5 ectoderm cells after initial 14h Gln-
starvation. 
 
Data represent mean ± SD of n ≥ 3 biological replicates. ∗p ≤ 0.05; ∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001; ∗∗∗∗p ≤ 
0.0001. The p values were determined by (A, C) two-way ANOVA, (B) Student’s t test, (D-F, H-J) or one-
way ANOVA with correction for multiple comparisons. 
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Supplemental Figure S4. mTORC1 inactivation under Gln-starvation 
Related to Figure 4 
(A) (Left) Flow cytometry quantification and (Right) representative immunoblot of mTORC activation 
(pS6K1-Thr389) immediately after 24h Gln-starved ectoderm differentiation. 
(B) Flow cytometry traces and quantification of %FLAG+ cells in H9-derived Empty Vector, WT-Raptor, 
and Raptor-Rheb15 hPSC lines.  
(C) (Left) Flow cytometry quantification and (Right) representative immunoblot of mTORC activation 
(pS6K1-Thr389) immediately after 14h Gln-starved ectoderm differentiation in H9-derived WT-Raptor or 
Raptor-Rheb15 hPSC lines. 
(D) Flow cytometry cell cycle distribution of H9-derived D5 WT-Raptor or Raptor-Rheb15 ectoderm cells 
after initial 14h Gln-starvation (-G+M→Ctr).  
(E) Cell viability of H9-derived D5 WT-Raptor or Raptor-Rheb15 ectoderm cells after initial 14h Gln-
starvation (-G+M→Ctr).  
(F) (Left) Cell viability and (Right) percentage of UCLA1-derived D5 WT-Raptor or Raptor-Rheb15 
ectoderm (PAX6+MAP2B+FLAG+) cells after initial 14h Gln-starvation (-G+M→Ctr). 
(G) Percentage of UCLA1-derived D5 WT-Raptor or Raptor-Rheb15 ectoderm (PAX6+MAP2B+FLAG+, 
SOX2-OCT4+FLAG+) cells after initial 14h Gln-starvation with increasing concentrations of exogenous Gln 
supplementation. 
(H) Cell viability of (Left) H9 or (Right) UCLA1-derived D5 ectoderm cells after initial 14h Gln-starvation 
with increasing concentrations of exogenous Gln supplementation.  
(I) (Left) Cell viability and (Right) percentage of pluripotent (OCT4+NANOG+, OCT4+SOX2+, OCT4+TRA1-
81+) biomarkers in H9-derived D5 ectoderm cells after initial (-G+M→Ctr), intermediate (Ctr→-G+M→Ctr), 
or late (Ctr→-G+M) 14h Gln-starvation. 
(J) Cell viability in (Left) H9 or (Right) UCLA1-derived D5 ectoderm differentiation after initial 14h Gln-
starvation, Arg deprivation, or Leu deprivation in WT-Raptor or Raptor-Rheb15 hPSC lines.  
(K) Representative immunofluorescence images of mTORC activation in H9-derived ectoderm cells 
grown for 14h in Gln-supplemented (Ctr), Arginine-free (-Arginine), Leucine-free (-Leucine), or 200 nM 
rapamycin treatment (Ctr+Rapa). DAPI (blue, nucleus); ACTIN (green, cytoskeleton); pS6K1-Thr389 
(yellow, mTORC1 activation). Scale bar indicates 50 μm. 
(L) Percentage of pluripotent (OCT4+NANOG+, OCT4+SOX2+, OCT4+TRA1-81+) biomarkers in H9-
derived WT-Raptor or Raptor-Rheb15 D5 mesoderm and D3 endoderm cells. 
(M) Representative immunofluorescence images of mTORC activation in H9-derived (Left) mesoderm 
and (Right) endoderm cells grown for 24h in Gln-supplemented (Ctr), Gln-free (-Gln), Gln-starvation (-
G+M), or 200 nM rapamycin treatment (Ctr+Rapa). DAPI (blue, nucleus); ACTIN (green, cytoskeleton); 
pS6K1-Thr389 (yellow, mTORC1 activation). Scale bar indicates 50 μm. 
 
Data represent mean ± SD or (A, C) min and max of n ≥ 3 biological replicates. ∗p ≤ 0.05; ∗∗p ≤ 
0.01; ∗∗∗p ≤ 0.001; ∗∗∗∗p ≤ 0.0001. The p values were determined by (A-C, E, H-J) one-way ANOVA, (D, 
F-G) two-way ANOVA with correction for multiple comparisons, or (L) Student’s t test.  
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Supplemental Figure S5. Immunofluorescence images for biological and technical controls  
Related to Figure 3 and 4 
(A) Representative immunofluorescence images of pluripotent biomarkers in (Top) H9 hPSCs grown in 
mTESR, and H9-derived (Middle) D3 endoderm and (Bottom) D5 mesoderm cells grown in Gln-
supplemented (Ctr), Gln-free (-Gln), or Gln-repletion follow initial 14h Gln-starvation (-G+M→Ctr). OCT4 
(magenta, pluripotent); NANOG (cyan, pluripotent); SOX2 (green, pluripotent); DAPI (blue, nucleus). 
Scale bar indicates 50 μm. 
(B) Representative immunofluorescence images of tri-lineage biomarkers in (Top) H9 hPSCs grown in 
mTESR, and H9-derived (Middle) D3 endoderm and (Bottom) D5 ectoderm cells grown in Gln-
supplemented (Ctr), Gln-free (-Gln), or Gln-repletion follow initial 14h Gln-starvation (-G+M→Ctr). TBXT 
(cyan, mesoderm); SOX17 (green, endoderm); PAX6 (magenta, ectoderm); DAPI (blue, nucleus). Scale 
bar indicates 50 μm. 
(C) Representative immunofluorescence images of pluripotent biomarkers in H9-derived D5 (Left) WT-
Raptor or (Right) Raptor-Rheb15 ectoderm cells grown in Gln-supplemented (Ctr) or Gln-repletion follow 
initial 14h Gln-starvation (-G+M→Ctr). DAPI (blue, nucleus;) NANOG (cyan, pluripotent); OCT4 (magenta, 
ectoderm); FLAG (grey, transduced cell line reporter). Scale bar indicates 50 μm.  
(D-E) Representative immunofluorescence images of H9 hPSC (D) pluripotent and (E) filter controls.  
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Supplemental Figure S6. Flow cytometry gating strategy 
Related to Figure 3 and 4 
(A) Gating strategy for flow cytometry analysis. This figure reflects gating strategy used for flow cytometry 
quantifications in Figures 1-4, S1-S4.  
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Supplemental Table 1. Spreadsheet of normalized transcript abundance values from RNA-Sequencing 
data and UHPLC-MS metabolomics relative abundance, pathway enrichment values, and isotopologue 
tracing amounts. Related to Figures 1, 2, 3 and Supplemental Figure 2. 
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CHAPTER 8: 

CONCLUSIONS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 137 

The applications of hPSCs on human health and biological insight are almost endless, from 

disease modeling to regenerative medicine to corrective gene therapies. Of interest in this 

thesis is its inherent status as an ex vivo surrogate for studying early human embryo 

development. In particular, our current understanding of how metabolic regulation permits 

and/or follows PSC identity transitions across the pluripotency and differentiation continuum is 

fragmented. In the past decade, the pluripotent and multipotent stem cell fields gained an 

appreciation for metabolites as co-factors for transcriptional and epigenetic modifications that 

ultimately affect gene expression and cell fate determination. More recently, a study reported 

that non-metabolized glucose (independent of glycolysis) controls lineage specification of 

cleavage-stage mouse embryos by initiating signaling and transcription to enable 

trophectoderm, but not the embryonic inner cell mass, formation (Chi et al., 2020). Combined, 

this implicated metabolism as a nexus for expression pattern regulation and nutrient-sensitive 

signaling via integration of substrates from the extracellular and intracellular environments. 

 

From these collective insights, two main lingering questions remain under active investigation. 

First, it is unclear how epigenome co-factors and substrates are regulated or recruited to 

specific loci to influence expression patterns during cell state transitions. Second, it is unknown 

whether specific nutrients and/or metabolites, and their respective mechanisms of action, 

support distinct cell outcomes. For instance, how does one single nutrient, such as glutamine, 

enhance opposite cell transition processes, such as both pluripotent biomarker expression and 

differentiation efficacy (Lu et al., 2021; Tohyama et al., 2016; Vardhana et al., 2019)? Our 

approach to studying nutrient specificity and PSC identity was first to neutralize the confounding 

factor of differential nutrient levels in conventional PSC tri-lineage differentiation culture media. 

We developed a chemically defined, nutrient-equivalent differentiation protocol to allow 

customizable metabolic manipulation experiments, such as determining whether all or only 
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certain mTORC1-sensed amino acids are required for ectoderm specification. Successful tri-

lineage differentiation via expression of established biomarkers was validated with RNA-Seq, 

and equivalent levels of culture media metabolites were quantified with ultra-high-performance 

liquid chromatography mass-spectrometry (Lu et al., 2019).  

 

As one of two major nutrients fervently studied, glutamine has taken center stage as a critical 

carbon and nitrogen source for cell energetics and biosynthesis. Despite the abundance of stem 

cell studies focused on glutamine metabolism, previous studies focused more generally on the 

metabolic roles of glutamine and its derivatives in maintaining pluripotency (Carey et al., 2015; 

Marsboom et al., 2016; Tohyama et al., 2016; Vardhana et al., 2019) or impacting multipotent 

functional cell differentiation (Johnson et al., 2018; Oburoglu et al., 2014; Yu et al., 2019). Here, 

we expand our understanding of a role for glutamine in coordinating early tri-lineage 

differentiation upon pluripotency exit. This insight on early upstream differentiation can enable 

tighter control of downstream PSC applications, such as enrichment for ectoderm-derived 

neural cells.  

 

Conclusions from this thesis indicate that glutamine itself, unmetabolized and/or incorporated for 

use as a biosynthetic precursor, is a required signaling molecule in ectoderm differentiation. 

Collectively, the chapters above establish a cohesive framework in which glutamine plays a 

central, non-compromising role in the behavior and fate of PSCs and PSC-derived cells. 

Namely, we uncovered that glutamine, not glucose, is the main carbon source contributor to the 

TCA cycle. This was a surprising result as ectoderm was previously established as highly 

glycolytic, comparable to the metabolic profile of PSCs (Cliff et al., 2017), and thus presumably 

more reliant on glucose utilization. This finding initiated exploratory questions on the importance 
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of glutamine in PSC fate determination. We subsequently uncovered that extracellular glutamine 

deprivation blocked endoderm and mesoderm, but not ectoderm, specification, establishing a 

bias in glutamine dependency among the cell types. Further detailed work demonstrated that 

glutamine synthesis and consumption are differentially regulated among the three lineages in 

vitro, and possibly in vivo, and that glutamine has an irreversible temporal requirement in 

ectoderm, but not mesoderm or endoderm, lineage differentiation (Lu et al., 2022). 

 

This thesis yields several testable hypotheses regarding the role of glutamine in coordinating 

the spatiotemporal organization of the three germ layers. Glutamine is classically known as a 

non-essential amino acid, but here we report it is conditionally essential depending on the cell 

fate context. Specifically, based on the viability profiles upon extracellular glutamine exclusion, 

we posit that mesoderm can be classified as a “glutamine auxotroph,” endoderm as a “moderate 

glutamine auxotroph,” and ectoderm as a “glutamine prototroph.” Accordingly, we hypothesize 

on a possible glutamine-specific symbiotic relationship among the three germ lineages during 

early in vivo development. Ectoderm may generate endogenous glutamine from glutamate to 

support nearby mesoderm and endoderm cells dependent on exogenous glutamine, which 

could shape tissue patterning. Simultaneously, mesoderm and endoderm may provide the 

glutaminolysis by-product, glutamate, to enable ectoderm cells to perpetuate this glutamine-

glutamate cycling. This hypothesis is supported by spent media metabolite footprint data 

presented in Chapter 6 showing high glutamine secretion in ectoderm and high glutamine 

consumption in mesoderm (Lu et al., 2019). This enticing possibility is further supported by 

human embryo single cell RNA-Seq data showing the glutamine synthesis to consumption 

signature is higher in ectoderm compared with mesoderm and endoderm lineages, which is 

consistent with our in vitro findings (Lu et al., 2022; Tyser et al., 2021). Nonetheless, some 

possible technical roadblocks for investigating this hypothesis could be (1) tracking the 
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localization, cycling, conversion, and consumption of isotopologue-labeled glutamine and 

glutamate between the lineage cells and (2) co-culture of all three germ lineages, which are 

induced by differing cytokines.  

 

Another question for future study is related to downstream glutamine-dependent mTORC1 

activation enabling ectoderm specification. What signaling mechanism(s) are required for 

initiation of differentiation, and how is specificity to the ectoderm transcription factor program 

regulated? As detailed in Chapter 7, while glutamine-specific mTORC1 signaling is required for 

ectoderm specification, constitutive mTORC1 activation is detrimental to endoderm and 

mesoderm survival and identity. Additionally, the absence of intracellular glutamine, but not 

other mTORC1-sensed amino acids (leucine and arginine), blocks the induction of ectoderm. 

These findings suggest specificity of mTORC1 requirement in both lineage cell type and 

substrate. A possible approach to investigating this phenomenon could be a multi-omics screen 

to identify downstream transcriptional and epigenetic targets underlying mTORC1 signaling at 

the initiation of differentiation (Yang et al., 2019). Comprehensive profiling of the 

phosphoproteome, epigenome, transcriptome, and proteome could lead to integrated 

understanding of the multifaceted regulatory mechanisms gatekeeping PSC identity transitions 

from pluripotency to early tri-lineage differentiation. In parallel to these exploratory screens, 

phosphorylation of serine/threonine kinases (such as mTORC1 target S6K1) can be inhibited to 

determine the functional cell fate consequences of blocking these signaling pathways.  

 

Lastly, though we characterized glutamine-starved then repleted ectoderm cells with residual 

pluripotency and blocked ectoderm specification, their comprehensive identity profile remains to 

be clarified. As noted in Chapter 7, this cell population exhibits equivalent functional profiles in 
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viability, bioenergetics, proliferation, protein synthesis, and cell cycle but not downstream cell 

identity. We observed no alternative lineage differentiation on these impaired ectoderm cells of 

interest, with nonsignificant changes in endoderm and mesoderm biomarker expression in 

glutamine-starved compared to non-starved cells. Furthermore, it is unknown what biochemical 

alterations occurring during the 14-hour glutamine starvation period on Day 0 are sufficient to 

cause downstream specification impairments at Day 5. Accordingly, a key next step will be to 

perform transcriptional and chromatin profiling to gain more conclusive insight on expression 

patterns underlying transient glutamine starvation during the initiation and termination of 

ectoderm differentiation. Specifically, utilization of single cell RNA sequencing will be most 

informative since high heterogeneity is expected in these populations (Blakeley et al., 2015; Liu 

et al., 2018; Luecken and Theis, 2019; Tyser et al., 2021; Wang and Navin, 2015). Data from 

assay for transposase-accessible chromatin using sequencing (ATAC-Seq) will provide 

additional insight on potential altered chromatin landscapes associated with glutamine 

availability during the defined period of differentiation induction (Grandi et al., 2022). Combined, 

these proposed future directions will likely produce impactful information on how nutrient 

specificity, differentiation kinetics, and intracellular signaling ultimately influence PSC fate 

outcomes, and potentially reveal transferable knowledge on early human embryo development. 

 

While the conclusions described in this thesis are promising, three study limitations temper this 

excitement. First, transient glutamine absence likely does not occur during in vivo embryo 

development. Thus, while experimental glutamine starvation was a useful tool to identify 

temporal nutrient dependencies of the tri-lineage cell types, this condition does not mirror 

endogenous regulation and limits our conclusions on in vivo processes. Second, we report 

transcriptional data suggesting correlative in vitro and in vivo GLS1, GLS2, and GLUL 

expression signatures may reflect similar tri-lineage glutamine synthesis versus consumption 
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dependencies during human gastrula development (Lu et al., 2022; Tyser et al., 2021). Though 

these datasets are in good agreement, transcript levels may not equate to protein abundance 

and activity. Therefore, this correlation between human embryo tissue and hPSC-derived cells 

represents a testable hypothesis for future detailed work rather than a definitive conclusion. 

Third, nutrient concentration levels used in general in vitro culture systems are supra-

physiologic; thus, further work may be necessary to determine the physiologic concentrations 

sufficient to elicit glutamine-dependent cell fate decisions (Cantor et al., 2017).  

 

In conclusion, this thesis marks the beginning of countless future investigations on nutrients 

acting as a signaling molecule to enable differential coordination of early pluripotency exit and 

cell specification commitment. For instance, additional nutrient specificities (other amino 

acids/sugars) and influence of manipulating glutamine gatekeeping enzymes on cell fate 

decisions remain to be uncovered. These findings hold profound promise in providing tighter 

control and mastery over the production of high-quality hPSC derivatives for disease modeling, 

regenerative cell therapies, and ultimately clinical usage.  
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