
Metabolic reprogramming 
for stemness and 
differentiation



Stem cells are toti/multi-potent cells

The ability of stem cells to expand and give rise to specialized progeny underlies development, tissue 
regeneration, and normal homeostatic organismal function. 



iPS cells are experimental surrogate for embryonic SC





Cells change phenotype and function upon differentiation



SC evolve and face different demands/environments

Stemness: maintaining properties and “youth”. Establish a “niche”. 
Differentiation: change function and location. Widespread reprogramming of gene 
expression.

Stem cells have two jobs: to self-renew and to differentiate. 



SC evolve and face different demands/environments

Mlody & Prigione, Cell Stem Cell, 2016



SC evolve and face different demands/environments

Cells of different lineages will have cell-type-specific functions, which may increase reliance on certain 
metabolic pathways, or reside in unique microenvironments that dictate nutrient availability.  

Beyond meeting cell demands, metabolites also serve regulatory roles, influencing signaling pathways 
and chromatin modifications that ultimately modulate gene expression programs.  

Collectively, cell state, lineage, and location collaborate to determine the metabolic 
preferences and requirements of a given cell. Underscoring the importance of metabolic fine tuning 
to meet cell-type-specific functions, metabolic dysregulation is causative in developmental pathologies 
such as inborn errors of metabolism, malignancy, and other diseases. 

Relaix et al, Nat Comm, 2021 
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Aerobic glycolysis and respiration
Glucose is an essential nutrient for most cells, as a source of en-
ergy and for its role providing the sugar backbone and reducing
equivalents required for macromolecule synthesis (Figure 2A).
Glucose is metabolized via glycolysis to form pyruvate, and
glycolytic intermediates serve key roles in proliferating cells.
Glucose diversion to the pentose phosphate pathway yields
ribose for nucleotide synthesis and/or NADPH. Pyruvate can
enter the tricarboxylic acid (TCA) cycle, where complete com-
bustion yields reducing equivalents (NADH, FADH2) that fuel
oxidative phosphorylation through the electron transport chain
(ETC). Nevertheless, most rapidly proliferating cells paradoxi-
cally throw away most of their glucose-derived carbons as
lactate, even when supplied sufficient oxygen to sustain TCA cy-
cle flux.26 This process of aerobic glycolysis, often referred to as
the ‘‘Warburg effect,’’ can net generate only 2 molecules of ATP
per molecule of glucose. Aerobic glycolysis was discovered in
cancer cells and was long considered to be a metabolic quirk
of transformed cells. Studies in stem cells challenged this model,
revealing that many stem cell populations also exhibit aerobic
glycolysis, which appears to be a feature of most rapidly prolifer-
ating cultured cells.18 Why rapidly proliferating cells discard car-
bon as lactate is largely an open question, although recent evi-
dence indicates that the conversion of pyruvate to lactate via
lactate dehydrogenase (LDH) is favored when the demand for
NAD+ regeneration outstrips the demand for ATP.27,28

Given the importance of glucose metabolism, many studies
have investigated the role of glycolysis and the fate of pyruvate
in a variety of cell types. In stem cells, the fate of pyruvate—to
be excreted as lactate or burned in the TCA cycle—is closely
tied to cell state. One example of this is PSCs, which are tran-
scriptionally reminiscent of the pre- or post-implantation
epiblast, depending on their in vitro culture conditions.29,30 The
addition of inhibitors against MEK and GSK3b is sufficient to

drive mouse PSCs into the naive state of pluripotency reminis-
cent of the pre-implantation epiblast31; further interventions are
required to capture the naive pluripotent state in human
PSCs.32,33 In general, PSCs cultured in the naive state have
higher basal respiration relative to their post-implantation coun-
terparts,34–37 and naive mouse PSCs preferentially incorporate
glucose-derived pyruvate into TCA cycle intermediates.38–40

Increased respiration enables optimal proliferation in naive
ESCs and may even be required for entry into the naive pluripo-
tent state,36 but the precise outputs of respiration that benefit
naive PSCs remain unknown. Notably, high respiration is not
mutually exclusive with aerobic glycolysis: some naive human
PSCs also exhibit high lactate production, reflecting overall
elevated glucose metabolism and/or oxidation of additional sub-
strates in these cells.34

As PSCs exit the naive pluripotent state, they transiently
decrease glucose oxidation in the TCA cycle and increase
lactate secretion.34,36,40,41 Accordingly, PSCs mimicking post-
implantation epiblast states are glycolytic with minimal glucose
oxidation. This aerobic glycolysis phenotype is reversed upon
further differentiation, which is often accompanied by decreased
glucose flux through glycolysis and decreased lactate secre-
tion.34,41,42 Aerobic glycolysis is not universally downregulated
during differentiation, however; human PSCs maintain high
glycolytic flux when differentiated to ectoderm, but not meso-
derm and endoderm.43 As with studies of cancer cells, whether
aerobic glycolysis confers specific benefits to stem cells remains
an open question. Certainly, pharmacologic inhibition of glycol-
ysis impairs proliferation in several PSC models.34,44 Likewise,
how such major metabolic shifts are coordinated is not fully un-
derstood, although several pluripotency transcription factors are
directly implicated in metabolic control. For example, OCT4 and
MYC directly regulate glycolytic genes,43,45 and STAT3 is re-
ported to translocate to the mitochondria to activate mitochon-
drial gene expression.36

The relative downregulation of glycolysis with PSC differenti-
ation stands in contrast to some tissue-resident stem cells
where glycolysis is associated with stem cell activation and dif-
ferentiation to progenitors. In hematopoietic stem cells (HSCs),
quiescent HSCs exhibit lower expression of glycolytic genes,
have a lower ECAR, and are less sensitive to pharmacologic in-
hibition of glycolysis in vitro.46 As HSCs activate and differen-
tiate, reliance on glycolysis increases. Genetic deletion of
LDHA or the upstream glycolysis enzyme PKM2 decreased
lactate production and compromised hematopoiesis during
forced hematopoietic system reconstitution in transplantation
assays, without affecting maintenance of homeostatic
HSCs.47 Similarly, deletion of PDK2 and PDK4 or silencing of
PDK1, which would be expected to promote mitochondrial py-
ruvate oxidation at the expense of glycolytic flux, impairs
HSC reconstitution capacity.48,49 Importantly, it is unclear
whether these defects observed in glycolysis-deficient HSCs
are due to decreased glycolysis or if enhanced pyruvate
oxidation and concomitant increased respiration reduces self-
renewal potential. Increased mitochondrial respiration can
generate reactive oxygen species (ROS) that impair HSC func-
tion.50 Consistently, antioxidant treatment decreased ROS
levels and partially rescued bone marrow transplantation in
LDHA-deficient HSCs, suggesting that decreased oxidative
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Figure 1. Metabolic support of stem cell functions
While metabolism can vary dramatically between different stem cell types,
several common themes have emerged in stem cell metabolism that support
vital cellular functions. Specific metabolic strategies support stem cell prolif-
eration (1) and quiescence (2). Metabolism is likewise involved in stem cell
responses to cellular stressors and cell death (3). By influencing the deposition
or removal of epigenetic modifications, metabolism can also control stem cell
fate (4). Stem cells are also influenced by the metabolic requirements of their
endogenous niche (5).
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ReviewMetabolism supports both stemness and differentiation

Jackson & Finley, Cell Stem Cell, 2024 

Cell metabolism is emerging as an additional determinant of stem cell function. 



Metabolism supports both stemness and differentiation

Maintenance of stemness (or cell reprogramming) requires both signals to the nucleus 
(inc: EPIGENOME REMODELING) and to metabolic hubs (METABOLISM REWIRING)



CAVEAT: not all SCs are the same

Embryonic stem cells isolated from the inner cell mass of the pre-implantation blastocyst are highly 
proliferative and undergo rapid cell division both in the pluripotent state and upon the induction of 
multi-lineage differentiation.  
Tissue-resident stem cells found in the intestine are maintained in both highly proliferative and more 
dormant, metabolically quiet states.  
In other tissue compartments such as the skin, muscle, brain, and hematopoietic system, typically 
quiescent stem cell populations are rapidly mobilized in response to normal physiologic cues or in 
the context of tissue regeneration. 



Embryonic vs Progenitor Stem Cells (ESC/PSC)

Priming



Role 1: metabolism supports cell proliferation
Like cancer cells, a key feature of stem cells is the capacity for rapid proliferation. Both cell types 
have therefore evolved metabolic strategies to support proliferation, many of which are shared 
between stem cells and cancer cells. 

Figure 1. 
Glucose and glutamine are critical inputs for major anabolic pathways. In proliferating cells, 
glucose and glutamine (highlighted in grey) are taken up from the extracellular environment 
and catabolized through major metabolic pathways including glycolysis, the pentose 
phosphate pathway (PPP) and the tricarboxylic acid (TCA) cycle to provide the reducing 
equivalents (purple) and high-energy carriers (ATP, red) required to synthesize major 
macromolecules (green). A subset of the non-essential amino acids that are synthesized from 
glucose and glutamine are shown. Reducing equivalents (NADH, FADH2) in the 
mitochondria fuel the electron transport chain and enable synthesis of ATP through oxidative 
phosphorylation (oxphos). TCA cycle intermediates such as citrate and oxaloacetate (OAA, 
converted to aspartate) likewise contribute to lipid and nucleotide biosynthesis, respectively.
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Uptake of both GLC and GLN is 
generally increased to sustain 
biomass production. 

Note: Naive PSC (ESC) are 
totally independent on GLN and 
can grow in absence of GLN 
(prototrophs). 

Note #2: Primed PSC also 
uptake Serine and cannot grow in 
absence (auxotrophs).



Role 1: metabolism supports cell proliferation
Continuous cell proliferation requires a net increase in biomass. 

Accordingly, nutrients must be taken up and catabolized to generate the building blocks for 
macromolecules such as proteins, nucleic acids, and cellular membranes. 

Figure 2. 
Metabolic strategies utilized by cancer cells and pluripotent stem cells. a, Left, cancer cells 
in vitro take up high levels of glucose and glutamine. Much of the glucose is converted to 
lactate via aerobic glycolysis and glutamine-derived carbons provide tricarboxylic acid 
(TCA) cycle anaplerosis to fuel oxidative phosphorylation. Right, a sampling of the diverse 
metabolic strategies utilized by cancer cells in vivo. i) Many tumors including lung and brain 
tumors exhibit high glucose uptake and catabolism in the TCA cycle, often in addition to 
aerobic glycolysis. Glucose-derived carbons can fuel the TCA cycle through forward, 
pyruvate dehydrogenase flux or via pyruvate carboxylase-mediated anaplerotic entry as 
oxaloacetate. In this scenario, glutamine is a relatively minor contributor to TCA cycle 
metabolites and often tumors can net produce glutamine de novo from glucose-derived 
carbons. ii) Increasingly, substrates beyond glucose and glutamine are recognized to server 
as major substrates for anabolic pathways and the TCA cycle, including acetate, lactate and 
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Role 1: metabolism supports cell proliferation
PSCs exhibit a variety of metabolic strategies depending on the culture condition or stage of 
differentiation.  
Both naïve and primed PSCs in culture exhibit high consumption of glucose and glutamine as well as 
extensive production of lactate. Upon differentiation, the proliferative hallmark of aerobic glycolysis 
decreases along with proliferation rate.

Figure 2. 
Metabolic strategies utilized by cancer cells and pluripotent stem cells. a, Left, cancer cells 
in vitro take up high levels of glucose and glutamine. Much of the glucose is converted to 
lactate via aerobic glycolysis and glutamine-derived carbons provide tricarboxylic acid 
(TCA) cycle anaplerosis to fuel oxidative phosphorylation. Right, a sampling of the diverse 
metabolic strategies utilized by cancer cells in vivo. i) Many tumors including lung and brain 
tumors exhibit high glucose uptake and catabolism in the TCA cycle, often in addition to 
aerobic glycolysis. Glucose-derived carbons can fuel the TCA cycle through forward, 
pyruvate dehydrogenase flux or via pyruvate carboxylase-mediated anaplerotic entry as 
oxaloacetate. In this scenario, glutamine is a relatively minor contributor to TCA cycle 
metabolites and often tumors can net produce glutamine de novo from glucose-derived 
carbons. ii) Increasingly, substrates beyond glucose and glutamine are recognized to server 
as major substrates for anabolic pathways and the TCA cycle, including acetate, lactate and 

Intlekofer and Finley Page 25

Nat Metab. Author manuscript; available in PMC 2019 August 01.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Role 1: metabolism supports cell proliferation

Figure 2. 
Metabolic strategies utilized by cancer cells and pluripotent stem cells. a, Left, cancer cells 
in vitro take up high levels of glucose and glutamine. Much of the glucose is converted to 
lactate via aerobic glycolysis and glutamine-derived carbons provide tricarboxylic acid 
(TCA) cycle anaplerosis to fuel oxidative phosphorylation. Right, a sampling of the diverse 
metabolic strategies utilized by cancer cells in vivo. i) Many tumors including lung and brain 
tumors exhibit high glucose uptake and catabolism in the TCA cycle, often in addition to 
aerobic glycolysis. Glucose-derived carbons can fuel the TCA cycle through forward, 
pyruvate dehydrogenase flux or via pyruvate carboxylase-mediated anaplerotic entry as 
oxaloacetate. In this scenario, glutamine is a relatively minor contributor to TCA cycle 
metabolites and often tumors can net produce glutamine de novo from glucose-derived 
carbons. ii) Increasingly, substrates beyond glucose and glutamine are recognized to server 
as major substrates for anabolic pathways and the TCA cycle, including acetate, lactate and 

Intlekofer and Finley Page 25

Nat Metab. Author manuscript; available in PMC 2019 August 01.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript

Studies of embryos developing ex vivo have identified two major metabolic stages:  
• from zygote to morula, embryos are dependent upon the moncarboxylates pyruvate and lactate 

and are highly oxidative;  
• from the morula stage, embryos begin to use glycolysis to fuel metabolic pathways and the 

trophectoderm exhibits features consistent with oxidative phosphorylation while the inner cell 
mass may rely more on aerobic glycolysis.



Role 1: metabolism supports cell proliferation
Aerobic glycolysis and mitochondrial respiration supports accelerated proliferation

Meacham et al, NRCMB, 2022 
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Article

Stat3 promotes mitochondrial transcription and
oxidative respiration during maintenance and
induction of naive pluripotency
Elena Carbognin1,†, Riccardo M Betto1,†, Maria E Soriano2, Austin G Smith3,4,* & Graziano Martello1,**

Abstract

Transcription factor Stat3 directs self-renewal of pluripotent
mouse embryonic stem (ES) cells downstream of the cytokine
leukemia inhibitory factor (LIF). Stat3 upregulates pivotal tran-
scription factors in the ES cell gene regulatory network to sustain
naïve identity. Stat3 also contributes to the rapid proliferation of
ES cells. Here, we show that Stat3 increases the expression of
mitochondrial-encoded transcripts and enhances oxidative meta-
bolism. Chromatin immunoprecipitation reveals that Stat3 binds to
the mitochondrial genome, consistent with direct transcriptional
regulation. An engineered form of Stat3 that localizes predomi-
nantly to mitochondria is sufficient to support enhanced prolifera-
tion of ES cells, but not to maintain their undifferentiated
phenotype. Furthermore, during reprogramming from primed to
naïve states of pluripotency, Stat3 similarly upregulates mitochon-
drial transcripts and facilitates metabolic resetting. These findings
suggest that the potent stimulation of naïve pluripotency by LIF/
Stat3 is attributable to parallel and synergistic induction of both
mitochondrial respiration and nuclear transcription factors.

Keywords LIF; metabolism; mitochondrial respiration; pluripotency; Stat3

Subject Categories Metabolism; Stem Cells
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Introduction

Mouse embryonic stem (ES) cells (Evans & Kaufman, 1981; Martin,

1981) have the capacity to give rise to all differentiated cells of the

body and the germ line (Bradley et al, 1984), a feature termed

pluripotency (Bradley et al, 1984; Martello & Smith, 2014). ES cells

are derived from the naı̈ve pluripotent epiblast of mouse blastocysts

(Brook & Gardner, 1997; Boroviak et al, 2014). The cytokine

leukemia inhibitory factor (LIF) is pivotal for establishing and

maintaining ES cells in culture (Smith et al, 1988; Williams et al,

1988; Nichols et al, 1994). LIF signals via the LIF-R/gp130 complex,

which activates Janus-associated kinases (JAKs) (Burdon et al,

2002). In turn, JAKs phosphorylate and activate the transcription

factor Stat3, which maintains naı̈ve pluripotency through its direct

targets Tfcp2l1, Klf4, and Gbx2 (Niwa et al, 1998, 2009; Bourillot

et al, 2009; Martello et al, 2013; Tai & Ying, 2013), key members of

the ES cell core gene regulatory network (Dunn et al, 2014).

Blockade of GSK3 and MEK kinases permits ES cell self-renewal

in the absence of LIF (Ying et al, 2008; Martello et al, 2013). Impor-

tantly, however, self-renewal efficiency is significantly increased

when LIF is added (Wray et al, 2010; Dunn et al, 2014). LIF/Stat3

signaling is also critical during cellular reprogramming to facilitate

the attainment of naı̈ve pluripotency (Takahashi & Yamanaka, 2006;

Yang et al, 2010; van Oosten et al, 2012; Martello et al, 2013; Stuart

et al, 2014).

Naı̈ve pluripotent cells are metabolically flexible as they utilize

both glycolysis and mitochondrial respiration (Zhou et al, 2012;

Teslaa & Teitell, 2015). However, this is not a feature of all pluri-

potent cells. EpiSCs derived from the primed epiblast of post-

implantation embryos (Brons et al, 2007; Tesar et al, 2007; Nichols

& Smith, 2009) are mainly glycolytic with inert mitochondria (Zhou

et al, 2012). The switch from aerobic to anaerobic metabolism

presumably reflects the altered environment of the embryo upon

implantation, but is evidently intrinsically programmed.

Here, we investigate the impact of LIF/Stat3 on mitochondrial

activity during mouse ES cell propagation and reprogramming from

primed to naı̈ve pluripotency.

Results

The LIF/Stat3 axis promotes ES cell proliferation and
mitochondrial transcription

Embryonic stem cells can be derived and expanded under feeder-

free conditions in the presence of two inhibitors (2i) with or without

1 Department of Molecular Medicine, University of Padua, Padua, Italy
2 Department of Biology, University of Padua, Padua, Italy
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rotenone does not affect LIF signaling to the nucleus in ES cells

(Fig 4H, right bars).

These results indicate that mitochondrial respiration is instru-

mental for maximal proliferation of ES cells and furthermore suggest

that LIF effects on proliferation and pluripotent cell identity may be

uncoupled.

Mitochondrial localization of Stat3 is crucial for LIF effects
on proliferation

The effects of LIF signaling on ES cell proliferation and mitochon-

drial activity are strictly dependent on the presence of Stat3 (Figs 1A

and B, and 3A). Thus, Stat3 null cells represent a valuable tool. We
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Mitochondrial respiration supports SC proliferation
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Figure 3. Manipulation of hESC Metabolism via MCT1 Inhibition
(A) Heatmap depictingSLC16A1mRNA levels across a panel of pluripotent and differentiated cell lines. RelativemRNA levels are color codedwith a gradient from

blue for the minimum through red for the maximum reading.

(B) Immunoblotting of lysates fromH9 primed hESCs treatedwith DMSOor 10 mMRA treatment for 7 days and probedwith antibodies towardMCT1, OCT4A, and

beta-tubulin as a loading control.

(C and D) Glucose consumption (C) and lactate production rates (D) of primed versus naive feeder-supported UCLA1 hESCs treated with DMSO or 250 nM

AZD3965 (MCT1i) for 24 hr.

(legend continued on next page)

Cell Stem Cell 19, 476–490, October 6, 2016 481

Figure 3. Manipulation of hESC Metabolism via MCT1 Inhibition
(A) Heatmap depictingSLC16A1mRNA levels across a panel of pluripotent and differentiated cell lines. RelativemRNA levels are color codedwith a gradient from

blue for the minimum through red for the maximum reading.

(B) Immunoblotting of lysates fromH9 primed hESCs treatedwith DMSOor 10 mMRA treatment for 7 days and probedwith antibodies towardMCT1, OCT4A, and

beta-tubulin as a loading control.

(C and D) Glucose consumption (C) and lactate production rates (D) of primed versus naive feeder-supported UCLA1 hESCs treated with DMSO or 250 nM

AZD3965 (MCT1i) for 24 hr.

(legend continued on next page)

Cell Stem Cell 19, 476–490, October 6, 2016 481



Role 1: metabolism supports cell proliferation
Aerobic glycolysis and mitochondrial respiration supports accelerated proliferation

In general, PSCs cultured in the naive state have higher basal respiration relative to their 
post-implantation counterparts, and naive mouse PSCs preferentially incorporate glucose-
derived pyruvate into TCA cycle intermediates.  

Increased respiration enables optimal proliferation in naive ESCs and may even be 
required for entry into the naive pluripotent state. 

However, the precise outputs of respiration that benefit naive PSCs remain unknown. 



Role 1: metabolism supports cell proliferation
Aerobic glycolysis and mitochondrial respiration supports accelerated proliferation

As PSCs exit the naive pluripotent state, they transiently decrease glucose oxidation in 
the TCA cycle and increase lactate secretion. 

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.

JBC REVIEWS: Pluripotent stem cell metabolism

J. Biol. Chem. (2019) 294(14) 5420 –5429 5421

Aerobic glycolysis phenotype is reversed upon further differentiation, which is often 
accompanied by decreased glucose flux through glycolysis and decreased lactate secretion.  

Aerobic glycolysis is not universally downregulated during differentiation, however; ex: human 
PSCs maintain high glycolytic flux when differentiated to ectoderm, but not mesoderm and endoderm. 
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Although normally dormant, hair follicle stem cells (HFSCs) quickly become activated to divide during a new hair cycle. The
quiescence of HFSCs is known to be regulated by a number of intrinsic and extrinsic mechanisms. Here we provide several lines
of evidence to demonstrate that HFSCs utilize glycolytic metabolism and produce significantly more lactate than other cells in the
epidermis. Furthermore, lactate generation appears to be critical for the activation of HFSCs as deletion of lactate dehydrogenase
(Ldha) prevented their activation. Conversely, genetically promoting lactate production in HFSCs through mitochondrial pyruvate
carrier 1 (Mpc1) deletion accelerated their activation and the hair cycle. Finally, we identify small molecules that increase lactate
production by stimulating Myc levels or inhibiting Mpc1 carrier activity and can topically induce the hair cycle. These data
suggest that HFSCs maintain a metabolic state that allows them to remain dormant and yet quickly respond to appropriate
proliferative stimuli.

The hair follicle is able to undergo cyclical rounds of rest (telogen),
regeneration (anagen) and degeneration (catagen). The ability of the
hair follicle to maintain this cycle depends on the presence of the
hair follicle stem cells, which reside in the bulge (Fig. 1). At the start
of anagen, bulge stem cells are activated by signals received from
the dermal papilla, which at that stage abuts the bulge area1,2. These
stem cells exit the bulge and proliferate downwards, creating a trail
that becomes the outer root sheath. Bulge stem cells are capable of
giving rise to all the different cell types of the hair follicle. The ability
of HFSCs to maintain quiescence and yet become proliferative for a
couple days before returning to quiescence is unique in this tissue,
and the precise mechanism by which these cells are endowed with this
ability is not fully understood. While significant effort has produced
a wealth of knowledge on both the transcriptional and epigenetic
mechanisms by which HFSCs are maintained and give rise to various
lineages3,4, little is known about metabolic pathways in the hair follicle
or adult stem cells in vivo.

Considering the fact that there are essentially no published data
on metabolic states of any cell in the hair follicle, a detailed study of

metabolism was necessary to understand the nature of HFSCs and
their progeny. Several previous studies employed genetic disruption
of the mitochondrial electron transport chain in the epidermis by
deletion under the control of a pan-epidermal keratin promoter and
found that mitochondrial function was essential for maintenance of
the follicle5–8. However, these studies did not explore the metabolic
requirements for specific cell types within the tissue, nor did they
explore a role for glycolytic metabolism. In this study, we present
methods to study the metabolism of HFSCs in vivo, and provide
evidence that these cells take advantage of a distinct mode of
metabolism not found in their progeny. In the process, we also define
small molecules that can take advantage of the unique metabolism of
HFSCs to ignite the hair cycle in otherwise quiescent follicles.

RESULTS
Numerous studies have uncovered unique gene expression signatures
in HFSCs versus other follicle cells or cells of the interfollicular
epidermis9–12. Many of these signatures are regulated by transcription
factors that were later shown to play important roles in HFSC
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Figure 1 Lactate dehydrogenase activity is enriched in HFSCs. (a) IHC
staining for Ldha expression across the hair cycle shows Ldha protein confined
to the HFSC niche, the bulge, indicated by the bracket. IHC staining for
Sox9 on serial sections demarcates the HFSC population. Scale bars, 20 µm.
(b) Immunoblotting on FACS-isolated HFSC populations (α6low/Cd34+ and
α6hi/Cd34+) versus total epidermis (Epi) shows differential expression of
Ldha in the stem cell niche. Sox9 is a marker of HFSCs, and β-actin is
a loading control. (c) Colorimetric assay for Ldh enzyme activity in the
epidermis shows highest activity in the bulge (brackets) and subcuticular
muscle layer (bracket). This activity is enriched in the bulge across different
stages of the hair cycle. Activity is indicated by purple colour; pink is a
nuclear counterstain. Note also that developing hair shafts in pigmented
mice show strong deposits of melanin as observed here; hair shafts never
displayed any purple stain indicative of Ldh activity. Scale bars, 50 µm.
(d) Ldh activity in sorted cell populations, measured using a plate-reader-
based assay, also shows the highest Ldh activity in two separate HFSC

populations (α6hi/Cd34+ and α6low/Cd34+) compared with epidermal cells
(Epi) and fibroblasts (FBs). Each bar represents the average signal for
each cell type where n=9 mice pooled from 3 independent experiments.
Shown as mean ± s.e.m. Paired t-test was performed, P<0.05 shown for
each cell type versus epidermal cells. (e) HFSCs and epidermal cells were
isolated during telogen (day 50) by FACS, and metabolites were extracted
and analysed by LC–MS. Heatmaps show relative levels of glycolytic and
TCA cycle metabolites from cells isolated from different mice in independent
experiments with cells from three animals in each. G6P-F6P, glucose-6-
phosphate and fructose-6-phosphate; FBP, fructose-bisphosphate; DHAP,
dihydroxyacetone phosphate; 3PG, 3-phosphoglycerate; and αKG, alpha-
ketoglutarate. Asterisks indicate significant difference in metabolite levels
between epidermal cells and HFSCs. For (e) paired t-test was performed;
∗P<0.05; ∗∗P<0.01; ∗∗∗P<0.001; NS, P>0.05; n=9 mice pooled from
3 independent experiments. Unprocessed original scans of blots are shown
in Supplementary Fig. 6.

homeostasis13. Lactate dehydrogenase is most commonly encoded by
the Ldha and Ldhb genes in mammals, the protein products of which
form homo- or hetero-tetramers to catalyse the NADH-dependent

reduction of pyruvate to lactate and NAD+-dependent oxidation
of lactate to pyruvate14. By immunostaining, Ldha appeared to
be enriched in quiescent HFSCs in situ (telogen) (Fig. 1a), and
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Figure 1 Lactate dehydrogenase activity is enriched in HFSCs. (a) IHC
staining for Ldha expression across the hair cycle shows Ldha protein confined
to the HFSC niche, the bulge, indicated by the bracket. IHC staining for
Sox9 on serial sections demarcates the HFSC population. Scale bars, 20 µm.
(b) Immunoblotting on FACS-isolated HFSC populations (α6low/Cd34+ and
α6hi/Cd34+) versus total epidermis (Epi) shows differential expression of
Ldha in the stem cell niche. Sox9 is a marker of HFSCs, and β-actin is
a loading control. (c) Colorimetric assay for Ldh enzyme activity in the
epidermis shows highest activity in the bulge (brackets) and subcuticular
muscle layer (bracket). This activity is enriched in the bulge across different
stages of the hair cycle. Activity is indicated by purple colour; pink is a
nuclear counterstain. Note also that developing hair shafts in pigmented
mice show strong deposits of melanin as observed here; hair shafts never
displayed any purple stain indicative of Ldh activity. Scale bars, 50 µm.
(d) Ldh activity in sorted cell populations, measured using a plate-reader-
based assay, also shows the highest Ldh activity in two separate HFSC

populations (α6hi/Cd34+ and α6low/Cd34+) compared with epidermal cells
(Epi) and fibroblasts (FBs). Each bar represents the average signal for
each cell type where n=9 mice pooled from 3 independent experiments.
Shown as mean ± s.e.m. Paired t-test was performed, P<0.05 shown for
each cell type versus epidermal cells. (e) HFSCs and epidermal cells were
isolated during telogen (day 50) by FACS, and metabolites were extracted
and analysed by LC–MS. Heatmaps show relative levels of glycolytic and
TCA cycle metabolites from cells isolated from different mice in independent
experiments with cells from three animals in each. G6P-F6P, glucose-6-
phosphate and fructose-6-phosphate; FBP, fructose-bisphosphate; DHAP,
dihydroxyacetone phosphate; 3PG, 3-phosphoglycerate; and αKG, alpha-
ketoglutarate. Asterisks indicate significant difference in metabolite levels
between epidermal cells and HFSCs. For (e) paired t-test was performed;
∗P<0.05; ∗∗P<0.01; ∗∗∗P<0.001; NS, P>0.05; n=9 mice pooled from
3 independent experiments. Unprocessed original scans of blots are shown
in Supplementary Fig. 6.

homeostasis13. Lactate dehydrogenase is most commonly encoded by
the Ldha and Ldhb genes in mammals, the protein products of which
form homo- or hetero-tetramers to catalyse the NADH-dependent

reduction of pyruvate to lactate and NAD+-dependent oxidation
of lactate to pyruvate14. By immunostaining, Ldha appeared to
be enriched in quiescent HFSCs in situ (telogen) (Fig. 1a), and
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Although normally dormant, hair follicle stem cells (HFSCs) quickly become activated to divide during a new hair cycle. The
quiescence of HFSCs is known to be regulated by a number of intrinsic and extrinsic mechanisms. Here we provide several lines
of evidence to demonstrate that HFSCs utilize glycolytic metabolism and produce significantly more lactate than other cells in the
epidermis. Furthermore, lactate generation appears to be critical for the activation of HFSCs as deletion of lactate dehydrogenase
(Ldha) prevented their activation. Conversely, genetically promoting lactate production in HFSCs through mitochondrial pyruvate
carrier 1 (Mpc1) deletion accelerated their activation and the hair cycle. Finally, we identify small molecules that increase lactate
production by stimulating Myc levels or inhibiting Mpc1 carrier activity and can topically induce the hair cycle. These data
suggest that HFSCs maintain a metabolic state that allows them to remain dormant and yet quickly respond to appropriate
proliferative stimuli.

The hair follicle is able to undergo cyclical rounds of rest (telogen),
regeneration (anagen) and degeneration (catagen). The ability of the
hair follicle to maintain this cycle depends on the presence of the
hair follicle stem cells, which reside in the bulge (Fig. 1). At the start
of anagen, bulge stem cells are activated by signals received from
the dermal papilla, which at that stage abuts the bulge area1,2. These
stem cells exit the bulge and proliferate downwards, creating a trail
that becomes the outer root sheath. Bulge stem cells are capable of
giving rise to all the different cell types of the hair follicle. The ability
of HFSCs to maintain quiescence and yet become proliferative for a
couple days before returning to quiescence is unique in this tissue,
and the precise mechanism by which these cells are endowed with this
ability is not fully understood. While significant effort has produced
a wealth of knowledge on both the transcriptional and epigenetic
mechanisms by which HFSCs are maintained and give rise to various
lineages3,4, little is known about metabolic pathways in the hair follicle
or adult stem cells in vivo.

Considering the fact that there are essentially no published data
on metabolic states of any cell in the hair follicle, a detailed study of

metabolism was necessary to understand the nature of HFSCs and
their progeny. Several previous studies employed genetic disruption
of the mitochondrial electron transport chain in the epidermis by
deletion under the control of a pan-epidermal keratin promoter and
found that mitochondrial function was essential for maintenance of
the follicle5–8. However, these studies did not explore the metabolic
requirements for specific cell types within the tissue, nor did they
explore a role for glycolytic metabolism. In this study, we present
methods to study the metabolism of HFSCs in vivo, and provide
evidence that these cells take advantage of a distinct mode of
metabolism not found in their progeny. In the process, we also define
small molecules that can take advantage of the unique metabolism of
HFSCs to ignite the hair cycle in otherwise quiescent follicles.

RESULTS
Numerous studies have uncovered unique gene expression signatures
in HFSCs versus other follicle cells or cells of the interfollicular
epidermis9–12. Many of these signatures are regulated by transcription
factors that were later shown to play important roles in HFSC
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Figure 1 Lactate dehydrogenase activity is enriched in HFSCs. (a) IHC
staining for Ldha expression across the hair cycle shows Ldha protein confined
to the HFSC niche, the bulge, indicated by the bracket. IHC staining for
Sox9 on serial sections demarcates the HFSC population. Scale bars, 20 µm.
(b) Immunoblotting on FACS-isolated HFSC populations (α6low/Cd34+ and
α6hi/Cd34+) versus total epidermis (Epi) shows differential expression of
Ldha in the stem cell niche. Sox9 is a marker of HFSCs, and β-actin is
a loading control. (c) Colorimetric assay for Ldh enzyme activity in the
epidermis shows highest activity in the bulge (brackets) and subcuticular
muscle layer (bracket). This activity is enriched in the bulge across different
stages of the hair cycle. Activity is indicated by purple colour; pink is a
nuclear counterstain. Note also that developing hair shafts in pigmented
mice show strong deposits of melanin as observed here; hair shafts never
displayed any purple stain indicative of Ldh activity. Scale bars, 50 µm.
(d) Ldh activity in sorted cell populations, measured using a plate-reader-
based assay, also shows the highest Ldh activity in two separate HFSC

populations (α6hi/Cd34+ and α6low/Cd34+) compared with epidermal cells
(Epi) and fibroblasts (FBs). Each bar represents the average signal for
each cell type where n=9 mice pooled from 3 independent experiments.
Shown as mean ± s.e.m. Paired t-test was performed, P<0.05 shown for
each cell type versus epidermal cells. (e) HFSCs and epidermal cells were
isolated during telogen (day 50) by FACS, and metabolites were extracted
and analysed by LC–MS. Heatmaps show relative levels of glycolytic and
TCA cycle metabolites from cells isolated from different mice in independent
experiments with cells from three animals in each. G6P-F6P, glucose-6-
phosphate and fructose-6-phosphate; FBP, fructose-bisphosphate; DHAP,
dihydroxyacetone phosphate; 3PG, 3-phosphoglycerate; and αKG, alpha-
ketoglutarate. Asterisks indicate significant difference in metabolite levels
between epidermal cells and HFSCs. For (e) paired t-test was performed;
∗P<0.05; ∗∗P<0.01; ∗∗∗P<0.001; NS, P>0.05; n=9 mice pooled from
3 independent experiments. Unprocessed original scans of blots are shown
in Supplementary Fig. 6.

homeostasis13. Lactate dehydrogenase is most commonly encoded by
the Ldha and Ldhb genes in mammals, the protein products of which
form homo- or hetero-tetramers to catalyse the NADH-dependent

reduction of pyruvate to lactate and NAD+-dependent oxidation
of lactate to pyruvate14. By immunostaining, Ldha appeared to
be enriched in quiescent HFSCs in situ (telogen) (Fig. 1a), and
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Figure 1 Lactate dehydrogenase activity is enriched in HFSCs. (a) IHC
staining for Ldha expression across the hair cycle shows Ldha protein confined
to the HFSC niche, the bulge, indicated by the bracket. IHC staining for
Sox9 on serial sections demarcates the HFSC population. Scale bars, 20 µm.
(b) Immunoblotting on FACS-isolated HFSC populations (α6low/Cd34+ and
α6hi/Cd34+) versus total epidermis (Epi) shows differential expression of
Ldha in the stem cell niche. Sox9 is a marker of HFSCs, and β-actin is
a loading control. (c) Colorimetric assay for Ldh enzyme activity in the
epidermis shows highest activity in the bulge (brackets) and subcuticular
muscle layer (bracket). This activity is enriched in the bulge across different
stages of the hair cycle. Activity is indicated by purple colour; pink is a
nuclear counterstain. Note also that developing hair shafts in pigmented
mice show strong deposits of melanin as observed here; hair shafts never
displayed any purple stain indicative of Ldh activity. Scale bars, 50 µm.
(d) Ldh activity in sorted cell populations, measured using a plate-reader-
based assay, also shows the highest Ldh activity in two separate HFSC

populations (α6hi/Cd34+ and α6low/Cd34+) compared with epidermal cells
(Epi) and fibroblasts (FBs). Each bar represents the average signal for
each cell type where n=9 mice pooled from 3 independent experiments.
Shown as mean ± s.e.m. Paired t-test was performed, P<0.05 shown for
each cell type versus epidermal cells. (e) HFSCs and epidermal cells were
isolated during telogen (day 50) by FACS, and metabolites were extracted
and analysed by LC–MS. Heatmaps show relative levels of glycolytic and
TCA cycle metabolites from cells isolated from different mice in independent
experiments with cells from three animals in each. G6P-F6P, glucose-6-
phosphate and fructose-6-phosphate; FBP, fructose-bisphosphate; DHAP,
dihydroxyacetone phosphate; 3PG, 3-phosphoglycerate; and αKG, alpha-
ketoglutarate. Asterisks indicate significant difference in metabolite levels
between epidermal cells and HFSCs. For (e) paired t-test was performed;
∗P<0.05; ∗∗P<0.01; ∗∗∗P<0.001; NS, P>0.05; n=9 mice pooled from
3 independent experiments. Unprocessed original scans of blots are shown
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homeostasis13. Lactate dehydrogenase is most commonly encoded by
the Ldha and Ldhb genes in mammals, the protein products of which
form homo- or hetero-tetramers to catalyse the NADH-dependent

reduction of pyruvate to lactate and NAD+-dependent oxidation
of lactate to pyruvate14. By immunostaining, Ldha appeared to
be enriched in quiescent HFSCs in situ (telogen) (Fig. 1a), and
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Figure 3 Deletion of Ldha blocks HFSC activation. (a) Ldha+/+ animals
enter the hair cycle synchronously around day 70 as measured by shaving
and observation beginning at day 50. K15-CrePR;Ldhafl/fl animals treated
with mifepristone show defects in anagen entry. Results are representative
of at least 33 animals of each genotype. (b) Skin pathology showing
that K15-CrePR;Ldhafl/fl animals remained in telogen. Scale bars, 50 µm.
(c) Ldh enzyme activity assay showed that K15-CrePR;Ldhafl/fl animals
lacked this activity in the HFSCs (indicated by bracket). Scale bars,
20 µm. (d) Graph showing percentage of follicles in telogen, telogen–anagen
transition and anagen in K15-CrePR;Ldha+/+ mice versus K15-CrePR;Ldhafl/fl

mice (n=225 follicles from 3 mice per genotype). Shown as mean ± s.e.m.
Paired t-test was performed, P<0.05. (e) Heatmap showing relative levels
of glycolytic and TCA cycle metabolites extracted from Ldha+/+ HFSCs
and Ldhafl/fl HFSCs and measured by LC–MS. Asterisks indicate significant
difference in metabolite levels between genotypes. For e, paired t-test was

performed; ∗P<0.05; ∗∗∗P<0.001; NS, P>0.05; n=9 mice pooled from
3 independent experiments. (f) Immunohistochemistry staining for Ki-67, a
marker of proliferation, is absent in Ldhafl/fl HFSCs. Phospho-S6, a marker
in HFSCs at the beginning of a new hair cycle, is absent in Ldhafl/fl HFSCs.
Staining for Ldha protein shows specific deletion in HFSCs. Brackets indicate
bulge. Staining for Sox9 shows that HFSCs are still present in the Ldha-
deleted niche. Scale bars, 20 µm. (g) Animals with Ldha deletion in their
HFSCs as controlled by Lgr5-CreER show profound defects in the entry
into anagen. Right, skin pathology showing that Lgr5-CreER;Ldhafl/fl animals
mostly remained in telogen. Scale bars, 100 µm. Results are representative
of at least 12 animals of each genotype. (h) Ldh enzyme activity assay in
the epidermis shows that Lgr5-CreER;Ldhafl/fl animals lacked this activity in
the HFSCs. Scale bars, 20 µm. (i) LC–MS analysis of metabolites from the
indicated mice. Data were generated from n=3 animals per condition pooled
from 3 independent experiments.
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lacked this activity in the HFSCs (indicated by bracket). Scale bars,
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mice (n=225 follicles from 3 mice per genotype). Shown as mean ± s.e.m.
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performed; ∗P<0.05; ∗∗∗P<0.001; NS, P>0.05; n=9 mice pooled from
3 independent experiments. (f) Immunohistochemistry staining for Ki-67, a
marker of proliferation, is absent in Ldhafl/fl HFSCs. Phospho-S6, a marker
in HFSCs at the beginning of a new hair cycle, is absent in Ldhafl/fl HFSCs.
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mostly remained in telogen. Scale bars, 100 µm. Results are representative
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the epidermis shows that Lgr5-CreER;Ldhafl/fl animals lacked this activity in
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Figure 5 Pharmacological inhibition of Mpc1 promotes HFSC activation.
(a) Animals treated topically with UK-5099 (20 µM) show pigmentation and
hair growth, indicative of entry into anagen, after 8 days of treatment. Full
anagen, indicated by a full coat of hair, is achieved after 14 days of treatment.
Mice treated topically with vehicle control do not show pigmentation nor
hair growth even after 12 days of treatment. Right, skin pathology showing
that UK-5099 animals enter an accelerated anagen at 8 weeks typified by
down growth of the follicle and hypodermal thickening, while vehicle control-
treated animals showed neither and remained in telogen. Images shown
are representative of at least 14 mice from 7 independent experiments.

Scale bars, 100 µm. (b) Graph showing time to observed phenotype in
vehicle- versus UK-5099-treated mice. n=6 mice per condition. Shown as
mean ± s.e.m. (c) Ldh enzyme activity assay in the epidermis shows strong
activity in HFSCs in vehicle control- and UK-5099-treated animals. Ldh
enzyme activity also seen in interfollicular epidermis of UK-5099-treated
animals. Ldh activity is indicated by purple stain; pink is nuclear fast red
counterstain. Scale bars, 50 µm. (d) Metabolomic analysis of lactate on
HFSCs isolated from UK-5099-treated skin for 48 h; each bar represents the
average signal for each condition where n=9mice pooled from 3 independent
experiments. Shown as mean± s.e.m. Paired t-test was performed, P<0.05.

Previous work showed that haematopoietic stem cells (HSCs) show
higher glycolytic activity, but disruption of glycolysis in the HSCs led
to activation of their cycling29–32, contrary towhatwe findwithHFSCs.
While the distinction could be biological, there are technical reasons
for potential discrepancies as well. First, there are no Cre transgenic
lines that can delete genes specifically in HSCs, as opposed to HFSCs
(K15+ or Lgr5+). Second, to block glycolysis in HSCs, the previous
study deleted the PDK enzyme, which would only indirectly regulate
glycolysis, whereas here we deleted the Ldh enzyme specifically. In
addition, HSCs and HFSCs are functionally distinct in that HFSCs
cycle only at well-definedmoments (telogen–anagen transition), while
the timing ofHSC activation is not as well established or synchronized.
Instead, we hypothesize that increased glycolytic rate in HFSCs allows
them to respond quickly to the barrage of cues that orchestrate

the onset of a new hair cycle. This has also been proposed to
be the case for neural stem cells solely on the basis of RNA-seq
data33, but as of yet no in vivo functional evidence exists to confirm
this possibility.

The fact that small molecules could be used to promote HFSC
activation suggests that they could be useful for regenerativemedicine.
This is not only the case for hair growth, but potentially for
wound healing as well. While HFSCs do not normally contribute
to the interfollicular epidermis, in a wound setting, HFSCs migrate
towards the wound site and make a contribution, as measured
by lineage tracing34. Whether activation of Ldh enzyme activity
by Mpc1 inhibition (UK-5099) or Myc activation (RCGD423)
can promote wound healing will be the subject of intense effort
going forward. !
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(K15+ or Lgr5+). Second, to block glycolysis in HSCs, the previous
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this possibility.
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SUMMARY

The balance between oxidative and nonoxidative
glucosemetabolism is essential for a number of path-
ophysiological processes. By deleting enzymes that
affect aerobic glycolysis with different potencies,
we examine how modulating glucose metabolism
specifically affects hematopoietic and leukemic cell
populations. We find that a deficiency in theM2 pyru-
vate kinase isoform (PKM2) reduces the levels of
metabolic intermediates important for biosynthesis
and impairs progenitor function without perturbing
hematopoietic stemcells (HSCs),whereas lactatede-
hydrogenase A (LDHA) deletion significantly inhibits
the function of both HSCs and progenitors during
hematopoiesis. In contrast, leukemia initiation by
transforming alleles putatively affecting either HSCs
or progenitors is inhibited in the absence of either
PKM2 or LDHA, indicating that the cell-state-specific
responses tometabolic manipulation in hematopoie-
sisdonot apply to the settingof leukemia. This finding
suggests that fine-tuning the level of glycolysis
may be explored therapeutically for treating leukemia
while preserving HSC function.

INTRODUCTION

Metabolic state influences cell state, and metabolism must be
adapted to support specific cell functions. Warburg’s finding
that cancer cells preferentially rely on aerobic glycolysis (AG)
is a well studied example of how glucose metabolism reflects
a particular cell state (Cairns et al., 2011). Nonetheless,
the requirement for specific metabolic programs in defined
populations of parenchymal cells remains to be explored.
Furthermore, little is known about what differential metabolic re-

quirements, if any, exist between normal proliferative cell popu-
lations and their malignant counterparts. This is an issue that the
hematopoietic system is uniquely well suited to address. Studies
on cancer cell lines have indicated that increased glucose up-
take with lactate production, regardless of oxygen concentra-
tion, or AG is promoted, in part, by expression of the M2 isoform
of pyruvate kinase (PK) (Christofk et al., 2008a) and the muscle
form of lactate dehydrogenase A (LDHA) (Fantin et al., 2006; Le
et al., 2010). These two enzymes catalyze the final two steps in
glucose fermentation to lactate, and both have attracted atten-
tion as potential therapeutic targets. PK catalyzes the conversion
of phosphoenolpyruvate (PEP) and ADP to pyruvate and ATP. In
mammals, the M1 and M2 isoforms are different splice products
of PK expressed in tissues other than liver, kidney, and red blood
cells. PKM1 is expressed in differentiated adult tissues that have
a high demand for ATP production and metabolize glucose
preferentially via oxidative phosphorylation. PKM2 is expressed
in early embryonic tissues, cancers, and adult cells that have
high anabolic activity (Clower et al., 2010; Imamura and Tanaka,
1972). Although PKM1 and PKM2 only differ in the alternatively
spliced exon, there aremarked differences in their enzymatic ac-
tivity and regulation. PKM1 exists as a stable tetramer and is
constitutively active. The activity of PKM2, in contrast, is regu-
lated allosterically and can exist as a high-activity tetramer
or a low-activity nontetramer (Anastasiou et al., 2012). PKM2
is activated by metabolic intermediates such as fructose-
1,6-bisphosphate, serine, and succinyl-5-aminoimidazole-4-
carboxamide-1-ribose-50-phosphate and inhibited by tyrosine-
phosphorylated peptides, reactive oxygen species (ROS), and
posttranslational modifications (Chaneton et al., 2012; Christofk
et al., 2008b; Hitosugi et al., 2009; Keller et al., 2012; Lv et al.,
2011; Yalcin et al., 2010). Reduced PKM2 activity favors AG
and the generation of intermediates necessary for macromole-
cule synthesis. Pharmacological activation of PKM2 or forced
expression of PKM1 decreases AG in cancer cell lines and sup-
presses tumorigenesis (Anastasiou et al., 2012; Israelsen et al.,
2013; Parnell et al., 2013). PKM2 may, therefore, serve as a
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Figure 4. LDHA Plays Important Roles in Long-Term Hematopoiesis
(A) In-gel zymography of LDHA and LDHB in HSPC, heart (H), and muscle (M).

(B) qPCR analysis of LDHA transcripts in BMMNCs from Ldhafl/fl:Mx1-cre+ (Ldha!/!) and Ldhafl/fl:Mx1-cre+ (Ldhafl/fl) following poly(I:C) injection (*p < 0.05, n = 3).

(C) Lactate production by HSPCs. HSPCs were incubated in serum-free medium under normoxia (20% O2) or hypoxia (1% O2) conditions for 12 hr. The con-

centration of lactate in the supernatant was measured (***p < 0.001, n = 3).

(D) PB chimerism in primary BM transplantation (**p < 0.01, ***p < 0.001, n = 10). B, B cell; T, T cell.

(E) PB chimerism in secondary BM transplantation (*p < 0.05, **p < 0.01, ***p < 0.001, n = 7-10).

(F) BM chimerism in secondary recipients 24 weeks after posttransplantation (***p < 0.001, n = 5-9).

(G) HSPCs were plated in methylcellulose medium and incubated under normoxic (20% O2) or hypoxic (1% O2) conditions for seven days. The numbers of

colonies (left) and cells per colony (right) were counted (***p < 0.001, n = 3-4). NA, not assigned.

(H) Cell cycle analysis showing that LDHA deletion reduces the frequency of cycling cells (S/G2/M) in both LKS and SLAM populations (*p < 0.05, **p < 0.01,

***p < 0.001, n = 5-6).

For all bar graphs, data represent the mean ± SEM. See also Figure S3.
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Stage-specific reliance on glycolysis

Accordingly, inhibition of glycolysis is not as detrimental for naive PSCs as it is for primed PSCs

Mlody & Prigione, Cell Stem Cell, 2016



Role 1: metabolism supports cell proliferation
PSC are often characterized by preference for non-canonical carbon substrates 
(e.g.: fatty acids).



Fatty acid oxidation enhances SC function
PSC are often characterized by preference for non-canonical carbon substrates 
(e.g.: fatty acids).
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High-fat diet enhances stemness and 
tumorigenicity of intestinal progenitors
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Monther Abu-Remaileh1,6, Maria M. Mihaylova1,6, Dudley W. Lamming8, Rizkullah Dogum1, Guoji Guo2, George W. Bell6, 
Martin Selig4, G. Petur Nielsen4, Nitin Gupta9, Cristina R. Ferrone4, Vikram Deshpande4, Guo-Cheng Yuan5, Stuart H. Orkin2, 
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The mammalian intestine is known to respond to dietary signals1. 
Lgr5+ intestinal stem cells (ISCs) remodel intestinal composition in 
response to diet-induced cues by adjusting their production of daughter 
stem cells and (non-ISC, transit-amplifying cells) progenitor cells, the 
latter of which differentiate into the diverse cell types of the intestine1–3. 
The Lgr5+ ISCs reside at the base of intestinal crypts adjacent to Paneth 
cells, which are a central component of the ISC niche and regulate stem-
cell biology in response to calorie-restricted diets1,4.

Although important epidemiological and rodent studies link obesity 
to colon cancer incidence3,5–7, little is known about how the adaptation 
of stem and progenitor cells to pro-obesity diets alters the potential of 
these cells to initiate tumours3. In the mouse intestine, Lgr5+ ISCs serve 
as the cell-of-origin for the precancerous adenomatous lesions caused 
by loss of the Apc tumour suppressor gene; yet, it is unclear whether 
this occurs in the context of obesity-linked intestinal tumorigenesis8,9. 
Here, we interrogate how long-term HFD-induced obesity influences 
intestinal stem and progenitor cell function and the cellular origins of 
intestinal dysplasia.

HFD boosts ISC counts and crypt function
To assess the effects of obesity on intestinal homeostasis, we maintained 
mice on a long-term HFD (60% fat diet; Extended Data Fig. 1o) for 
9–14 months, which is sufficient to observe many of the metabolic  
phenotypes associated with obesity10,11. Consistent with previous 
reports, HFD-fed mice gained considerably more mass than their stand-
ard chow-fed counterparts (Extended Data Fig. 1a). While the small 
intestines from HFD-fed mice were shorter in length (Extended Data  
Fig. 1c) and weighed less (Extended Data Fig. 1b), there was no change 
in the density of crypt–villous units (Extended Data Fig. 1d) or the 

number of apoptotic cells (Extended Data Fig. 1n). Morphologically, 
a HFD led to a mild reduction in villi length (Extended Data Fig. 1g), 
an associated decrease in villous enterocyte numbers (Extended Data 
Fig. 1f), and an increase in crypt depth (Extended Data Fig. 1e). A HFD 
did not change the numbers of chromogranin A+ enteroendocrine cells 
or Alcian blue+ goblet cells per crypt–villus unit of the small intestine 
(Extended Data Fig. 2a–d).

To address how a HFD affects the frequency of ISCs, we performed 
in situ hybridization for olfactomedin 4 (Olfm4), a marker expressed 
by the Lgr5+ ISCs12. Compared to mice fed a standard chow diet, 
those on a HFD had a 50% increase in the number of Olfm4+ ISCs  
(Fig. 1a and Extended Data Fig. 1l). By contrast, a HFD reduced  
cryptdin 4+ (Crp4+, also known as Defa4+) niche Paneth cell numbers 
by 23% (Fig. 1a and Extended Data Fig. 1m). These observations lead to 
two conclusions: first, a HFD enhances ISC numbers and self-renewal 
(for example, deeper crypts with more Olfm4+ ISCs) at the expense of 
differentiation (shorter and less cellular villi); and, second, the increase 
in ISCs occurs despite a reduction in Paneth cell numbers, raising the 
possibility that under a HFD, ISCs adjust to fewer interactions from 
their Paneth cell niche.

Given that ISC numbers and proliferation (Fig. 1b, Extended Data 
Figs 1h–k and 3f and Supplementary Information) increase in a HFD, 
we asked whether a HFD also boosts intestinal regeneration. Using an 
in vitro approach, we assessed the ability of isolated intestinal crypts to 
form organoid bodies in 3-D culture. These organoids recapitulate the 
epithelial architecture and cellular diversity of the mammalian intes-
tine and are a proxy for ISC activity, as only stem cells can initiate and 
maintain these structures long-term1,13. HFD-derived crypts from the 
small intestine and colon were more likely to initiate mini-intestines in 

Little is known about how pro-obesity diets regulate tissue stem and progenitor cell function. Here we show that high-fat 
diet (HFD)-induced obesity augments the numbers and function of Lgr5+ intestinal stem cells of the mammalian intestine. 
Mechanistically, a HFD induces a robust peroxisome proliferator-activated receptor delta (PPAR-δ) signature in intestinal 
stem cells and progenitor cells (non-intestinal stem cells), and pharmacological activation of PPAR-δ recapitulates the 
effects of a HFD on these cells. Like a HFD, ex vivo treatment of intestinal organoid cultures with fatty acid constituents 
of the HFD enhances the self-renewal potential of these organoid bodies in a PPAR-δ-dependent manner. Notably, 
HFD- and agonist-activated PPAR-δ signalling endow organoid-initiating capacity to progenitors, and enforced PPAR-δ 
signalling permits these progenitors to form in vivo tumours after loss of the tumour suppressor Apc. These findings 
highlight how diet-modulated PPAR-δ activation alters not only the function of intestinal stem and progenitor cells, but 
also their capacity to initiate tumours.
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culture than those from controls (Fig. 1c, e and Extended Data Fig. 3j).  
Furthermore, these organoids were more cystic (that is, less differ-
entiated14) in structure and contained fewer crypt domains (Fig. 1d). 
When sub-cloned, HFD-derived primary organoids generated more 
secondary organoids (Fig. 1f and Extended Data Fig. 3k). Consistent 
with these findings, HFD crypt-derived organoids had higher frequen-
cies of Lgr5+ ISCs compared to controls (Extended Data Fig. 4a, d, e), 
and possessed diverse intestinal cell types, such as Paneth cells, ISCs, 
enteroendocrine cells and goblet cells (Extended Data Fig. 4b–f).

To determine whether a HFD also augments crypt regeneration 
in vivo, we performed a clonogenic microcolony assay to test for ISC  
activity1,15. After administration of a lethal dose of irradiation, HFD-fed 
mice manifested increased numbers of surviving, proliferating crypts 
(Ki67+ cells per crypt) that possessed more Olfm4+ ISCs per unit length 
of intestine relative to controls (Extended Data Fig. 2e–g). These data 
support the notion that a HFD boosts the numbers and regenerative 
capacity of ISCs in vitro and in vivo.

HFD reduces the niche dependence of ISCs
To assess the effects of a HFD on ISCs and progenitors, we used Lgr5-
EGFP-IRES-CreERT2 knock-in mice for the quantification and isola-
tion of green fluorescent protein (GFP)-expressing ISCs (Lgr5-GFPhi) 
and progenitor cells (Lgr5-GFPlow)2. Compared to controls, mice on 
a HFD had an increased frequency of Lgr5-GFPhi ISCs in the small 
intestine (Fig. 1g) and colon (Fig. 1h and Extended Data Fig. 3g).

The opposing effects of a HFD on ISC and Paneth cell numbers led 
us to ask whether a HFD alters ISC function and niche dependence.  

We assayed the clonogenic potential of ISCs from control and 
HFD-fed mice either alone or in combination with the niche 
Paneth cells1. Consistent with earlier studies1,4,13, control ISCs 
by themselves inefficiently formed organoids, but robustly 
formed organoids when co-cultured with Paneth cells (Fig. 1i). 
Surprisingly, HFD-derived ISCs alone (without Paneth cells) had 
an increased capacity to initiate organoids with multilineage dif-
ferentiation and more secondary organoids than control ISCs  
(Fig. 1i–k and Extended Data Fig. 4h, i, l, m). Co-culture with Paneth 
cells further increased the organoid-initiating activity of HFD ISCs  
(Fig. 1i). Organoids derived from control and HFD ISCs alone effec-
tively produced Paneth cells within 24 h of culture (Extended Data 
Fig. 4j, k). Furthermore, crypts and ISCs isolated from mice that had 
been on a HFD, but were returned to a standard chow diet, retained 
an enhanced capacity to initiate organoids for more than 7 days but 
less than 4 weeks, indicating that the effects of a HFD are reversible  
(Fig. 1l, m). These data, together with the observation that a HFD 
uncouples the in vivo expansion of ISCs from their Paneth cell niche, 
suggest ISCs undergo autonomous changes in response to a HFD that 
poise them for niche-independent growth in the organoid assay.

Fatty acids drive organoid self-renewal
To address whether dietary constituents of the HFD can recapitu-
late aspects of the HFD-evoked stem-cell phenotype, we expanded 
control organoids in crypt media supplemented with palmitic acid, 
a main component of the HFD16. Treatment with palmitic acid did 
not alter the clonogenic potential of control crypts in primary culture 

Figure 1 | HFD augments ISC numbers and function. a, Quantification 
of Olfm4+ ISCs (n = 3) and Crp4+ Paneth cells (n = 6) in the proximal 
jejunum of control (C) and HFD-fed mice by in situ hybridization. b, BrdU 
incorporation in ISCs (crypt base columnar cells) and progenitors  
(transit-amplifying cells) after a 4-h pulse (n = 6). c–e, Organoid per crypt  
(c, n = 4) and crypt domain (d, n = 7) quantification from control and 
HFD-fed mice (d, n = 4). Representative images: day-7 organoids (e). Arrows 
denote organoids; asterisks denote aborted crypts. f, Number of secondary 
organoids per dissociated crypt-derived primary organoids (n = 9 primary 
organoids, 3 primary organoids per sample were individually subcloned 
in 3 independent experiments). g, h, Frequencies of ISCs (Lgr5-GFPhi, 
dark green) and progenitors (Lgr5-GFPlow, light green) in the entire small 
intestine (g, n = 10) and colon (h, n = 8) as measured by flow cytometry. 

i, j, Organoid-initiating capacity of control and HFD ISCs cultured with/
without Paneth cells (i, n = 4). Representative images: day-5 primary 
organoids (arrows, j). k, Number of secondary organoids per dissociated 
ISC-derived primary organoid (n = 4). l, m, Crypts (l) and ISCs (m) 
isolated from HFD-fed mice that were reverted to a standard chow diet 
(HFSC) retained augmented organoid-forming capacity for 1 week (w) 
(red; n = 4) but not for 1 month (m) (blue; n = 4) when compared to their 
HFD counterparts (n = 6 crypts, n = 4 ISCs). Unless otherwise indicated, 
data are mean ± s.d. from n independent experiments. *P < 0.05, 
**P < 0.01, ***P < 0.001 (Student’s t-tests). Scale bars, 20 µm (a, b) 
and 100 µm (e, j). Histological analysis: a, Olfm4: 10 crypts per group, 
Crp4: 50 crypts per group; b, 50 crypts per group in each experiment.
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(Fig. 2a). However, as observed with organoids from HFD-fed mice, 
primary organoids exposed ex vivo to palmitic acid gave rise to more  
secondary organoids than controls (Fig. 2b, c and Extended Data  
Fig. 5a). Consistent with these findings, organoids treated with palmitic 
acid possessed nearly twofold more Lgr5+ ISCs (Fig. 2d and Extended 
Data Fig. 5b), and manifested reduced niche dependence in the orga-
noid assay (Fig. 2e). Similar results were obtained with other fatty acids 
such as oleic acid and a lipid mixture in mouse and human intestinal 
organoids (Fig. 3h–k and Extended Data Fig. 5c–f). These findings 
indicate that key dietary constituents of a HFD are sufficient to reca-
pitulate aspects of the in vivo HFD stem-cell phenotype.

HFD acts through PPAR-δ in ISCs
To gain mechanistic insight into how HFD mediates these effects, we 
performed messenger RNA sequencing on isolated Lgr5-GFPhi ISCs 
and Lgr5-GFPlow progenitor cells from control and HFD-fed mice, 
respectively (Extended Data Fig. 6p). Gene set enrichment analysis 
(GSEA) pathway and transcription factor binding motif analyses 
revealed enrichment for transcriptional targets and binding motifs 
of the nuclear receptor peroxisome proliferator-activated receptor 
(PPAR) family and PPAR heterodimeric binding partners liver/retinoid  
X receptor17–19 (LXR/RXR; Extended Data Fig. 6c, d). Three members 
(α, δ and γ) comprise the PPAR family17; among these, PPAR-δ (Ppard) 
is the predominant one expressed in intestinal stem and progenitor 
cells at the mRNA level in control and HFD-fed mice (Extended Data  
Fig. 6a, b). Therefore, we focused our attention on PPAR-δ and its 
potential role in coupling a HFD to ISC function.

Although PPAR-δ expression itself did not substantially increase 
(Extended Data Fig. 6a, b), the HFD robustly induced expression of 
many of its target genes at the mRNA levels in both the small intestine 
(Extended Data Fig. 6e) and colon (Extended Data Fig. 3h). The induc-
tion of the PPAR-δ program was verified at the protein level in ISCs 
and progenitors (Fig. 3a). To address functionally whether engagement 
of a PPAR-δ program mimics the HFD, we administered the PPAR-δ 
agonist GW501516 for 4 weeks to Lgr5-EGFP-IRES-CreERT2 mice20,21. 
Treatment led to strong induction of PPAR-δ target proteins in ISCs 
and progenitors (Fig. 3a). Furthermore, agonist-activated PPAR-δ sig-
nalling augmented the in vivo frequencies of Olfm4+ and Lgr5+ ISCs 
(Fig. 3b, e and Extended Data Fig. 6f) and proliferation of stem and 

progenitors cells (Fig. 3c), but had no effect on Paneth cell numbers 
(Fig. 3b and Extended Data Fig. 6g). Notably, small intestinal (Fig. 3d) 
and colonic (Extended Data Fig. 3l, m) crypts from agonist-treated 
mice initiated more organoids than those from vehicle-treated mice. 
Similar to ISCs from HFD-fed mice, ISCs derived from agonist-treated 
mice were more effective at Paneth cell-independent organoid- 
initiation than their control counterparts (Fig. 3f). In addition, orga-
noids exposed to the PPAR-δ agonist had more Lgr5+ ISCs (Fig. 3g) 
and more self-renewing capacity in secondary assays (Fig. 3i). These 
data indicate that sustained PPAR-δ signalling largely recapitulates the 
effects of a HFD on ISC function.

Because ex vivo fatty acids mimic aspects of a HFD, we asked whether 
this phenomenon occurs through PPAR-δ signalling. Like a HFD, we 
observed that ex vivo exposure of mouse and human organoids to fatty 
acids evokes a robust PPAR-δ program (Extended Data Figs 5g–j and 
6h). To assess the necessity of PPAR-δ in this response to fatty acids, 
we generated tamoxifen-inducible, intestine-specific Ppard conditional 
mice (Extended Data Fig. 6i, j). Acute ablation of Ppard in the intestine 
had no noticeable effects on the numbers, proliferation or function 
of ISCs and progenitor cells (Fig. 3h and Extended Data Fig. 6i–n). 
However, loss of Ppard blocked both the self-renewal enhancing effects 
of fatty acids and PPAR-δ agonist (Fig. 3i, j), as well as the induction of 
PPAR-δ target gene expression in secondary organoid assays (Extended 
Data Fig. 6o). These findings demonstrate that PPAR-δ mediates  
fatty-acid-driven organoid self-renewal.

HFD and PPAR-δ raise β-catenin activity
Because HFD and PPAR-δ activation confer increased stem-
cell function, we asked whether these interventions regulate the  
Wnt/β-catenin pathway, which is required for ISC maintenance2,22. First, 
we observed more nuclear β-catenin, a proxy for its activity, in sorted 
ISCs and progenitors and on intestinal sections from HFD and PPAR-δ  
agonist-treated mice compared to controls (Extended Data Fig. 7c–i).  
Second, crypts from HFD and PPAR-δ agonist-treated mice required 
less exogenous Wnt for organoid maintenance than controls  
(Fig. 4a, b). Lastly, we found that increased levels of nuclear β-catenin 
associate with PPAR-δ in HFD crypts (Extended Data Fig. 7j–l).

To address how a HFD and agonist-activated PPAR-δ influence 
β-catenin transcriptional activity, we performed microfluidic-based 
multiplexed single-cell quantitative reverse transcription PCR (qRT–
PCR) using primers for a curated list of known β-catenin target genes 
that includes ISC markers (Supplementary Table 2 and Extended 
Data Fig. 8a, d). While a HFD did not alter expression of stem-cell 
signature genes (that is, Lgr5) that differ between stem and progen-
itor cells23,24 (Extended Data Fig. 8b, e, g, h), it evoked expression of 
a subset of β-catenin target genes such as Bmp4, Jag1, Jag2 and Edn3 
in ISCs and progenitors (Fig. 4c, e, Extended Data Figs 3i and 8c, f, 
i, j and Supplementary Information). Single-cell qRT–PCR analysis 
confirmed that agonist-activated PPAR-δ also induced transcription 
of Bmp4, Jag1, Jag2 and Edn3 in ISCs and progenitors (Fig. 4d, f). We 
further validated Jag1 expression by single-molecule in situ hybridiza-
tion and found that it was broadly expressed within HFD (Extended 
Data Fig. 8k) and PPAR-δ agonist-treated crypts (Extended Data  
Fig. 8l). Moreover, in response to in vitro fatty acids, PPAR-δ was 
required for the induction of Jag1 and Jag2 in secondary organoids 
(Extended Data Fig. 6o). Collectively, these results support a model in 
which a HFD activates a PPAR-δ-mediated subset of β-catenin target 
genes in ISCs and progenitor cells.

To interrogate whether a similar program exists in an alternative 
model of obesity, we assessed how the intestine adapts to obesity in 
leptin receptor deficient (db/db) mice—an obesity model that devel-
ops on a standard diet. Overall, we found that intestinal adaptation in 
the db/db obesity model was mostly opposite to what we observed in 
HFD-fed mice (Extended Data Fig. 9 and Supplementary Information). 
Such differences highlight that, even in obesity, diet affects ISC and 
progenitor biology.

Figure 2 | Ex vivo exposure of intestinal organoids to palmitic acid 
recapitulates aspects of a HFD. a, Clonogenicity of naive crypts cultured 
with 30 µM palmitic acid (PA) in primary organoid cultures (n = 5). 
Representative images: day-4 organoids. V, vehicle. b, c, Secondary 
organoid formation of 1,000 sorted live primary organoid cells after  
4 weeks of 30 µM palmitic acid treatment (b, n = 3). Representative 
images: day-4 secondary organoids (arrows, c). d, e, Frequency (d) and 
organoid initiation (e) of ISCs (Lgr5-GFPhi) after 4 weeks of 30 µM 
palmitic acid exposure (d, n = 3; e, n = 4). Unless otherwise indicated, data 
are mean ± s.d. from n independent experiments. *P < 0.05, **P < 0.01 
(Student’s t-tests). Scale bars, 100 µm (a, c) and 50 µm (c, inset).
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Aerobic glycolysis and respiration
Glucose is an essential nutrient for most cells, as a source of en-
ergy and for its role providing the sugar backbone and reducing
equivalents required for macromolecule synthesis (Figure 2A).
Glucose is metabolized via glycolysis to form pyruvate, and
glycolytic intermediates serve key roles in proliferating cells.
Glucose diversion to the pentose phosphate pathway yields
ribose for nucleotide synthesis and/or NADPH. Pyruvate can
enter the tricarboxylic acid (TCA) cycle, where complete com-
bustion yields reducing equivalents (NADH, FADH2) that fuel
oxidative phosphorylation through the electron transport chain
(ETC). Nevertheless, most rapidly proliferating cells paradoxi-
cally throw away most of their glucose-derived carbons as
lactate, even when supplied sufficient oxygen to sustain TCA cy-
cle flux.26 This process of aerobic glycolysis, often referred to as
the ‘‘Warburg effect,’’ can net generate only 2 molecules of ATP
per molecule of glucose. Aerobic glycolysis was discovered in
cancer cells and was long considered to be a metabolic quirk
of transformed cells. Studies in stem cells challenged this model,
revealing that many stem cell populations also exhibit aerobic
glycolysis, which appears to be a feature of most rapidly prolifer-
ating cultured cells.18 Why rapidly proliferating cells discard car-
bon as lactate is largely an open question, although recent evi-
dence indicates that the conversion of pyruvate to lactate via
lactate dehydrogenase (LDH) is favored when the demand for
NAD+ regeneration outstrips the demand for ATP.27,28

Given the importance of glucose metabolism, many studies
have investigated the role of glycolysis and the fate of pyruvate
in a variety of cell types. In stem cells, the fate of pyruvate—to
be excreted as lactate or burned in the TCA cycle—is closely
tied to cell state. One example of this is PSCs, which are tran-
scriptionally reminiscent of the pre- or post-implantation
epiblast, depending on their in vitro culture conditions.29,30 The
addition of inhibitors against MEK and GSK3b is sufficient to

drive mouse PSCs into the naive state of pluripotency reminis-
cent of the pre-implantation epiblast31; further interventions are
required to capture the naive pluripotent state in human
PSCs.32,33 In general, PSCs cultured in the naive state have
higher basal respiration relative to their post-implantation coun-
terparts,34–37 and naive mouse PSCs preferentially incorporate
glucose-derived pyruvate into TCA cycle intermediates.38–40

Increased respiration enables optimal proliferation in naive
ESCs and may even be required for entry into the naive pluripo-
tent state,36 but the precise outputs of respiration that benefit
naive PSCs remain unknown. Notably, high respiration is not
mutually exclusive with aerobic glycolysis: some naive human
PSCs also exhibit high lactate production, reflecting overall
elevated glucose metabolism and/or oxidation of additional sub-
strates in these cells.34

As PSCs exit the naive pluripotent state, they transiently
decrease glucose oxidation in the TCA cycle and increase
lactate secretion.34,36,40,41 Accordingly, PSCs mimicking post-
implantation epiblast states are glycolytic with minimal glucose
oxidation. This aerobic glycolysis phenotype is reversed upon
further differentiation, which is often accompanied by decreased
glucose flux through glycolysis and decreased lactate secre-
tion.34,41,42 Aerobic glycolysis is not universally downregulated
during differentiation, however; human PSCs maintain high
glycolytic flux when differentiated to ectoderm, but not meso-
derm and endoderm.43 As with studies of cancer cells, whether
aerobic glycolysis confers specific benefits to stem cells remains
an open question. Certainly, pharmacologic inhibition of glycol-
ysis impairs proliferation in several PSC models.34,44 Likewise,
how such major metabolic shifts are coordinated is not fully un-
derstood, although several pluripotency transcription factors are
directly implicated in metabolic control. For example, OCT4 and
MYC directly regulate glycolytic genes,43,45 and STAT3 is re-
ported to translocate to the mitochondria to activate mitochon-
drial gene expression.36

The relative downregulation of glycolysis with PSC differenti-
ation stands in contrast to some tissue-resident stem cells
where glycolysis is associated with stem cell activation and dif-
ferentiation to progenitors. In hematopoietic stem cells (HSCs),
quiescent HSCs exhibit lower expression of glycolytic genes,
have a lower ECAR, and are less sensitive to pharmacologic in-
hibition of glycolysis in vitro.46 As HSCs activate and differen-
tiate, reliance on glycolysis increases. Genetic deletion of
LDHA or the upstream glycolysis enzyme PKM2 decreased
lactate production and compromised hematopoiesis during
forced hematopoietic system reconstitution in transplantation
assays, without affecting maintenance of homeostatic
HSCs.47 Similarly, deletion of PDK2 and PDK4 or silencing of
PDK1, which would be expected to promote mitochondrial py-
ruvate oxidation at the expense of glycolytic flux, impairs
HSC reconstitution capacity.48,49 Importantly, it is unclear
whether these defects observed in glycolysis-deficient HSCs
are due to decreased glycolysis or if enhanced pyruvate
oxidation and concomitant increased respiration reduces self-
renewal potential. Increased mitochondrial respiration can
generate reactive oxygen species (ROS) that impair HSC func-
tion.50 Consistently, antioxidant treatment decreased ROS
levels and partially rescued bone marrow transplantation in
LDHA-deficient HSCs, suggesting that decreased oxidative

Sustained
proliferation

Quiescence

Coping with
cellular stress
and cell death

Regulation
of cell fate

Niche requirements

Figure 1. Metabolic support of stem cell functions
While metabolism can vary dramatically between different stem cell types,
several common themes have emerged in stem cell metabolism that support
vital cellular functions. Specific metabolic strategies support stem cell prolif-
eration (1) and quiescence (2). Metabolism is likewise involved in stem cell
responses to cellular stressors and cell death (3). By influencing the deposition
or removal of epigenetic modifications, metabolism can also control stem cell
fate (4). Stem cells are also influenced by the metabolic requirements of their
endogenous niche (5).
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Cell metabolism is emerging as an additional determinant of stem cell function. 



In addition to supporting the demands of cellular proliferation, metabolism can support the 
maintenance of non-dividing stem cell states.  

Many tissue stem cells undergo periods of quiescence, which is defined as temporary cell 
cycle exit into the G0 state that can be reversed in response to external stimuli. Tight 
control over quiescence is critical for normal stem cell homeostasis, and inappropriate 
proliferation can lead to exhaustion of the stem cell compartment. 

Role 2: regulation/adaptation to quiescence

Lower metabolic activity
Consistent with cell cycle exit, quiescence has historically been
considered a metabolically inert state, where decreased cellular
proliferation is thought to be accompanied by decreased de-
mand for the products of anabolic metabolism (Figure 3A). Early
evidence for the concept of metabolic quiescence was derived
from sequencing studies that profiled quiescent versus activated
stem cells across multiple tissue types.78 Quiescent stem cells
consistently show altered expression of genes involved in multi-
ple metabolic processes relative to their proliferative counter-
parts.8–11 In NSCs specifically, quiescence is marked by high
expression of glycolytic and fatty acid oxidation genes that
are downregulated upon activation with a concomitant increase
in mitochondrial and oxidative phosphorylation gene sig-
natures.10,11

While numerous studies have noted shifts in metabolic gene
expression during the acquisition of and exit from quiescence,
relative few studies have functionally characterized metabolic
changes between these states. Technical challenges in isolating
sufficient volumes of quiescent stem cells for metabolomic
studies have limited their interrogation. Experiments performed
in HSCs have confirmed that quiescence is accompanied by
low mitochondrial activity and low reliance on glycolysis upon
ex vivo culture in this lineage.46 Genetic interventions that in-
crease mitochondrial substrate oxidation result in cell cycle acti-
vation in vivo and loss of HSC quiescence.48 Paradoxically, de-
leting an essential subunit of ETC complex III also leads to loss
of HSC quiescence in vivo.54 In muscle stem cells (MuSCs),
stem cell activation is accompanied bymitochondrial fragmenta-
tion and elevatedmitochondrial ROSproduction that triggers cell
cycle entry. Accordingly, excessive fragmentation via genetic

loss of the mitochondrial fusion protein OPA1 causes premature
MuSC activation and depletion from the stem cell pool.79 These
studies suggest that altered metabolic activity not only accom-
panies quiescence but might play a regulatory role in its mainte-
nance, although the specific metabolic trigger(s) that control
quiescence remain to be determined.
Which metabolic outputs are truly reduced during quiescence

is largely an open question, but many studies point to reduced
protein synthesis as a common feature of quiescent stem cells.80

Decreased translation—among the most costly bioenergetic
cellular processes—has been observed in PSCs,81,82 HSCs,83

NSCs,84 HFSCs,85 and MuSCs.86 Across these cell types, the
specific benefit of low translation for quiescence remains un-
clear.80 However, forced protein synthesis by genetic perturba-
tions causes stem cells to exit quiescence and activate at the
expense of self-renewal, leading to the eventual depletion of
the stem cell pool.83,85,86 Conversely, decreased protein synthe-
sis is compatible with HSC maintenance but prevents HSC acti-
vation and regenerative capacity.83 These studies illustrate how
synchronicity of cellular functions with metabolic state is critical
for stem cell maintenance, and it will be interesting for future
studies to investigate whether changes in protein synthesis are
sufficient to explain metabolic quiescence or if depression of
other metabolic programs is likewise required for maintenance
of quiescent stem cells.
In contrast to adult stem cells that alternate between periods

of quiescence and activation, embryonic stem cells capture a
developmentally transient state in which epiblast cells undergo
a single period of rapid development to form the developing
blastocyst—a process that can be reversibly halted during em-
bryonic diapause.87 Diapaused embryos are thought to exhibit
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Role 2: regulation/adaptation to quiescence

Consistent with cell cycle exit, quiescence has historically been considered a 
metabolically inert state, where decreased cellular proliferation is thought to be 
accompanied by decreased demand for the products of anabolic metabolism. 

Glycolytic Inhibition Enhances HSC Long-Term 
Competitive Repopulation Activity In Vivo

Jiang et al, Cell Stem Cell, 2020



Role 2: regulation/adaptation to quiescence
Which metabolic outputs are truly reduced during quiescence is largely an open question, but 
many studies point to reduced protein synthesis as a common feature of quiescent stem cells. 
Decreased translation — among the most costly bioenergetic cellular processes — has been 
observed in PSCs, HSCs, NSCs, HFSCs, and MuSCs. Across these cell types, the specific benefit 
of low translation for quiescence remains unclear.  

However, forced protein synthesis by genetic perturbations causes stem cells to exit quiescence 
and activate at the expense of self-renewal, leading to the eventual depletion of the stem cell pool. 

cell populations (Fig. 2d). Even in the presence of bortezomib, HSCs
had significantly lessOP-Puro fluorescence than restrictedprogenitors.
The lower OP-Puro incorporation by HSCs seems to primarily reflect
reducedproteinsynthesis rather thanacceleratedproteasomaldegradation.
OP-Puro also did not affect the levels of phosphorylated 4EBP1 or

eIF2a (Fig. 2e), key regulators of translation that can be influenced by
proteotoxic stress23,24. HSCs andMPPshad less phosphorylated 4EBP1
andb-actin per cell than other haematopoietic cells but similar levels of
total 4EBP1.This raised thepossibility thatHSCs synthesize less protein
as a consequence of increased 4EBP1-mediated inhibition of transla-
tion (Fig. 2e).
Doubling the dose ofOP-Puro to100mgkg21 significantly increased

OP-Puro incorporation in all cell populations, but HSCs continued to
have significantly lower levels than all other cell populations except
MPPs (Fig. 2f). Thus, 50mg kg21 OP-Puro did not significantly atten-
uate protein synthesis and uptake was not saturated in HSCs or most
other cells.

Dividing HSCs also make less protein
Haematopoietic progenitors in the replicating phases of the cell cycle
(S, G2 and M phases; S/G2/M) exhibited significantly higher rates of
OP-Puro incorporation thancells inG0andG1phases (G0/G1) (Fig. 3a, b).
Total protein was also higher in Gr-11 cells and bone marrow cells in
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Figure 1 | Quantification of protein synthesis in haematopoietic cells
in vivo. a, OP-Puro incorporation in bone marrow (BM) cells in vivo 1 h after
administration. b–d, OP-Puro (b), HPG (c), and AHA (d) incorporation in
bone marrow cells in culture was inhibited by cycloheximide (CHX). d, Bone
marrow cells from mice treated with OP-Puro in vivo exhibited normal AHA
incorporation in culture, indicating that OP-Puro did not block protein
synthesis. e, f, OP-Puro versus HPG (e; n5 4 mice from 2 experiments) or
AHA (f; n5 3mice from 3 experiments) incorporation by haematopoietic cells
in culture. g, OP-Puro incorporation in CD1501CD482LSK HSCs and
unfractionated bone marrow cells 1 h after administration in vivo. h, Protein
synthesis in various haematopoietic stem cell and haematopoietic progenitor
cell populations relative to unfractionated bonemarrow cells (n5 15mice from
9 experiments). Extended Data Fig. 1j shows the data from Fig. 1h using a log2
scale. Data represent mean6 s.d. Statistical significance was assessed using a
two-tailed Student’s t-tests (e, f) and differences relative to HSCs (h) were
assessed using a repeated-measures one-way analysis of variance (ANOVA)
followed by Dunnett’s test for multiple comparisons. *P, 0.05, **P, 0.01,
***P, 0.001 relative to bone marrow; {{{P, 0.001 relative to HSCs in h.

0 

1,000 

2,000 

3,000 

4,000 

5,000 

6,000 

BM HSC MPP CMP GMP MEP Gr-1+ Pro-B Pre-B IgM+ B 

50 mg kg–1 
100 mg kg–1 

0 
500 

1,000 
1,500 
2,000 
2,500 
3,000 
3,500 
4,000 
4,500 

BM HSC MPP CMP GMP MEP Gr-1+ Pro-B Pre-B IgM+ B 

OP-Puro 
Bortezomib + OP-Puro 

0 

500 

1,000 

1,500 

2,000 

2,500 

3,000 

3,500 

4,000 

BM HSC MPP CMP GMP MEP Gr-1+ Pro-B Pre-B IgM+ B 

Untreated (n = 5 mice) 
OP-Puro 1 h (n = 4) 

OP-Puro 3 h (n = 4) 
OP-Puro 24 h (n = 5) 

0 
1,000 
2,000 
3,000 
4,000 
5,000 
6,000 
7,000 
8,000 
9,000 

Abcg2+/+

Abcg2–/–

M
ea

n 
O

P
-P

ur
o

flu
or

es
ce

nc
e 

† 

†
†

†

††

†††
Abcg2–/–

BM cells 
(OP-Puro) 

OP-Puro 

a b 

** 

* 

* 

** 

** * 
†† 

** 

** * 

** * 

*** 

*** 

** 

** †† 

d 

e 

f 

M
ea

n 
O

P
-P

ur
o

flu
or

es
ce

nc
e 

c 

*** 

†††

*** 
*** 

*** 

** 

††

†

†††

†

†

† 

† 

† 

† 

† 

† 

††† 
†† 

† 

† 
† 

† † 
††† 

††

†† †† 
†† 

†† † 
†† 

††† 
†† † 

†† 

†† ††† 
† † 

††

†† 

†† 

† 

†† 

† 

† 

†

†
†

††

††

††

††
†

*** 

*** 

*** *** 
*** 

*** 

*** 

*** *** 
* 

* 

* 

** 

*** 
*** 

*** 
*** 

*** *** 

** 

* 
** 

* 

peIF2α

β-actin

HSC/MPP 

– + OP-Puro

p4EBP1 

GMP 

– + 

Gr-1+ 

– + 

BM 

– + 

* 

Total 4EBP1 

Total eIF2α

BM
HSC

M
PP

CM
P

GM
P

M
EP

Gr-1
+

Pre
-B

Pro
-B

IgM
+ B

M
ea

n 
O

P
-P

ur
o

flu
or

es
ce

nc
e 

M
ea

n 
O

P
-P

ur
o

flu
or

es
ce

nc
e 

Abcg2–/–

HSCs 
(OP-Puro) 

0 103 104 105

Abcg2–/–

HSCs 
(PBS) 

0

Figure 2 | Lower rate of OP-Puro incorporation by HSCs does not reflect
efflux or proteasomal degradation. a, b, OP-Puro fluorescence in
haematopoietic cells from Abcg2-deficient and control mice 1 h after OP-Puro
administration in vivo (n5 4 mice from 3 experiments). c, OP-Puro
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Role 2: regulation/adaptation to quiescence
Which metabolic outputs are truly reduced during quiescence is largely an open question, but 
many studies point to reduced protein synthesis as a common feature of quiescent stem cells. 
Decreased translation — among the most costly bioenergetic cellular processes — has been 
observed in PSCs, HSCs, NSCs, HFSCs, and MuSCs. Across these cell types, the specific benefit 
of low translation for quiescence remains unclear.  

However, forced protein synthesis by genetic perturbations causes stem cells to exit quiescence 
and activate at the expense of self-renewal, leading to the eventual depletion of the stem cell pool. 

cell populations (Fig. 2d). Even in the presence of bortezomib, HSCs
had significantly lessOP-Puro fluorescence than restrictedprogenitors.
The lower OP-Puro incorporation by HSCs seems to primarily reflect
reducedproteinsynthesis rather thanacceleratedproteasomaldegradation.
OP-Puro also did not affect the levels of phosphorylated 4EBP1 or

eIF2a (Fig. 2e), key regulators of translation that can be influenced by
proteotoxic stress23,24. HSCs andMPPshad less phosphorylated 4EBP1
andb-actin per cell than other haematopoietic cells but similar levels of
total 4EBP1.This raised thepossibility thatHSCs synthesize less protein
as a consequence of increased 4EBP1-mediated inhibition of transla-
tion (Fig. 2e).
Doubling the dose ofOP-Puro to100mgkg21 significantly increased

OP-Puro incorporation in all cell populations, but HSCs continued to
have significantly lower levels than all other cell populations except
MPPs (Fig. 2f). Thus, 50mg kg21 OP-Puro did not significantly atten-
uate protein synthesis and uptake was not saturated in HSCs or most
other cells.

Dividing HSCs also make less protein
Haematopoietic progenitors in the replicating phases of the cell cycle
(S, G2 and M phases; S/G2/M) exhibited significantly higher rates of
OP-Puro incorporation thancells inG0andG1phases (G0/G1) (Fig. 3a, b).
Total protein was also higher in Gr-11 cells and bone marrow cells in
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Figure 1 | Quantification of protein synthesis in haematopoietic cells
in vivo. a, OP-Puro incorporation in bone marrow (BM) cells in vivo 1 h after
administration. b–d, OP-Puro (b), HPG (c), and AHA (d) incorporation in
bone marrow cells in culture was inhibited by cycloheximide (CHX). d, Bone
marrow cells from mice treated with OP-Puro in vivo exhibited normal AHA
incorporation in culture, indicating that OP-Puro did not block protein
synthesis. e, f, OP-Puro versus HPG (e; n5 4 mice from 2 experiments) or
AHA (f; n5 3mice from 3 experiments) incorporation by haematopoietic cells
in culture. g, OP-Puro incorporation in CD1501CD482LSK HSCs and
unfractionated bone marrow cells 1 h after administration in vivo. h, Protein
synthesis in various haematopoietic stem cell and haematopoietic progenitor
cell populations relative to unfractionated bonemarrow cells (n5 15mice from
9 experiments). Extended Data Fig. 1j shows the data from Fig. 1h using a log2
scale. Data represent mean6 s.d. Statistical significance was assessed using a
two-tailed Student’s t-tests (e, f) and differences relative to HSCs (h) were
assessed using a repeated-measures one-way analysis of variance (ANOVA)
followed by Dunnett’s test for multiple comparisons. *P, 0.05, **P, 0.01,
***P, 0.001 relative to bone marrow; {{{P, 0.001 relative to HSCs in h.
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Figure 2 | Lower rate of OP-Puro incorporation by HSCs does not reflect
efflux or proteasomal degradation. a, b, OP-Puro fluorescence in
haematopoietic cells from Abcg2-deficient and control mice 1 h after OP-Puro
administration in vivo (n5 4 mice from 3 experiments). c, OP-Puro
fluorescence in haematopoietic cells 1, 3 or 24 h after OP-Puro administration
(n5 5 experiments). d, OP-Puro fluorescence in haematopoietic cells 2 h after
bortezomib and 1 h after OP-Puro administration in vivo (n5 5 mice per
treatment from 5 experiments). e, Western blot analyses of 30,000 cells from
each haematopoietic-cell population from OP-Puro-treated or control mice.
f, OP-Puro fluorescence in haematopoietic cells 1 h after administering
50mg kg21 or 100mgkg21 OP-Puro (n5 5 mice per dose from 5
experiments). All data represent mean6 s.d. To assess the statistical
significance of treatment effects within the same cells we performed two-tailed
Student’s t-tests; *P, 0.05, **P, 0.01, ***P, 0.001. Differences between
HSCs and other cell populations were assessed with a repeated-measures
one-way ANOVA followed by Dunnett’s test for multiple comparisons;
{P, 0.05, {{P, 0.01, {{{P, 0.001.
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S/G2/M than in G0/G1 (Extended Data Fig. 3b). However, HSCs and
MPPs exhibited less OP-Puro incorporation than restricted progeni-
tors even when we compared only cells in G0/G1 (Fig. 3b). We treated
mice with cyclophosphamide followed by two daily injections of gran-
ulocyte colony-stimulating factor (GCSF) to induce self-renewing divi-
sions byHSCs (ExtendedData Fig. 3d)25. Cyclophosphamide andGCSF
also increaseddivisionbyMPPs,Gr-11 cells and IgM1Bcells (Extended
Data Fig. 3a, e). Each of these populations showed increased OP-Puro
incorporation after cyclophosphamide and GCSF treatment (Fig. 3c).
However,HSCshad significantly lessprotein synthesis compared tomost
restricted progenitors, irrespective of whether we compared S/G2/M
cells (Fig. 3e) orG0/G1 cells (Fig. 3d and ExtendedData Fig. 3f, g) from
mice treated with cyclophosphamide and GCSF.
Differences inprotein synthesis betweenHSCs and restrictedprogen-

itorswere not fully explained by differences in cell diameter (Fig. 3f and
Extended Data Fig. 4b), ribosomal RNA (Fig. 3g and Extended Data
Fig. 4c, d), or total RNA content (ExtendedData Figs 3c and 4e), which
were similar amongHSCsand lymphoidprogenitors despite differences
in protein synthesis.

Ribosomal mutant impairs HSC function
Rpl24Bst/1mice have a hypomorphic mutation in the Rpl24 ribosome
subunit, reducing protein synthesis in multiple cell types by 30% in
culture3,4,26. AdultRpl24Bst/1mice show relativelymild phenotypes: they
are 20% smaller than wild-type mice and have mild pigmentation and
skeletal abnormalities26. These Rpl24Bst/1mice had normal bone mar-
row, spleen and thymus cellularity, blood cell counts (Extended Data
Fig. 5a, b) and HSC frequency (Fig. 4a). Frequencies of colony-forming
progenitors (ExtendedData Fig. 6b), restricted progenitors, andannexin
V1HSCs andMPPs (ExtendedData Fig. 5c–i)were also largely normal.
OP-Puro incorporation intounfractionatedbonemarrowcells,HSCs,

GMPs and pre-B cells from Rpl24Bst/1 mice was significantly reduced
relative to wild-type cells (Fig. 4d). In the case of HSCs fromRpl24Bst/1

mice, OP-Puro incorporationwas reduced by approximately 30% rela-
tive to controlHSCs.However,Rpl24washighlydifferentially expressed
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Figure 3 | HSCs synthesize less protein than most haematopoietic
progenitors, even when undergoing self-renewing divisions. a, OP-Puro
incorporation in vivo in bone marrow cells in G0/G1 versus S/G2/M. 2N,
diploid. b, Protein synthesis in G0/G1 and S/G2/M cells from haematopoietic-
cell populations in vivo (n5 10 mice from 6 experiments). We were unable to
assessOP-Puro incorporation in S/G2/MHSCs andMPPs in these experiments
because these cells are very rare in normal bone marrow. c, Protein synthesis in
haematopoietic cells after treatment with cyclophosphamide (Cy) and GCSF
(n5 10 mice from 6 experiments). d, e, Protein synthesis in G0/G1 (d) and
S/G2/M (e) cells from mice treated with Cy and GCSF (n5 10 mice from
6 experiments). Extended Data Fig. 3f, g shows the data from Fig. 3d, e side-by-
side with data from untreated controls in Fig. 3b. f, Cell diameter (n. 60
cells per population from2mice). g, 18S rRNAand28S rRNAcontent in 15,000
cells from each stem- or progenitor-cell population (n5 3 mice). All data
represent mean6 s.d. To assess the statistical significance of treatment effects
within the same cells (b, c), we performed two-tailed Student’s t-tests;
*P, 0.05, **P, 0.01, ***P, 0.001. Differences between HSCs and other
cells (b–g) were assessed with a repeated-measures one-way ANOVA followed
by Dunnett’s test for multiple comparisons; {P, 0.05, {{P, 0.01,
{{{P, 0.001.
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Rpl24Bst/1 mice have a hypomorphic mutation in the Rpl24 ribosome subunit, 
reducing protein synthesis in multiple cell types by 30% in culture. Adult 
Rpl24Bst/1 mice show relatively mild phenotypes: they are 20% smaller than 
wild-type mice and have mild pigmentation and skeletal abnormalities.

Signer et al, Nature, 2013



In addition to decreased expression of metabolic genes, quiescent stem cells have higher 
expression of genes involved in autophagy. 

Role 2: regulation/adaptation to quiescence

In quiescence, autophagy — while incompatible with net biomass generation — might 
liberate nutrients that allow cell survival while in a metabolically low or isolated state.  

Similarly, autophagy can be utilized by non-dividing cells to remove dysfunctional organelles 
or cellular debris that might otherwise be passed along to dividing progeny. 



Figure 5. MMP-Low HSCs Exhibit Punctate Mitochondrial Networks Associated with Large Lysosomes
(A–E) Representative immunofluorescent confocal images of TOM20 (A, B, and D), DRP1 (B), pDRP1 (C), LAMP1 (D and E), and DAPI (A–E) from freshly isolated

MMP-low and MMP-high HSCs. (A, B, and D), DRP1 (B), pDRP1 (C), LAMP1 (D and E), LC3 (E), and DAPI (A–E).

(legend continued on next page)

368 Cell Stem Cell 26, 359–376, March 5, 2020
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Liang et al, Cell Stem Cell, 2020
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Autophagy maintains the metabolism 
and function of young and old stem cells
Theodore T. Ho1, Matthew R. Warr1, Emmalee R. Adelman2, Olivia M. Lansinger1, Johanna Flach1, Evgenia V. Verovskaya1, 
Maria E. Figueroa2† & Emmanuelle Passegué1†

Ageing is the greatest risk factor for many pathological conditions 
including cancers, neurodegenerative disorders, cardiovascular  
diseases, and diabetes1. Physiological ageing is a complex and multi-
factorial process that is regulated by both genetic and environmental 
factors2. Although tissues across the body are seemingly affected in 
different ways, one emerging hallmark of ageing is that reduction in 
tissue function usually correlates with a reduction in stem cell activity3. 
The blood system is critical for many aspects of organismal health, 
and proper maintenance of blood production relies on the ability of 
haematopoietic stem cells (HSCs) to self-renew and differentiate into 
all lineages of mature blood cells4. In adults, HSCs are rare and reside 
in specialized niches in the bone marrow cavity, where they are kept in 
a low metabolic, mainly glycolytic, quiescent state unless called upon 
to regenerate the blood system5. With age, HSCs lose their regenerative 
abilities, but their overall expansion maintains blood production in old 
organisms, albeit with typical features of blood ageing such as anae-
mia, immunosenescence, increased production of myeloid cells, and 
higher predisposition to haematological cancers6. Yet, how old HSCs 
(oHSCs) retain some functional abilities in an adverse ageing bone 
marrow microenvironment7,8 remains largely unknown.

Macroautophagy (hereafter called autophagy) is an essential prote-
ostasis and stress response mechanism that maintains cellular health 
by regulating the quantity and quality of organelles and macromole-
cules through lysosomal degradation, which is activated in response to 
nutrient deprivation and other stressors to generate energy and allow  
survival9. Autophagy is controlled by a series of autophagy-related 
genes (Atg) such as the ATG12 conjugation system (Atg12–Atg5–Atg16) 
that are essential for the formation of double-membrane autophago-
somes. Autophagy is regulated by important nutrient-sensing pathways 
including the mechanistic target of rapamycin (mTOR) and 5′  AMP- 
activated protein kinase (AMPK), which inhibits and activates autophagy,  
respectively. Autophagy is critical for the proper development of the 
blood system10,11, for HSC mobilization12, and to allow adult HSCs to 

survive acute metabolic stress13. Autophagy declines with age in many 
tissues14, and reduced autophagy levels in muscle stem cells directly 
contribute to decreased regenerative potential and muscle atrophy15. 
In contrast, we previously found increased basal autophagy in oHSCs13. 
Here, we set out to identify how autophagy controls HSC function, and 
how changes in autophagy levels affect HSC ageing.

Ageing phenotypes upon loss of autophagy
To inactivate autophagy in adult HSCs, we used our previously 
described Atg12flox/flox:Mx1-Cre conditional knockout (Atg12cKO) 
mouse model13, and deleted Atg12 with poly(I:C) (pIC) at 4 weeks of 
age (Fig. 1a). Surprisingly, the blood system of Atg12cKO mice remained 
largely healthy, with no persisting anaemia or lymphopenia observed 
over time as reported in other contexts10,11,16 (Extended Data Fig. 1a).  
Atg12cKO mice showed increased cellularity in the peripheral blood and 
spleen, and, similar to autophagy inactivation in fetal HSCs11, had a 
skewed ratio of circulating myeloid versus lymphoid cells, thus resem-
bling the myeloid-bias observed in old mice (Fig. 1b and Extended Data 
Fig. 1b–f). In contrast, Atg12cKO mice maintained normal numbers  
of phenotypic HSCs (Lin−/c-Kit+/Sca-1+/Flk2−/CD48−/CD150+) over 
time, with expanded multipotent progenitor (MPP) and granulocyte/ 
macrophage progenitor (GMP) compartments contributing to the  
myeloid expansion (Extended Data Fig. 1g–k). These phenotypes 
were conserved in a distinct Atg5flox/flox:Mx1-Cre conditional knockout 
(Atg5cKO) model (Extended Data Fig. 2a–e), and demonstrated features 
of premature blood ageing in adult autophagy-deficient mice.

To investigate the regenerative capacity of Atg12cKO HSCs, we first 
performed classic transplantation experiments with purified HSCs 
to directly measure their self-renewal and multilineage reconstitu-
tion activity (Extended Data Fig. 2f). Transplantation of 250 Atg12cKO 
HSCs into lethally irradiated recipients led to significantly impaired 
engraftment, with reduced overall chimaerism, myeloid-biased lineage 
distribution, and decreased numbers of regenerated HSCs (Fig. 1c). 

With age, haematopoietic stem cells lose their ability to regenerate the blood system, and promote disease development. 
Autophagy is associated with health and longevity, and is critical for protecting haematopoietic stem cells from metabolic 
stress. Here we show that loss of autophagy in haematopoietic stem cells causes accumulation of mitochondria and an 
activated metabolic state, which drives accelerated myeloid differentiation mainly through epigenetic deregulations, 
and impairs haematopoietic stem-cell self-renewal activity and regenerative potential. Strikingly, most haematopoietic 
stem cells in aged mice share these altered metabolic and functional features. However, approximately one-third of 
aged haematopoietic stem cells exhibit high autophagy levels and maintain a low metabolic state with robust long-term 
regeneration potential similar to healthy young haematopoietic stem cells. Our results demonstrate that autophagy 
actively suppresses haematopoietic stem-cell metabolism by clearing active, healthy mitochondria to maintain quiescence 
and stemness, and becomes increasingly necessary with age to preserve the regenerative capacity of old haematopoietic 
stem cells.

1Department of Medicine, Hem/Onc Division, The Eli and Edythe Broad Center for Regenerative Medicine and Stem Cell Research, University of California San Francisco, San Francisco, 
California 94143, USA. 2Department of Pathology, University of Michigan School of Medicine, Ann Arbor, Michigan 48109, USA. †Present addresses: Department of Human Genetics, Sylvester 
Comprehensive Cancer Center, University of Miami Miller School of Medicine, Miami, Florida 33136, USA (M.E.F.); Department of Genetics and Development, Columbia Stem Cell Initiative, 
Columbia University School of Medicine, New York, New York 10032, USA (E.P.).
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These features were further exacerbated upon secondary transplan-
tation of 500 re-isolated Atg12cKO HSCs, and directly demonstrated 
defective self-renewal activity in autophagy-deficient HSCs that closely 
resembled the functional impairment of oHSCs (Extended Data  
Fig. 2g). To address whether the need for autophagy changed with age, 
we next transplanted 2 ×  106 bone marrow cells from non-pIC-treated 
animals into lethally irradiated mice, induced Atg12 deletion 2 months 
after transplantation, and followed the recipients for up to 16 months 
after pIC treatment (Extended Data Fig. 2h). Of note, Atg12cKO mice 
could not be aged past 8 months after pIC owing to hepatomegaly from 
off-target deletion in the liver. Importantly, haematopoietic-specific 
deletion of Atg12 in transplanted mice led to a progressive age-related 
decline in donor-chimaerism and myeloid-biased lineage distribution 
(Fig. 1d), thus confirming the cell-intrinsic nature of these defects. 
These ageing features were further exacerbated upon deletion of auto-
phagy in mice transplanted with bone marrow cells from 24-month-
old animals (Extended Data Fig. 2i). Collectively, these results indicate 
striking similarities between autophagy-deficient HSCs and oHSCs 
with defective self-renewal activity and myeloid-biased differentiation 
potential, and demonstrate that autophagy is most critical for HSC 
function during ageing and in conditions of intense regenerative stress 
such as transplantation.

Autophagy regulates HSC metabolism
We next investigated how loss of autophagy affects HSC function. 
Electron microscopy analyses revealed increased numbers of total and 
elongated, fused mitochondria in Atg12cKO HSCs, which was directly 
confirmed by immunofluorescence staining for the mitochondrial 
protein TOM20 and flow cytometry measurements of mitochondrial 
mass with Mitotracker Green (MTG) (Fig. 2a–c and Extended Data  
Fig. 3a). Atg12cKO HSCs also had expanded endoplasmic reticulum 
(ER) and Golgi compartments, and increased numbers of small vesicles 
and lysosomes, confirmed by immunofluorescence staining and flow 

cytometry dye measurements (Extended Data Fig. 3b–e). These cellular 
features, together with elevated levels of p62 (Extended Data Fig. 3f), 
confirmed the loss of bulk autophagy in Atg12cKO HSCs, and suggest  
activation of alternative mechanisms of cellular recycling17 to allow 
HSC maintenance at steady state. Autophagy is known to degrade  
mitochondria through several pathways including the PINK1/PARK2 
stress mitophagy pathway18, which specifically clears damaged  
mitochondria. HSCs from Park2−/− mice19 showed decreased levels 
of mitochondrial membrane potential dye tetramethylrhodamine- 
ethyl-ester (TMRE), and TMRE/MTG ratio, probably reflecting  
damaged mitochondria (Extended Data Fig. 3g). In contrast, Atg12cKO 
HSCs had increased TMRE levels and TMRE/MTG ratio, indicat-
ing more active mitochondria (Fig. 2d, e). Further characterization 
of Park2−/− mice also revealed no similarities to the phenotypes of 
Atg12cKO mice, and normal function of Park2−/− HSCs in transplan-
tation experiments (Extended Data Fig. 3h–n). These results indicate 
that autophagy is most important for the clearance of healthy, active 
mitochondria in HSCs, as opposed to stress-induced specific removal 
of damaged mitochondria via mitophagy as recently studied20,21.

To understand the link between autophagy regulation and mito-
chondrial activity, we next grew wild-type HSCs or HSCs isolated 
from autophagy-reporter Gfp–Lc3 mice22 in cytokine-rich (+ cyt) 
conditions to force them out of quiescence and investigate their  
activated state before their first cell division (Fig. 2f). As expected, 
mTOR was rapidly activated in + cyt conditions, whereas it remained 
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Figure 1 | Accelerated blood ageing phenotypes in autophagy-
deficient mice. a, Scheme for deleting Atg12 in the adult blood system. 
b, Neutrophil counts in peripheral blood of control (Cnt) and Atg12cKO 
(cKO) mice after pIC (left), and young (Y) and old (O) mice (right); mo, 
months. c, Serial transplantations (tplx) of control and cKO HSCs showing 
donor chimaerism (left) and lineage distribution (centre) in peripheral 
blood, and HSC chimaerism (right; BM, bone marrow) at the indicated 
times after transplantation in primary (top) and secondary (bottom) 
recipients. d, Atg12 deletion in recipients transplanted with 2 ×  106 bone 
marrow cells from 2-month-old non-pIC-treated control and cKO donors 
showing donor chimaerism in peripheral blood after pIC (left; ±  s.e.m.) 
and lineage distribution at 61 days (pre-pIC) and 291 days (after pIC) after 
transplantation (right). Data are mean ±  s.d. except when indicated.  
* P ≤  0.05, * * P ≤  0.01, * * * P ≤  0.001.
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Figure 2 | Mitochondrial characteristics in autophagy-deficient 
HSCs and activated HSCs. a, Representative electron micrographs and 
quantification of total, normal (dark box) and elongated (light box) 
mitochondria in control and cKO HSCs; scale bar, 1 µ m. Statistical 
significance is for all three parameters; n indicates cell numbers.  
b, Representative TOM20 immunofluorescence staining and quantification  
of mitochondria in control and cKO HSCs. c–e, Mitochondria parameters 
in control and cKO HSCs: (c) MTG levels; (d) TMRE levels; and (e) 
TMRE/MTG ratio. f–j, In vitro HSC activation: (f) experimental scheme; 
(g) pS6 levels measured by flow cytometry (results are normalized to 
immunoglobulin-G (IgG) levels); (h) pS6, total S6, and pAMPK levels 
measured by western blot (actin was used as loading control); (i) GFP–LC3 
levels (n =  6 for 0 h; ±  s.e.m.); and (j) mitochondrial parameters (n =  6 
(TMRE), 10 (forward scatter, FSC), 7 (NADH), 4 (2-NBDG), and  
7 (MTG) at 0 h; ±  s.e.m.). Data are mean ±  s.d. except when indicated, and 
are expressed relative to control HSC (a–e) or 0 h HSC (g, i, j) levels.  
* P ≤  0.05, * * P ≤  0.01, * * * P ≤  0.001.
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Impaired autophagy halts proper repopulation of the BM and promotes HSC differentiation
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Ageing is the greatest risk factor for many pathological conditions 
including cancers, neurodegenerative disorders, cardiovascular  
diseases, and diabetes1. Physiological ageing is a complex and multi-
factorial process that is regulated by both genetic and environmental 
factors2. Although tissues across the body are seemingly affected in 
different ways, one emerging hallmark of ageing is that reduction in 
tissue function usually correlates with a reduction in stem cell activity3. 
The blood system is critical for many aspects of organismal health, 
and proper maintenance of blood production relies on the ability of 
haematopoietic stem cells (HSCs) to self-renew and differentiate into 
all lineages of mature blood cells4. In adults, HSCs are rare and reside 
in specialized niches in the bone marrow cavity, where they are kept in 
a low metabolic, mainly glycolytic, quiescent state unless called upon 
to regenerate the blood system5. With age, HSCs lose their regenerative 
abilities, but their overall expansion maintains blood production in old 
organisms, albeit with typical features of blood ageing such as anae-
mia, immunosenescence, increased production of myeloid cells, and 
higher predisposition to haematological cancers6. Yet, how old HSCs 
(oHSCs) retain some functional abilities in an adverse ageing bone 
marrow microenvironment7,8 remains largely unknown.

Macroautophagy (hereafter called autophagy) is an essential prote-
ostasis and stress response mechanism that maintains cellular health 
by regulating the quantity and quality of organelles and macromole-
cules through lysosomal degradation, which is activated in response to 
nutrient deprivation and other stressors to generate energy and allow  
survival9. Autophagy is controlled by a series of autophagy-related 
genes (Atg) such as the ATG12 conjugation system (Atg12–Atg5–Atg16) 
that are essential for the formation of double-membrane autophago-
somes. Autophagy is regulated by important nutrient-sensing pathways 
including the mechanistic target of rapamycin (mTOR) and 5′  AMP- 
activated protein kinase (AMPK), which inhibits and activates autophagy,  
respectively. Autophagy is critical for the proper development of the 
blood system10,11, for HSC mobilization12, and to allow adult HSCs to 

survive acute metabolic stress13. Autophagy declines with age in many 
tissues14, and reduced autophagy levels in muscle stem cells directly 
contribute to decreased regenerative potential and muscle atrophy15. 
In contrast, we previously found increased basal autophagy in oHSCs13. 
Here, we set out to identify how autophagy controls HSC function, and 
how changes in autophagy levels affect HSC ageing.

Ageing phenotypes upon loss of autophagy
To inactivate autophagy in adult HSCs, we used our previously 
described Atg12flox/flox:Mx1-Cre conditional knockout (Atg12cKO) 
mouse model13, and deleted Atg12 with poly(I:C) (pIC) at 4 weeks of 
age (Fig. 1a). Surprisingly, the blood system of Atg12cKO mice remained 
largely healthy, with no persisting anaemia or lymphopenia observed 
over time as reported in other contexts10,11,16 (Extended Data Fig. 1a).  
Atg12cKO mice showed increased cellularity in the peripheral blood and 
spleen, and, similar to autophagy inactivation in fetal HSCs11, had a 
skewed ratio of circulating myeloid versus lymphoid cells, thus resem-
bling the myeloid-bias observed in old mice (Fig. 1b and Extended Data 
Fig. 1b–f). In contrast, Atg12cKO mice maintained normal numbers  
of phenotypic HSCs (Lin−/c-Kit+/Sca-1+/Flk2−/CD48−/CD150+) over 
time, with expanded multipotent progenitor (MPP) and granulocyte/ 
macrophage progenitor (GMP) compartments contributing to the  
myeloid expansion (Extended Data Fig. 1g–k). These phenotypes 
were conserved in a distinct Atg5flox/flox:Mx1-Cre conditional knockout 
(Atg5cKO) model (Extended Data Fig. 2a–e), and demonstrated features 
of premature blood ageing in adult autophagy-deficient mice.

To investigate the regenerative capacity of Atg12cKO HSCs, we first 
performed classic transplantation experiments with purified HSCs 
to directly measure their self-renewal and multilineage reconstitu-
tion activity (Extended Data Fig. 2f). Transplantation of 250 Atg12cKO 
HSCs into lethally irradiated recipients led to significantly impaired 
engraftment, with reduced overall chimaerism, myeloid-biased lineage 
distribution, and decreased numbers of regenerated HSCs (Fig. 1c). 

With age, haematopoietic stem cells lose their ability to regenerate the blood system, and promote disease development. 
Autophagy is associated with health and longevity, and is critical for protecting haematopoietic stem cells from metabolic 
stress. Here we show that loss of autophagy in haematopoietic stem cells causes accumulation of mitochondria and an 
activated metabolic state, which drives accelerated myeloid differentiation mainly through epigenetic deregulations, 
and impairs haematopoietic stem-cell self-renewal activity and regenerative potential. Strikingly, most haematopoietic 
stem cells in aged mice share these altered metabolic and functional features. However, approximately one-third of 
aged haematopoietic stem cells exhibit high autophagy levels and maintain a low metabolic state with robust long-term 
regeneration potential similar to healthy young haematopoietic stem cells. Our results demonstrate that autophagy 
actively suppresses haematopoietic stem-cell metabolism by clearing active, healthy mitochondria to maintain quiescence 
and stemness, and becomes increasingly necessary with age to preserve the regenerative capacity of old haematopoietic 
stem cells.

1Department of Medicine, Hem/Onc Division, The Eli and Edythe Broad Center for Regenerative Medicine and Stem Cell Research, University of California San Francisco, San Francisco, 
California 94143, USA. 2Department of Pathology, University of Michigan School of Medicine, Ann Arbor, Michigan 48109, USA. †Present addresses: Department of Human Genetics, Sylvester 
Comprehensive Cancer Center, University of Miami Miller School of Medicine, Miami, Florida 33136, USA (M.E.F.); Department of Genetics and Development, Columbia Stem Cell Initiative, 
Columbia University School of Medicine, New York, New York 10032, USA (E.P.).
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These features were further exacerbated upon secondary transplan-
tation of 500 re-isolated Atg12cKO HSCs, and directly demonstrated 
defective self-renewal activity in autophagy-deficient HSCs that closely 
resembled the functional impairment of oHSCs (Extended Data  
Fig. 2g). To address whether the need for autophagy changed with age, 
we next transplanted 2 ×  106 bone marrow cells from non-pIC-treated 
animals into lethally irradiated mice, induced Atg12 deletion 2 months 
after transplantation, and followed the recipients for up to 16 months 
after pIC treatment (Extended Data Fig. 2h). Of note, Atg12cKO mice 
could not be aged past 8 months after pIC owing to hepatomegaly from 
off-target deletion in the liver. Importantly, haematopoietic-specific 
deletion of Atg12 in transplanted mice led to a progressive age-related 
decline in donor-chimaerism and myeloid-biased lineage distribution 
(Fig. 1d), thus confirming the cell-intrinsic nature of these defects. 
These ageing features were further exacerbated upon deletion of auto-
phagy in mice transplanted with bone marrow cells from 24-month-
old animals (Extended Data Fig. 2i). Collectively, these results indicate 
striking similarities between autophagy-deficient HSCs and oHSCs 
with defective self-renewal activity and myeloid-biased differentiation 
potential, and demonstrate that autophagy is most critical for HSC 
function during ageing and in conditions of intense regenerative stress 
such as transplantation.

Autophagy regulates HSC metabolism
We next investigated how loss of autophagy affects HSC function. 
Electron microscopy analyses revealed increased numbers of total and 
elongated, fused mitochondria in Atg12cKO HSCs, which was directly 
confirmed by immunofluorescence staining for the mitochondrial 
protein TOM20 and flow cytometry measurements of mitochondrial 
mass with Mitotracker Green (MTG) (Fig. 2a–c and Extended Data  
Fig. 3a). Atg12cKO HSCs also had expanded endoplasmic reticulum 
(ER) and Golgi compartments, and increased numbers of small vesicles 
and lysosomes, confirmed by immunofluorescence staining and flow 

cytometry dye measurements (Extended Data Fig. 3b–e). These cellular 
features, together with elevated levels of p62 (Extended Data Fig. 3f), 
confirmed the loss of bulk autophagy in Atg12cKO HSCs, and suggest  
activation of alternative mechanisms of cellular recycling17 to allow 
HSC maintenance at steady state. Autophagy is known to degrade  
mitochondria through several pathways including the PINK1/PARK2 
stress mitophagy pathway18, which specifically clears damaged  
mitochondria. HSCs from Park2−/− mice19 showed decreased levels 
of mitochondrial membrane potential dye tetramethylrhodamine- 
ethyl-ester (TMRE), and TMRE/MTG ratio, probably reflecting  
damaged mitochondria (Extended Data Fig. 3g). In contrast, Atg12cKO 
HSCs had increased TMRE levels and TMRE/MTG ratio, indicat-
ing more active mitochondria (Fig. 2d, e). Further characterization 
of Park2−/− mice also revealed no similarities to the phenotypes of 
Atg12cKO mice, and normal function of Park2−/− HSCs in transplan-
tation experiments (Extended Data Fig. 3h–n). These results indicate 
that autophagy is most important for the clearance of healthy, active 
mitochondria in HSCs, as opposed to stress-induced specific removal 
of damaged mitochondria via mitophagy as recently studied20,21.

To understand the link between autophagy regulation and mito-
chondrial activity, we next grew wild-type HSCs or HSCs isolated 
from autophagy-reporter Gfp–Lc3 mice22 in cytokine-rich (+ cyt) 
conditions to force them out of quiescence and investigate their  
activated state before their first cell division (Fig. 2f). As expected, 
mTOR was rapidly activated in + cyt conditions, whereas it remained 
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Figure 1 | Accelerated blood ageing phenotypes in autophagy-
deficient mice. a, Scheme for deleting Atg12 in the adult blood system. 
b, Neutrophil counts in peripheral blood of control (Cnt) and Atg12cKO 
(cKO) mice after pIC (left), and young (Y) and old (O) mice (right); mo, 
months. c, Serial transplantations (tplx) of control and cKO HSCs showing 
donor chimaerism (left) and lineage distribution (centre) in peripheral 
blood, and HSC chimaerism (right; BM, bone marrow) at the indicated 
times after transplantation in primary (top) and secondary (bottom) 
recipients. d, Atg12 deletion in recipients transplanted with 2 ×  106 bone 
marrow cells from 2-month-old non-pIC-treated control and cKO donors 
showing donor chimaerism in peripheral blood after pIC (left; ±  s.e.m.) 
and lineage distribution at 61 days (pre-pIC) and 291 days (after pIC) after 
transplantation (right). Data are mean ±  s.d. except when indicated.  
* P ≤  0.05, * * P ≤  0.01, * * * P ≤  0.001.
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Figure 2 | Mitochondrial characteristics in autophagy-deficient 
HSCs and activated HSCs. a, Representative electron micrographs and 
quantification of total, normal (dark box) and elongated (light box) 
mitochondria in control and cKO HSCs; scale bar, 1 µ m. Statistical 
significance is for all three parameters; n indicates cell numbers.  
b, Representative TOM20 immunofluorescence staining and quantification  
of mitochondria in control and cKO HSCs. c–e, Mitochondria parameters 
in control and cKO HSCs: (c) MTG levels; (d) TMRE levels; and (e) 
TMRE/MTG ratio. f–j, In vitro HSC activation: (f) experimental scheme; 
(g) pS6 levels measured by flow cytometry (results are normalized to 
immunoglobulin-G (IgG) levels); (h) pS6, total S6, and pAMPK levels 
measured by western blot (actin was used as loading control); (i) GFP–LC3 
levels (n =  6 for 0 h; ±  s.e.m.); and (j) mitochondrial parameters (n =  6 
(TMRE), 10 (forward scatter, FSC), 7 (NADH), 4 (2-NBDG), and  
7 (MTG) at 0 h; ±  s.e.m.). Data are mean ±  s.d. except when indicated, and 
are expressed relative to control HSC (a–e) or 0 h HSC (g, i, j) levels.  
* P ≤  0.05, * * P ≤  0.01, * * * P ≤  0.001.
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These features were further exacerbated upon secondary transplan-
tation of 500 re-isolated Atg12cKO HSCs, and directly demonstrated 
defective self-renewal activity in autophagy-deficient HSCs that closely 
resembled the functional impairment of oHSCs (Extended Data  
Fig. 2g). To address whether the need for autophagy changed with age, 
we next transplanted 2 ×  106 bone marrow cells from non-pIC-treated 
animals into lethally irradiated mice, induced Atg12 deletion 2 months 
after transplantation, and followed the recipients for up to 16 months 
after pIC treatment (Extended Data Fig. 2h). Of note, Atg12cKO mice 
could not be aged past 8 months after pIC owing to hepatomegaly from 
off-target deletion in the liver. Importantly, haematopoietic-specific 
deletion of Atg12 in transplanted mice led to a progressive age-related 
decline in donor-chimaerism and myeloid-biased lineage distribution 
(Fig. 1d), thus confirming the cell-intrinsic nature of these defects. 
These ageing features were further exacerbated upon deletion of auto-
phagy in mice transplanted with bone marrow cells from 24-month-
old animals (Extended Data Fig. 2i). Collectively, these results indicate 
striking similarities between autophagy-deficient HSCs and oHSCs 
with defective self-renewal activity and myeloid-biased differentiation 
potential, and demonstrate that autophagy is most critical for HSC 
function during ageing and in conditions of intense regenerative stress 
such as transplantation.

Autophagy regulates HSC metabolism
We next investigated how loss of autophagy affects HSC function. 
Electron microscopy analyses revealed increased numbers of total and 
elongated, fused mitochondria in Atg12cKO HSCs, which was directly 
confirmed by immunofluorescence staining for the mitochondrial 
protein TOM20 and flow cytometry measurements of mitochondrial 
mass with Mitotracker Green (MTG) (Fig. 2a–c and Extended Data  
Fig. 3a). Atg12cKO HSCs also had expanded endoplasmic reticulum 
(ER) and Golgi compartments, and increased numbers of small vesicles 
and lysosomes, confirmed by immunofluorescence staining and flow 

cytometry dye measurements (Extended Data Fig. 3b–e). These cellular 
features, together with elevated levels of p62 (Extended Data Fig. 3f), 
confirmed the loss of bulk autophagy in Atg12cKO HSCs, and suggest  
activation of alternative mechanisms of cellular recycling17 to allow 
HSC maintenance at steady state. Autophagy is known to degrade  
mitochondria through several pathways including the PINK1/PARK2 
stress mitophagy pathway18, which specifically clears damaged  
mitochondria. HSCs from Park2−/− mice19 showed decreased levels 
of mitochondrial membrane potential dye tetramethylrhodamine- 
ethyl-ester (TMRE), and TMRE/MTG ratio, probably reflecting  
damaged mitochondria (Extended Data Fig. 3g). In contrast, Atg12cKO 
HSCs had increased TMRE levels and TMRE/MTG ratio, indicat-
ing more active mitochondria (Fig. 2d, e). Further characterization 
of Park2−/− mice also revealed no similarities to the phenotypes of 
Atg12cKO mice, and normal function of Park2−/− HSCs in transplan-
tation experiments (Extended Data Fig. 3h–n). These results indicate 
that autophagy is most important for the clearance of healthy, active 
mitochondria in HSCs, as opposed to stress-induced specific removal 
of damaged mitochondria via mitophagy as recently studied20,21.

To understand the link between autophagy regulation and mito-
chondrial activity, we next grew wild-type HSCs or HSCs isolated 
from autophagy-reporter Gfp–Lc3 mice22 in cytokine-rich (+ cyt) 
conditions to force them out of quiescence and investigate their  
activated state before their first cell division (Fig. 2f). As expected, 
mTOR was rapidly activated in + cyt conditions, whereas it remained 
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Figure 1 | Accelerated blood ageing phenotypes in autophagy-
deficient mice. a, Scheme for deleting Atg12 in the adult blood system. 
b, Neutrophil counts in peripheral blood of control (Cnt) and Atg12cKO 
(cKO) mice after pIC (left), and young (Y) and old (O) mice (right); mo, 
months. c, Serial transplantations (tplx) of control and cKO HSCs showing 
donor chimaerism (left) and lineage distribution (centre) in peripheral 
blood, and HSC chimaerism (right; BM, bone marrow) at the indicated 
times after transplantation in primary (top) and secondary (bottom) 
recipients. d, Atg12 deletion in recipients transplanted with 2 ×  106 bone 
marrow cells from 2-month-old non-pIC-treated control and cKO donors 
showing donor chimaerism in peripheral blood after pIC (left; ±  s.e.m.) 
and lineage distribution at 61 days (pre-pIC) and 291 days (after pIC) after 
transplantation (right). Data are mean ±  s.d. except when indicated.  
* P ≤  0.05, * * P ≤  0.01, * * * P ≤  0.001.
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Figure 2 | Mitochondrial characteristics in autophagy-deficient 
HSCs and activated HSCs. a, Representative electron micrographs and 
quantification of total, normal (dark box) and elongated (light box) 
mitochondria in control and cKO HSCs; scale bar, 1 µ m. Statistical 
significance is for all three parameters; n indicates cell numbers.  
b, Representative TOM20 immunofluorescence staining and quantification  
of mitochondria in control and cKO HSCs. c–e, Mitochondria parameters 
in control and cKO HSCs: (c) MTG levels; (d) TMRE levels; and (e) 
TMRE/MTG ratio. f–j, In vitro HSC activation: (f) experimental scheme; 
(g) pS6 levels measured by flow cytometry (results are normalized to 
immunoglobulin-G (IgG) levels); (h) pS6, total S6, and pAMPK levels 
measured by western blot (actin was used as loading control); (i) GFP–LC3 
levels (n =  6 for 0 h; ±  s.e.m.); and (j) mitochondrial parameters (n =  6 
(TMRE), 10 (forward scatter, FSC), 7 (NADH), 4 (2-NBDG), and  
7 (MTG) at 0 h; ±  s.e.m.). Data are mean ±  s.d. except when indicated, and 
are expressed relative to control HSC (a–e) or 0 h HSC (g, i, j) levels.  
* P ≤  0.05, * * P ≤  0.01, * * * P ≤  0.001.
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inactive in cytokine-starved (− cyt) conditions, while AMPK was 
transiently induced (Fig. 2g, h and Extended Data Fig. 4a). This 
was accompanied by a rapid reduction of GFP–LC3 levels reflecting 
autophagy activation in –cyt conditions, and increased GFP–LC3 
and p62 levels indicating autophagy inhibition in + cyt conditions 
(Fig. 2i and Extended Data Fig. 4b, c). Furthermore, pharmacological 
mTOR inhibition or AMPK activation directly induced autophagy 
in Gfp–Lc3 HSCs grown in + cyt conditions, while AMPK inhibition 
reduced autophagy induction in − cyt conditions (Extended Data 
Fig. 4d). In + cyt conditions, we also found a steady increase in mito-
chondrial mass and membrane potential, reflecting mitochondrial 
activation, and cell size, NADH levels and glucose uptake, suggest-
ing increased metabolic activity (Fig. 2j). Seahorse metabolic flux 
analyses measuring oxygen consumption rates confirmed markedly 
increased oxidative phosphorylation (OXPHOS) levels in activated 
HSCs (aHSCs) grown for 21 h in + cyt conditions compared with 
freshly isolated, quiescent HSCs (qHSCs) (Fig. 3a). Collectively, 
these results demonstrate that qHSCs switch from a normally low 
OXPHOS state to a high mitochondria-driven OXPHOS state during 
activation.

Strikingly, Atg12cKO HSCs also exhibited these features of an aHSC 
state, with increased cell size, NADH, ATP, and glucose uptake  
(Fig. 3b, c and Extended Data Fig. 4e). Furthermore, freshly isolated 
HSC-enriched Atg12cKO LSK cells (Lin−/c-Kit+/Sca-1+) displayed 
increased OXPHOS levels, specifically maximum capacity, with 
unchanged glycolysis levels measured by extracellular acidification rate 
(Fig. 3d and Extended Data Fig. 4f). Similar to Atg12cKO LSKs, oHSCs 
also exhibited increased cell size, NADH and ATP levels, and elevated 
OXPHOS with decreased glycolysis (Fig. 3c, e and Extended Data  
Fig. 4e, g), suggesting an overactive oxidative metabolism. However, 
in contrast to Atg12cKO HSCs, oHSCs had decreased TMRE levels and 
TMRE/MTG ratios (Extended Data Fig. 4h), which could indicate the 
presence of some damaged mitochondria23. Collectively, these results 
demonstrate that HSC activation is directly associated with metabolic 
activation and increased mitochondrial OXPHOS, and that, in the 
absence of autophagy, HSCs are kept in an activated state reminiscent 
of the alert state recently described for muscle stem cells24. They also 
show that oHSCs, like autophagy-deficient HSCs, are metabolically 
more active than young HSCs (yHSC).

Loss of autophagy alters HSC fate
We then explored the consequences of increased oxidative metabo-
lism for Atg12cKO HSC fate decisions. Similar to aHSCs, Atg12cKO HSCs 
showed increased levels of reactive oxygen species (ROS), which did 
not cause DNA damage or apoptosis (Extended Data Figs 4i–k and 5a). 
As expected for more metabolically activated cells, Atg12cKO HSCs also 
had elevated protein synthesis rates and increased cell cycle activity  
(Extended Data Fig. 5b, c). Notably, oHSCs showed reduced ROS 
levels and decreased protein synthesis rates, which contrasted with 
their OXPHOS-activated status, but is probably influenced by their 
replication stress features25 (Extended Data Fig. 5d, e). However, both 
Atg12cKO HSCs and oHSCs25 displayed a similar loss of quiescence 
and pro-myeloid differentiation associated with increased unipotent 
mature colonies and decreased multipotent immature colonies formed 
in methylcellulose (Fig. 4a, b). Strikingly, yHSCs treated with the auto-
phagy inhibitor bafilomycin A (BafA) and untreated oHSCs showed a 
matching reduction in multipotent colonies, which was greatly exac-
erbated in BafA-treated oHSCs (Fig. 4c). Interestingly, treatment with 
the antioxidant N-acetylcysteine (NAC), which is known to ameliorate 
many ROS-mediated phenotypes26, did not rescue the precocious mye-
loid differentiation of Atg12cKO HSCs in methylcellulose, nor limit the 
myeloid expansion in Atg12cKO mice treated in vivo (Extended Data  
Fig. 5f–i). These data demonstrate that the non-cytotoxic increase 
in ROS levels observed in metabolically activated Atg12cKO HSCs 
has no major role in driving precocious myeloid differentiation in  
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Role 3: resistance to metabolic stress and cell death

Aerobic glycolysis and respiration
Glucose is an essential nutrient for most cells, as a source of en-
ergy and for its role providing the sugar backbone and reducing
equivalents required for macromolecule synthesis (Figure 2A).
Glucose is metabolized via glycolysis to form pyruvate, and
glycolytic intermediates serve key roles in proliferating cells.
Glucose diversion to the pentose phosphate pathway yields
ribose for nucleotide synthesis and/or NADPH. Pyruvate can
enter the tricarboxylic acid (TCA) cycle, where complete com-
bustion yields reducing equivalents (NADH, FADH2) that fuel
oxidative phosphorylation through the electron transport chain
(ETC). Nevertheless, most rapidly proliferating cells paradoxi-
cally throw away most of their glucose-derived carbons as
lactate, even when supplied sufficient oxygen to sustain TCA cy-
cle flux.26 This process of aerobic glycolysis, often referred to as
the ‘‘Warburg effect,’’ can net generate only 2 molecules of ATP
per molecule of glucose. Aerobic glycolysis was discovered in
cancer cells and was long considered to be a metabolic quirk
of transformed cells. Studies in stem cells challenged this model,
revealing that many stem cell populations also exhibit aerobic
glycolysis, which appears to be a feature of most rapidly prolifer-
ating cultured cells.18 Why rapidly proliferating cells discard car-
bon as lactate is largely an open question, although recent evi-
dence indicates that the conversion of pyruvate to lactate via
lactate dehydrogenase (LDH) is favored when the demand for
NAD+ regeneration outstrips the demand for ATP.27,28

Given the importance of glucose metabolism, many studies
have investigated the role of glycolysis and the fate of pyruvate
in a variety of cell types. In stem cells, the fate of pyruvate—to
be excreted as lactate or burned in the TCA cycle—is closely
tied to cell state. One example of this is PSCs, which are tran-
scriptionally reminiscent of the pre- or post-implantation
epiblast, depending on their in vitro culture conditions.29,30 The
addition of inhibitors against MEK and GSK3b is sufficient to

drive mouse PSCs into the naive state of pluripotency reminis-
cent of the pre-implantation epiblast31; further interventions are
required to capture the naive pluripotent state in human
PSCs.32,33 In general, PSCs cultured in the naive state have
higher basal respiration relative to their post-implantation coun-
terparts,34–37 and naive mouse PSCs preferentially incorporate
glucose-derived pyruvate into TCA cycle intermediates.38–40

Increased respiration enables optimal proliferation in naive
ESCs and may even be required for entry into the naive pluripo-
tent state,36 but the precise outputs of respiration that benefit
naive PSCs remain unknown. Notably, high respiration is not
mutually exclusive with aerobic glycolysis: some naive human
PSCs also exhibit high lactate production, reflecting overall
elevated glucose metabolism and/or oxidation of additional sub-
strates in these cells.34

As PSCs exit the naive pluripotent state, they transiently
decrease glucose oxidation in the TCA cycle and increase
lactate secretion.34,36,40,41 Accordingly, PSCs mimicking post-
implantation epiblast states are glycolytic with minimal glucose
oxidation. This aerobic glycolysis phenotype is reversed upon
further differentiation, which is often accompanied by decreased
glucose flux through glycolysis and decreased lactate secre-
tion.34,41,42 Aerobic glycolysis is not universally downregulated
during differentiation, however; human PSCs maintain high
glycolytic flux when differentiated to ectoderm, but not meso-
derm and endoderm.43 As with studies of cancer cells, whether
aerobic glycolysis confers specific benefits to stem cells remains
an open question. Certainly, pharmacologic inhibition of glycol-
ysis impairs proliferation in several PSC models.34,44 Likewise,
how such major metabolic shifts are coordinated is not fully un-
derstood, although several pluripotency transcription factors are
directly implicated in metabolic control. For example, OCT4 and
MYC directly regulate glycolytic genes,43,45 and STAT3 is re-
ported to translocate to the mitochondria to activate mitochon-
drial gene expression.36

The relative downregulation of glycolysis with PSC differenti-
ation stands in contrast to some tissue-resident stem cells
where glycolysis is associated with stem cell activation and dif-
ferentiation to progenitors. In hematopoietic stem cells (HSCs),
quiescent HSCs exhibit lower expression of glycolytic genes,
have a lower ECAR, and are less sensitive to pharmacologic in-
hibition of glycolysis in vitro.46 As HSCs activate and differen-
tiate, reliance on glycolysis increases. Genetic deletion of
LDHA or the upstream glycolysis enzyme PKM2 decreased
lactate production and compromised hematopoiesis during
forced hematopoietic system reconstitution in transplantation
assays, without affecting maintenance of homeostatic
HSCs.47 Similarly, deletion of PDK2 and PDK4 or silencing of
PDK1, which would be expected to promote mitochondrial py-
ruvate oxidation at the expense of glycolytic flux, impairs
HSC reconstitution capacity.48,49 Importantly, it is unclear
whether these defects observed in glycolysis-deficient HSCs
are due to decreased glycolysis or if enhanced pyruvate
oxidation and concomitant increased respiration reduces self-
renewal potential. Increased mitochondrial respiration can
generate reactive oxygen species (ROS) that impair HSC func-
tion.50 Consistently, antioxidant treatment decreased ROS
levels and partially rescued bone marrow transplantation in
LDHA-deficient HSCs, suggesting that decreased oxidative

Sustained
proliferation

Quiescence

Coping with
cellular stress
and cell death

Regulation
of cell fate

Niche requirements

Figure 1. Metabolic support of stem cell functions
While metabolism can vary dramatically between different stem cell types,
several common themes have emerged in stem cell metabolism that support
vital cellular functions. Specific metabolic strategies support stem cell prolif-
eration (1) and quiescence (2). Metabolism is likewise involved in stem cell
responses to cellular stressors and cell death (3). By influencing the deposition
or removal of epigenetic modifications, metabolism can also control stem cell
fate (4). Stem cells are also influenced by the metabolic requirements of their
endogenous niche (5).
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Cell metabolism is emerging as an additional determinant of stem cell function. 



As reservoirs for tissue regeneration in settings of injury, stem cells must be able 
to withstand some degree of cellular stress.  
Strikingly, viable tissue stem cells capable of engraftment have been iso- lated up to four 
days postmortem, suggesting that stem cells are uniquely positioned to resist external 
stressors.  

At the same time, precautions are taken to ensure defective stem cells do not contribute 
to the progenitor pool and so appropriate control of cell death programs is critical for 
normal development and tissue homeostasis. 

Role 3: resistance to metabolic stress and cell death

High lysosomal activity also defines naive PSCs; here, lyso-
somal activity licenses hydrolysis of extracellular protein and en-
ables amino acid independence.111 Suggestively, the TFEB ho-
molog TFE3 is sufficient to trap PSCs in the naive, ground
state of pluripotency,112,113 although the degree to which the ef-
fect of TFE3 on PSC fate requires lysosomal hydrolysis or induc-
tion of quiescence-like features remains to be determined. While
the precise benefit of increased autophagic and lysosomal flux is
likely context specific, these studies demonstrate the impor-
tance of cellular degradation pathways in maintaining the quies-
cent state and during stem cell activation.

HALLMARK 3: RESISTANCE TO METABOLIC STRESS
AND CELL DEATH

Metabolic support of cell survival and proliferation is balanced
with tight metabolic control of cell death.114 As reservoirs for
tissue regeneration in settings of injury, stem cells must be
able to withstand some degree of cellular stress. Strikingly,
viable tissue stem cells capable of engraftment have been iso-
lated up to four days postmortem,115 suggesting that stem cells
are uniquely positioned to resist external stressors. At the same
time, precautions are taken to ensure defective stem cells do
not contribute to the progenitor pool and so appropriate control
of cell death programs is critical for normal development and
tissue homeostasis.116 The diverse strategies that govern
stem cell responses to stress are an area of active inquiry
(Figure 4).

Regulation of cell death
Rapid proliferation in PSCs is balanced with tight control of cell
death pathways. In the developing mouse embryo, the epiblast
cell number increases 100-fold from E5.5 to E7.5.117 Concomi-
tantly, large numbers of cells are eliminated through apoptosis
at E6.5.118 This induction of cell death with differentiation has
been further studied in connection with sensitivity to ionizing ra-

diation. Low-dose (0.5 Gy) irradiation induces apoptosis of E6.5
embryos, but not their pre-implantation counterparts that have
not yet begun gastrulation.119 This differential resistance to cell
death has also been observed in PSCs in culture and extended
to other cellular stresses. For example, loss of microRNAs,
oxidative stress, and endoplasmic reticulum (ER) stress all lead
to apoptosis induction in EpiSCs but not in their naive coun-
terparts.120,121

These results have led to the hypothesis that embryonic differ-
entiation is accompanied by state-specific propensity for cell
death. Human PSCs which in vitro are maintained in a primed,
post-implantation-like state are more sensitive to DNA damage
and ER stress than differentiated cells.122,123 Consistently, the
PSC stage with the highest priming for cell death corresponds
to the embryonic stage where apoptosis occurs,118 illustrating
the utility of cell culture models to interrogate key regulatory
steps during normal development. As apoptosis is tightly linked
to mitochondrial permeabilization and caspase activation,124

several studies have examined the role of mitochondrial dy-
namics in PSCs. Naive PSCs have higher expression mitochon-
drial fusion regulator DRP1, and loss of DRP1 is sufficient to
lower the apoptotic threshold in these cells. Conversely, overex-
pression of DRP1 can inhibit apoptosis at baseline and in
response to endoplasmic reticulum and oxidative stress in differ-
entiating PSCs.121 Mitochondrial dynamics therefore might not
only support bioenergetics but also play an important role in pro-
moting PSC resistance to stress.
In contrast to PSCs that represent transient developmental

states, tissue stem cells function over organismal lifetimes
and must guard against accumulation of damaged organelles
or compromised genetic integrity. Accordingly, tissue stem
cells often exhibit increased propensity for cell death relative
to their more committed counterparts. For example, following
irradiation, HSCs exhibit higher levels of apoptosis than he-
matopoietic progenitors.125 Enforced oxidative DNA damage
or ER stress similarly reduced HSC proliferation and viability

Figure 4. Stem cell responses to cellular stress
Stem cells have distinct responses to cellular stress. While PSCs are resistant to cell death, tissue stem cell populations have increased propensity for cell death
or differentiation in response to external stressors. Stem cells also have increased reliance on cellular detoxification and antioxidant pathways. Activation of the
integrated stress response has also been linked to stem cell function and dysfunction in normal development and disease.
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SUMMARY

The changes that drive differentiation facilitate the emergence of abnormal cells that need to be removed
before they contribute to further development or the germline. Consequently, inmice in the lead-up to gastru-
lation, !35% of embryonic cells are eliminated. This elimination is caused by hypersensitivity to apoptosis,
but how it is regulated is poorly understood. Here, we show that upon exit of naive pluripotency, mouse em-
bryonic stem cells lower their mitochondrial apoptotic threshold, and this increases their sensitivity to cell
death. We demonstrate that this enhanced apoptotic response is induced by a decrease in mitochondrial
fission due to a reduction in the activity of dynamin-related protein 1 (DRP1). Furthermore, we show that in
naive pluripotent cells, DRP1 prevents apoptosis by promotingmitophagy. In contrast, during differentiation,
reduced mitophagy levels facilitate apoptosis. Together, these results indicate that during early mammalian
development, DRP1 regulation of mitophagy determines the apoptotic response.

INTRODUCTION

The appropriate regulation of apoptosis during embryonic devel-
opment is essential for maintaining the right balance between the
elimination of suboptimal cells and the availability of sufficient
cell numbers to sustain embryo growth (Bowling et al., 2019).
The maintenance of this balance is most acutely evident in the
lead-up to gastrulation, when the mouse epiblast not only un-
dergoes the process of germ layer specification but also displays
a significant expansion in cell numbers, from 150 at E5.5 to
15,000 cells at E7.5 (Snow, 1977). This rapid proliferation of cells
is concomitant with the substantial cellular changes that accom-
pany gastrulation, most notably extinction of the pluripotency
network and activation of differentiation genes in a lineage-spe-
cific manner. Any abnormal or mis-specified cell, which cannot

perform these changes appropriately, needs to be removed
from the embryo to prevent them from contributing to further
development or the germline, which is also specified around
E6.5 (Leitch et al., 2013). Hence, a wave of cell death takes place
in the mouse embryo at E6.5, most likely reflecting the elimina-
tion of these abnormal cells (Manova et al., 1998; Spruce
et al., 2010).
One way by which the embryo facilitates the elimination of

aberrant cells is through lowering the apoptotic threshold as it
proceeds from a pre-implantation to an early post-implantation
stage of development. Indeed, although low doses of ionizing ra-
diation do not induce apoptosis in mouse pre-implantation em-
bryos, these same low doses lead to a strong apoptotic
response in the post-implantation epiblast (Heyer et al., 2000).
Similarly, although cells with a range of genetic defects,
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during mitosis (Tilokani et al., 2018). This indicates that naive
pluripotent cells have higher fission activity. To determine if the
higher p-DRP1 expression is responsible for the rounded mito-
chondrial shape of ESCs, we knocked out Drp1 by CRISPR-
Cas9. Although Drp1!/! ESCs remained pluripotent, their mito-
chondria became elongated and hyperfused (Figures 5A–5C
and S3A–S3C). These results indicate that DRP1-induced mito-
chondrial fission is required for the fragmented mitochondrial
shape observed in ESCs.

DRP1 plays a key role in determining the apoptotic
threshold of naive and primed pluripotent cells
To evaluate whether DRP1 levels determine the apoptotic
threshold of pluripotent cells, we first analyzed the effects of
loss of Drp1. In the first instance, we compared the apoptotic
response of wild-type and Drp1!/! ESCs with ER stress or
oxidative stress. We observed that a significantly higher propor-
tion ofDrp1!/! cells treated with thapsigargin or sodium arsenite
showsMOMP (Figures 5D and 5E).We next analyzed the kinetics

Figure 4. Mitochondria fuse to form complex networks upon differentiation
(A) ATP-b immunostaining showing mitochondrial morphology in ESCs and EpiSCs. Scale bars, 10 mm.

(B) ATP-b immunostaining showing mitochondrial morphology in E3.5, E4.5, and E6.5 mouse embryos. 23 magnification over ICM/Epiblast area. Scale

bars, 5 mm.

(C) Quantification of the mitochondria circularity and perimeter of E3.5, E4.5, and E6.5 embryos.

(D) Basal levels of mitochondrial fusion and fission proteins in ESC and EpiSCs.

(E) Quantification of (D). Protein levels are normalized against a-TUBULIN (TUB). The average from 3 independent experiments ± SEM is shown. Two-way ANOVA

with !Sidák correction. **p < 0.01, ***p < 0.001, or ****p < 0.00001. MW, molecular weight.

See also Figure S2.
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Figure 6. DRP1 overexpression inhibits the apoptotic response during the onset of pluripotent stem cell differentiation
(A) ATP-b immunostaining showing mitochondrial morphology in wild-type and Drp1OE cells during differentiation. Scale bar, 10 mm.

(B) Circularity measurement of mitochondrial particles from ATP-b immunostained images of wild-type and Drp1OE cells at day 3 of differentiation.

(C) Quantitative RT-PCR showing gene expression levels of naive and primed pluripotency markers in wild-type and Drp1OE ESCs cultured in pluripotency

(Plurip.) or differentiation (Diff.) conditions. Gene expression normalized against Gapdh.

(D) Fold change in basal cleaved caspase-3 levels in wild-type and Drp1OE cells at day 3 of differentiation, quantified from Figures S4D, S4F, and S4G.

(E) Fold change in cleaved caspase-3 levels in wild-type and Drp1OE cells untreated or treated with 1 mM thapsigargin (Tg) for 5 h. Quantified from Figure S4D.

(F) Fold change in cleaved caspase-3 levels in wild-type and Drp1OE cells untreated or treated with 1 mM sodium arsenate (NaAsO2) for 5 h. Quantified from

Figure S4F.

(legend continued on next page)
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DRP1 over expression inhibits the apoptotic response during the onset of PSC differentiation
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Role 3: resistance to metabolic stress and cell death
ROS are endogenous toxic metabolites. Their levels must be finely monitored and 
tend to accumulate with aging. 
Alterations in ROS levels cause both failure of stem cell self-renewal and impaired 
differentiation, suggesting that tight regulation of ROS is critical for stem cell function. 



Because ROS can be genotoxic, many stem cell populations moderate its 
production to ensure genetic integrity in naive progenitors. 

Role 3: resistance to metabolic stress and cell death

Mitochondrial ETC complexes I and III are a major source of ROS production in mammalian 
cells; therefore, decreased electron deposition into the ETC is one method of controlling cellular 
ROS levels.  

Increased ROS levels are correlated with increased respiration and stem cell dysfunction in a 
variety of genetic models, and antioxidant treatment rescues stem cell defects seen in settings of 
altered respiration.
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Oocytes maintain ROS-free mitochondrial 
metabolism by suppressing complex I

Aida Rodríguez-Nuevo1, Ariadna Torres-Sanchez1, Juan M. Duran1, Cristian De Guirior2,3,4, 
Maria Angeles Martínez-Zamora2,3,4 & Elvan Böke1,5 ✉

Oocytes form before birth and remain viable for several decades before fertilization1. 
Although poor oocyte quality accounts for most female fertility problems, little is 
known about how oocytes maintain cellular fitness, or why their quality eventually 
declines with age2. Reactive oxygen species (ROS) produced as by-products of 
mitochondrial activity are associated with lower rates of fertilization and embryo 
survival3–5. Yet, how healthy oocytes balance essential mitochondrial activity with  
the production of ROS is unknown. Here we show that oocytes evade ROS by 
remodelling the mitochondrial electron transport chain through elimination of 
complex I. Combining live-cell imaging and proteomics in human and Xenopus 
oocytes, we find that early oocytes exhibit greatly reduced levels of complex I. This is 
accompanied by a highly active mitochondrial unfolded protein response, which is 
indicative of an imbalanced electron transport chain. Biochemical and functional 
assays confirm that complex I is neither assembled nor active in early oocytes. Thus, 
we report a physiological cell type without complex I in animals. Our findings also 
clarify why patients with complex-I-related hereditary mitochondrial diseases do  
not experience subfertility. Complex I suppression represents an evolutionarily 
conserved strategy that allows longevity while maintaining biological activity in 
long-lived oocytes.

Human primordial oocytes are formed during fetal development and 
remain dormant in the ovary for up to 50 years. Despite a long period 
of dormancy, oocytes retain the ability to give rise to a new organ-
ism after fertilization. Decline in oocyte fitness is a key contributor 
to infertility with age2. However, little is known about how oocytes 
maintain cellular fitness for decades to preserve their developmental 
potential, complicating efforts to understand the declining oocyte 
quality in ageing women.

Oocytes remain metabolically active during dormancy6,7, and thus 
must maintain mitochondrial activity for biosynthesis of essential 
biomolecules8. Yet, mitochondria are a major source of ROS, generating 
them as by-products of mitochondrial oxidative metabolism. Although 
ROS can function as signalling molecules9, at high concentrations ROS 
promote DNA mutagenesis and are cytotoxic. Indeed, ROS levels are 
linked to apoptosis and reduced developmental competence in oocytes 
and embryos3–5. However, the mechanisms by which oocytes maintain 
this delicate balance between mitochondrial activity and ROS produc-
tion have remained elusive.

Mitochondrial ROS in early oocytes
Early human oocytes can be accessed only through invasive surgery 
into ovaries. Therefore, biochemical investigations into oocyte biol-
ogy have historically been hindered by severe sample limitations. As 

a consequence, mitochondrial activity in primordial oocytes remains 
largely unstudied. Here we overcome challenges imposed by human 
oocytes by utilizing an improved human oocyte isolation protocol 
recently developed in our laboratory6, which we combine with a com-
parative evolutionary approach using more readily available Xenopus 
stage I oocytes (both referred to as early oocytes hereafter; Extended 
Data Fig. 1a,b). This approach allowed us to generate hypotheses using 
multi-species or Xenopus-alone analyses, and subsequently test those 
hypotheses in human oocytes.

We began our studies by imaging live early human and Xenopus 
oocytes labelled with various mitochondrial probes that quantify ROS 
levels. Neither Xenopus nor human early oocytes showed any detectable 
ROS signal, whereas mitochondria in somatic granulosa cells surround-
ing the oocytes exhibited ROS and served as positive controls (Fig. 1a–c 
and Extended Data Fig. 1c–g). ROS induction in oocytes also served as 
a positive control for live ROS probes (Extended Data Fig. 1h,i).

To distinguish between the possibilities that low ROS probe levels 
resulted from low ROS production or, alternatively, a high scavenging 
capacity to eliminate ROS, we treated Xenopus oocytes with menadione 
and assessed their survival (Extended Data Fig. 1j). Mild treatment with 
menadione promotes the formation of ROS (ref. 10) but does not affect 
survival negatively in cell lines and fruit flies11,12. However, most early 
oocytes (78.3%) died when they were left to recover overnight after 
menadione treatment, in contrast to what was observed for late-stage 
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oocytes (Fig. 1d and Extended Data Fig. 1j). Treatment with an antioxi-
dant that quenches ROS was able to rescue oocyte survival (Fig. 1d). 
These results indicate that evasion of ROS damage in oocytes involves 
tight control of ROS generation, rather than a higher scavenging capac-
ity of oocytes against ROS.

Mitochondrial respiration in oocytes
Using dyes that sense membrane potential (tetramethylrhodamine 
ethyl ester perchlorate (TMRE) and the cyanine dye JC-1), we found 
that mitochondria in human and Xenopus early oocytes exhibit lower 
membrane potentials compared to those of neighbouring granulosa 
cells, which served as positive controls (Fig. 2a,b and Extended Data 
Fig. 2a–d). Undetectable ROS levels and low membrane potential sug-
gest that the mitochondrial electron transport chain (ETC) activity in 
early oocytes is either low or absent. To differentiate between these 
two possibilities, we measured respiration rate in Xenopus oocytes. 
Early oocytes stripped of granulosa cells exhibited a low basal res-
piration rate but a similar maximal respiration rate compared to 
those of growing oocytes (Fig. 2c and Extended Data Fig. 2e,f). This 
respiration was efficiently coupled to ATP synthesis, resulting in an 
undetectable proton leak (Extended Data Fig. 2e). Therefore, we 
conclude that mitochondria in early oocytes have a functional ETC, 
with low activity.

To assess the importance of individual complexes of the oxidative 
phosphorylation (OXPHOS) machinery for oocyte health, we exposed 
Xenopus oocytes to inhibitors specific for each OXPHOS complex.  
We found that both early and late-stage oocytes died after treatment 
with inhibitors of complexes II, III, IV and V (malonate, antimycin A, KCN 
and N,N′-dicyclohexylcarbodiimide (DCCD), respectively). Although 
late-stage oocytes died after treatment with the complex I inhibitor 
rotenone, 78% of early oocytes survived exposure to rotenone (Fig. 2d 
and Extended Data Fig. 2g). The insensitivity of early oocytes to complex 
I inhibition indicates that they do not utilize complex I as an essential 
entry port for electrons.

Mitochondrial proteome in oocytes
Mitochondria in early oocytes have an apparent lack of ROS, low mem-
brane potential, low basal respiration rates and rotenone resistance 
in culture. We next investigated the mechanistic basis of this unusual 
mitochondrial physiology.

To do this, we purified mitochondria from early and late-stage Xeno-
pus oocytes isolated from wild-type outbred animals, and performed 
proteomics using isobaric-tag-based quantification including muscle 
mitochondria as a somatic cell control (Extended Data Fig. 3a). Our 
efforts identified 80% of all known mitochondrial proteins (Extended 
Data Fig. 3b,c and Supplementary Table 1). Most ETC subunits showed 
a lower absolute abundance in early oocytes compared to that in 
late-stage oocytes (Fig. 3a), and to muscle (Extended Data Fig. 3d), 
which is expected owing to the presence of fewer cristae in mitochon-
dria of early oocytes13–15 and compatible with their NADH levels16. In 
support of our findings with the ETC inhibitors (Fig. 2d and Extended 
Data Fig. 2g), the depletion of complex I in early oocytes was the most 
pronounced of all ETC complexes (Fig. 3a and Extended Data Fig. 3e). 
We reinforced this result by repeating proteomics with heart, liver and 
white adipose tissues (Extended Data Fig. 3f–h and Supplementary 
Table 2).

Furthermore, among the most abundant proteins in the mitochon-
dria of early oocytes were mitochondrial proteases and chaperones 
(Fig. 3b and Extended Data Figs. 3i,j and 4a). These proteins are 
upregulated after the activation of the mitochondrial unfolded pro-
tein response (UPRmt)17–19, which is often triggered by an imbalance of 
ETC subunits in mitochondria. Consistent with an active UPRmt (ref. 20), 
nuclear transcripts encoding complex I subunits were downregulated 
in early oocytes whereas mitochondrially encoded transcripts of com-
plex I did not show significant changes compared to those of late-stage 
oocytes (Extended Data Fig. 3k,l).

We next examined whether complex I subunits were also depleted in 
human oocytes. Early oocytes and ovarian somatic cells were isolated 
from ovarian cortices of patients, and analysed by label-free proteomics. 
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Fig. 1 | Early oocytes have undetectable levels of ROS. a, Live-cell imaging of 
human and Xenopus early oocytes, both with attached granulosa cells. The ROS 
level was measured using MitoTracker Red CM-H2XRos (H2X), a reduced 
mitochondrial dye that does not fluoresce until it is oxidized by ROS. The 
boxed area is magnified in the top right image. Xenopus granulosa cells were 
imaged at the basal plane of the oocyte. DIC, differential interference contrast. 
Scale bars, 15 µm (human oocytes), 50 µm (Xenopus oocytes), 3 µm (human 
granulosa cells) and 10 µm (Xenopus granulosa cells). b,c, Quantification of the 
mean fluorescence intensity (MFI) of H2X in the oocyte and in the population 
of granulosa cells surrounding the equatorial plane of the oocyte for human  

(b) and Xenopus (c) oocytes. The data represent the mean ± s.e.m. of three 
biological replicates, shown in different colours. **P = 0.0001 and 
***P = 4.13 × 10−11 using a two-sided Student’s t-test. d, Overnight survival of 
oocytes at the indicated stages of oogenesis after treatment with menadione, 
N-acetyl cysteine (NAC) or the combination of both (see Extended Data Fig. 1j 
for experimental design). At least ten oocytes were incubated per condition. 
The data represent the mean ± s.e.m. across four biological replicates. 
*P = 1.94 × 10−9, **P = 3.77 × 10−18 and ***P = 2.37 × 10−19 compared with the 
untreated condition using a two-sided Student’s t-test with Šidák–
Bonferroni-adjusted P values for multiple comparisons.
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We identified 40% of all known mitochondrial proteins (Supplementary 
Table 3). The upregulation of proteins related to UPRmt was conserved in 
human early oocytes, and further confirmed with immunofluorescence 
(Fig. 3c and Extended Data Fig. 4b). An analysis of the OXPHOS machinery 
comparing oocytes and ovarian somatic cells revealed that, in line with 
the Xenopus data, many complex I subunits were either at very low levels 
or not identified in human oocytes (Fig. 3d,e and Extended Data Fig. 5a).

In conclusion, our proteomic characterization of mitochondria 
revealed an overall reduction of ETC subunits in early oocytes of 

human and Xenopus, with complex I levels exhibiting the strongest 
disproportionate depletion.

Absence of complex I in early oocytes
Taken together, the results of our proteomics and survival experiments 
suggest that both early human and Xenopus oocytes remodel their 
ETC to decrease complex I levels to an extent that complex I becomes 
unnecessary for survival. This result is unexpected, because no other 
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animal cell type with functioning mitochondria has been shown to 
be able to dispense with complex I in physiological conditions, and 
only one other multicellular eukaryote, the parasitic plant mistletoe, 
is known to dispense with complex I entirely21. Therefore, we directly 
assayed complex I assembly status and function in early oocytes, using 
colorimetric, spectrophotometric and metabolic assays.

We first investigated the assembly status of complex I in oocytes, 
which is tightly linked to its function22. Complex I is an approximately 
1-MDa complex composed of 14 core and 31 accessory subunits in 
humans, some of which are essential for its assembly and function23. 
We first examined our proteomics data for any specific downregulation 
of a particular complex I module in early oocytes. However, levels of 
subunits belonging to the four major functional modules of complex 
I, namely N, Q, PP and PD modules, were not significantly different 
between Xenopus early and late-stage oocytes (Extended Data Fig. 6a). 
The size of complex I in native protein gels has been used as a tool to 
reveal the assembly status of the complex22,24,25. Thus, we compared 
mitochondria isolated from early oocytes to those from late-stage 
oocytes, and from muscle tissue of Xenopus and mice as somatic cell 
controls, by blue native polyacrylamide gel electrophoresis (BN-PAGE) 
followed by complex I in-gel activity assays or by an immunoblot against 
a complex I core subunit, Ndufs1. Notably, complex I neither was fully 
assembled nor exhibited any in-gel activity in early oocytes (Fig. 4a 
and Extended Data Fig. 6b,c). Denaturing SDS–PAGE gels also verified 
comparable mitochondrial loading and very low protein levels of com-
plex I subunits in early oocytes (Extended Data Fig. 6d). To rule out any 
possibility of immunoblotting detection problems, areas correspond-
ing to assembled complex I and complex II from BN-PAGE gels were 
analysed by proteomics (Extended Data Fig. 6e). Although complex 
II subunits were detected at comparable levels in all samples, most 
complex I subunits were not detected in early oocytes (Extended Data 
Fig. 6f and Supplementary Table 4). Thus, we conclude that complex 
I is not fully assembled in early oocytes.

In-gel activity assays detect the presence of flavin mononucleotide 
(FMN)-containing (sub)assemblies of complex I, but do not detect 
the physiological activity of the assembled complex. Therefore, we 
measured NADH:CoQ oxidoreductase activity in isolated mitochon-
drial membranes from early and late-stage oocytes, as well as muscle 
tissue, to measure substrate consumption by complex I, which reflects 

physiological activity of complex I (Fig. 4b). We also measured com-
plex IV and citrate synthase activities to confirm the presence of mito-
chondrial activity in these samples. Complex IV and citrate synthase 
activities were detected in all three samples (Fig. 4b and Extended 
Data Fig. 6g). However, complex I activity was absent in early oocyte 
samples, in contrast to the findings for late-stage oocyte samples and 
muscle samples (Fig. 4b).

Finally, to validate the absence of complex I in early oocytes, we 
checked the levels of FMN, an integral part of complex I in early and 
late-stage oocytes. Although levels of another flavin nucleotide, flavin 
adenine dinucleotide (FAD), were within a 2-fold range between these 
stages, FMN levels were about 200-fold higher in late-stage oocytes, 
compared to the low levels detected in early oocytes (Fig. 4c). The 
remarkable depletion of FMN is complementary evidence supporting 
complex I deficiency in early oocytes.

The absence of complex I could also explain the reduced activity 
of other ETC complexes in early oocytes by affecting the stability of 
supercomplexes26. Assessment of supercomplex distribution showed 
no supercomplex formation in early oocytes, in contrast to the find-
ings in late-stage oocytes and muscle (Extended Data Fig. 6h,i). Thus, 
we conclude that the absence of complex I impedes the formation of 
supercomplexes, which might contribute to the overall reduction of 
ETC activity in early oocytes.

Complex I and ROS throughout oogenesis
We then reasoned that an absence of complex I, one of the main ROS 
generators in the cell, might be sufficient to explain the undetectable 
ROS levels in early oocytes27. Therefore, we studied the relationship 
between complex I abundance and ROS levels throughout oogenesis.

First, we investigated the assembly of complex I during oogenesis. 
Complex I activity was barely detectable in stage II oocytes, but peaked 
and plateaued in maturing (stage III) oocytes (Fig. 5a). We then assessed 
the survival of oocytes in the presence of rotenone throughout oogenesis. 
The overnight survival of oocytes in rotenone was consistent with their 
levels of assembled complex I: stage I and II oocytes survived in the pres-
ence of rotenone whereas maturing and mature oocytes died (Fig. 5b). 
Hence, we conclude that complex I is assembled and fully functional in 
maturing (stage III) and late-stage oocytes but absent in early oocytes.
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Role 4: establish/adapt to stem cell niche

Aerobic glycolysis and respiration
Glucose is an essential nutrient for most cells, as a source of en-
ergy and for its role providing the sugar backbone and reducing
equivalents required for macromolecule synthesis (Figure 2A).
Glucose is metabolized via glycolysis to form pyruvate, and
glycolytic intermediates serve key roles in proliferating cells.
Glucose diversion to the pentose phosphate pathway yields
ribose for nucleotide synthesis and/or NADPH. Pyruvate can
enter the tricarboxylic acid (TCA) cycle, where complete com-
bustion yields reducing equivalents (NADH, FADH2) that fuel
oxidative phosphorylation through the electron transport chain
(ETC). Nevertheless, most rapidly proliferating cells paradoxi-
cally throw away most of their glucose-derived carbons as
lactate, even when supplied sufficient oxygen to sustain TCA cy-
cle flux.26 This process of aerobic glycolysis, often referred to as
the ‘‘Warburg effect,’’ can net generate only 2 molecules of ATP
per molecule of glucose. Aerobic glycolysis was discovered in
cancer cells and was long considered to be a metabolic quirk
of transformed cells. Studies in stem cells challenged this model,
revealing that many stem cell populations also exhibit aerobic
glycolysis, which appears to be a feature of most rapidly prolifer-
ating cultured cells.18 Why rapidly proliferating cells discard car-
bon as lactate is largely an open question, although recent evi-
dence indicates that the conversion of pyruvate to lactate via
lactate dehydrogenase (LDH) is favored when the demand for
NAD+ regeneration outstrips the demand for ATP.27,28

Given the importance of glucose metabolism, many studies
have investigated the role of glycolysis and the fate of pyruvate
in a variety of cell types. In stem cells, the fate of pyruvate—to
be excreted as lactate or burned in the TCA cycle—is closely
tied to cell state. One example of this is PSCs, which are tran-
scriptionally reminiscent of the pre- or post-implantation
epiblast, depending on their in vitro culture conditions.29,30 The
addition of inhibitors against MEK and GSK3b is sufficient to

drive mouse PSCs into the naive state of pluripotency reminis-
cent of the pre-implantation epiblast31; further interventions are
required to capture the naive pluripotent state in human
PSCs.32,33 In general, PSCs cultured in the naive state have
higher basal respiration relative to their post-implantation coun-
terparts,34–37 and naive mouse PSCs preferentially incorporate
glucose-derived pyruvate into TCA cycle intermediates.38–40

Increased respiration enables optimal proliferation in naive
ESCs and may even be required for entry into the naive pluripo-
tent state,36 but the precise outputs of respiration that benefit
naive PSCs remain unknown. Notably, high respiration is not
mutually exclusive with aerobic glycolysis: some naive human
PSCs also exhibit high lactate production, reflecting overall
elevated glucose metabolism and/or oxidation of additional sub-
strates in these cells.34

As PSCs exit the naive pluripotent state, they transiently
decrease glucose oxidation in the TCA cycle and increase
lactate secretion.34,36,40,41 Accordingly, PSCs mimicking post-
implantation epiblast states are glycolytic with minimal glucose
oxidation. This aerobic glycolysis phenotype is reversed upon
further differentiation, which is often accompanied by decreased
glucose flux through glycolysis and decreased lactate secre-
tion.34,41,42 Aerobic glycolysis is not universally downregulated
during differentiation, however; human PSCs maintain high
glycolytic flux when differentiated to ectoderm, but not meso-
derm and endoderm.43 As with studies of cancer cells, whether
aerobic glycolysis confers specific benefits to stem cells remains
an open question. Certainly, pharmacologic inhibition of glycol-
ysis impairs proliferation in several PSC models.34,44 Likewise,
how such major metabolic shifts are coordinated is not fully un-
derstood, although several pluripotency transcription factors are
directly implicated in metabolic control. For example, OCT4 and
MYC directly regulate glycolytic genes,43,45 and STAT3 is re-
ported to translocate to the mitochondria to activate mitochon-
drial gene expression.36

The relative downregulation of glycolysis with PSC differenti-
ation stands in contrast to some tissue-resident stem cells
where glycolysis is associated with stem cell activation and dif-
ferentiation to progenitors. In hematopoietic stem cells (HSCs),
quiescent HSCs exhibit lower expression of glycolytic genes,
have a lower ECAR, and are less sensitive to pharmacologic in-
hibition of glycolysis in vitro.46 As HSCs activate and differen-
tiate, reliance on glycolysis increases. Genetic deletion of
LDHA or the upstream glycolysis enzyme PKM2 decreased
lactate production and compromised hematopoiesis during
forced hematopoietic system reconstitution in transplantation
assays, without affecting maintenance of homeostatic
HSCs.47 Similarly, deletion of PDK2 and PDK4 or silencing of
PDK1, which would be expected to promote mitochondrial py-
ruvate oxidation at the expense of glycolytic flux, impairs
HSC reconstitution capacity.48,49 Importantly, it is unclear
whether these defects observed in glycolysis-deficient HSCs
are due to decreased glycolysis or if enhanced pyruvate
oxidation and concomitant increased respiration reduces self-
renewal potential. Increased mitochondrial respiration can
generate reactive oxygen species (ROS) that impair HSC func-
tion.50 Consistently, antioxidant treatment decreased ROS
levels and partially rescued bone marrow transplantation in
LDHA-deficient HSCs, suggesting that decreased oxidative
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Figure 1. Metabolic support of stem cell functions
While metabolism can vary dramatically between different stem cell types,
several common themes have emerged in stem cell metabolism that support
vital cellular functions. Specific metabolic strategies support stem cell prolif-
eration (1) and quiescence (2). Metabolism is likewise involved in stem cell
responses to cellular stressors and cell death (3). By influencing the deposition
or removal of epigenetic modifications, metabolism can also control stem cell
fate (4). Stem cells are also influenced by the metabolic requirements of their
endogenous niche (5).
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Cell metabolism is emerging as an additional determinant of stem cell function. 
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The small intestinal epithelium self-renews every four or five days. 
Intestinal stem cells (Lgr5+ crypt base columnar cells (CBCs)) 
sustain this renewal and reside between terminally differentiated 
Paneth cells at the bottom of the intestinal crypt1. Whereas the 
signalling requirements for maintaining stem cell function and 
crypt homeostasis have been well studied, little is known about how 
metabolism contributes to epithelial homeostasis. Here we show 
that freshly isolated Lgr5+ CBCs and Paneth cells from the mouse 
small intestine display different metabolic programs. Compared 
to Paneth cells, Lgr5+ CBCs display high mitochondrial activity. 
Inhibition of mitochondrial activity in Lgr5+ CBCs or inhibition 
of glycolysis in Paneth cells strongly affects stem cell function, as 
indicated by impaired organoid formation. In addition, Paneth 
cells support stem cell function by providing lactate to sustain the 
enhanced mitochondrial oxidative phosphorylation in the Lgr5+ 
CBCs. Mechanistically, we show that oxidative phosphorylation 
stimulates p38 MAPK activation by mitochondrial reactive oxygen 
species signalling, thereby establishing the mature crypt phenotype. 
Together, our results reveal a critical role for the metabolic identity 
of Lgr5+ CBCs and Paneth cells in supporting optimal stem cell 
function, and we identify mitochondria and reactive oxygen species 
signalling as a driving force of cellular differentiation.

In the small intestine, crypts of Lieberkühn encircle each intestinal 
villus. At the base of these crypts the Lgr5+ crypt base columnar stem 
cells reside and generate transit amplifying progenitors, which migrate 
upwards and differentiate into enterocytes, tuft, goblet or enteroendo-
crine cells1. Paneth cells support stem cell function of Lgr5+ CBCs by 
supplying essential factors (WNT, Delta-like 1 and epidermal growth 
factor). Cell metabolism has been implicated in stem cell maintenance 
and differentiation in some adult stem cell populations2–5. Recently, 
calorie restriction has been shown to increase Lgr5+ CBCs and Paneth 
cell numbers6, but otherwise the role of metabolism in the intestinal 
crypt homeostasis remains unknown. We analysed the metabolome 
of Lgr5+ CBCs, Paneth cells and the remaining population of cells 
(CD24−Lgr5−) isolated from the small intestine of Lgr5–GFP mice. 
Principal component analysis (PCA) of liquid chromatography– 
tandem mass spectrometry (LC-MS/MS)-based metabolomics shows 
clear clustering of the metabolic profiles based on cell identity (Fig. 1a, 
Extended Data Fig. 1a). The pyruvate/lactate ratio, a measure of the  
relative contribution to cellular bioenergetics of mitochondrial 
 respiration versus glycolysis, differed between populations,  indicating 
increased mitochondrial activity in Lgr5+ CBCs (Fig. 1b). Small 
 intestinal organoids recapitulate in vitro many aspects of the intestine, 
including crypt structure and the interaction between Paneth cells 
and stem cells (reviewed in refs 7, 8). Live imaging of mitochondria 
and mitochondrial membrane potential (MMP), indicates increased 
mitochondrial activity in Lgr5+ CBCs when compared to the  adjacent 
Paneth cells (Fig. 1c, d, Extended Data Fig. 1b, c). Additionally, 

organoids enriched with Lgr5+ CBCs9 showed a 20% increase in 
 respiration, supporting the notion that Lgr5+ CBCs display increased 
mitochondrial activity (Extended Data Fig. 1d, e). Mitochondrial-
derived reactive oxygen species (ROS) can contribute to cellular redox 
stress. Therefore, we analysed the level of mitochondrial superoxide 
and cytosolic ROS in organoids. Although mitochondrial superoxide 
is higher in Lgr5+ CBCs compared to Paneth cells, cytoplasmic ROS 
levels do not differ between Paneth cells and CBCs (Extended Data  
Fig. 1f, g), indicating that higher mitochondrial activity does not 
 necessarily result in increased redox stress in Lgr5+ CBCs.

In standard medium (ENR; containing epidermal growth factor, 
noggin, and R-spondin 1) organoids grow as mini-guts with defined 
crypt domains. However, the addition of Wnt3a-conditioned medium 
(WENR) results in spherical organoids that lack differentiated cell types 
and homogeneously proliferate10 (Fig. 2a, b). This differs from mini-gut 
organoids where proliferation is restricted to Lgr5+ CBCs and transit 
amplifying cells (Fig. 2b, Extended Data Fig. 2a). Stem cell markers Lgr5 
and Olfm4 are downregulated in spherical organoids (Fig. 2a, Extended 
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Figure 1 | Metabolic compartmentalization in the crypt. a, Lgr5+  
CBCs, Paneth cells (PCs) and Lgr5−CD24− cells populations were 
obtained by FACS followed by LC-MS/MS metabolomics and PCA 
(n =  3; cells sorted from two mice were pooled for each independent 
measurement) b, Pyruvate/lactate ratio. c, JC-1 staining of mitochondria 
(green) and mitochondria with high MMP (red) in an organoid crypt. 
*Indicates CBCs located between Paneth cells. DIC, differential 
interference contrast. d, Quantification of JC-1 in CBCs (20) and Paneth 
cells (10) from 3 different organoids (one representative experiment of 3 
independent ones). Graphs show mean and s.d. Two-tailed t-test (b) and  
Mann–Whitney test (d), * * * * P <  0.0001.
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The small intestinal epithelium self-renews every four or five days. 
Intestinal stem cells (Lgr5+ crypt base columnar cells (CBCs)) 
sustain this renewal and reside between terminally differentiated 
Paneth cells at the bottom of the intestinal crypt1. Whereas the 
signalling requirements for maintaining stem cell function and 
crypt homeostasis have been well studied, little is known about how 
metabolism contributes to epithelial homeostasis. Here we show 
that freshly isolated Lgr5+ CBCs and Paneth cells from the mouse 
small intestine display different metabolic programs. Compared 
to Paneth cells, Lgr5+ CBCs display high mitochondrial activity. 
Inhibition of mitochondrial activity in Lgr5+ CBCs or inhibition 
of glycolysis in Paneth cells strongly affects stem cell function, as 
indicated by impaired organoid formation. In addition, Paneth 
cells support stem cell function by providing lactate to sustain the 
enhanced mitochondrial oxidative phosphorylation in the Lgr5+ 
CBCs. Mechanistically, we show that oxidative phosphorylation 
stimulates p38 MAPK activation by mitochondrial reactive oxygen 
species signalling, thereby establishing the mature crypt phenotype. 
Together, our results reveal a critical role for the metabolic identity 
of Lgr5+ CBCs and Paneth cells in supporting optimal stem cell 
function, and we identify mitochondria and reactive oxygen species 
signalling as a driving force of cellular differentiation.

In the small intestine, crypts of Lieberkühn encircle each intestinal 
villus. At the base of these crypts the Lgr5+ crypt base columnar stem 
cells reside and generate transit amplifying progenitors, which migrate 
upwards and differentiate into enterocytes, tuft, goblet or enteroendo-
crine cells1. Paneth cells support stem cell function of Lgr5+ CBCs by 
supplying essential factors (WNT, Delta-like 1 and epidermal growth 
factor). Cell metabolism has been implicated in stem cell maintenance 
and differentiation in some adult stem cell populations2–5. Recently, 
calorie restriction has been shown to increase Lgr5+ CBCs and Paneth 
cell numbers6, but otherwise the role of metabolism in the intestinal 
crypt homeostasis remains unknown. We analysed the metabolome 
of Lgr5+ CBCs, Paneth cells and the remaining population of cells 
(CD24−Lgr5−) isolated from the small intestine of Lgr5–GFP mice. 
Principal component analysis (PCA) of liquid chromatography– 
tandem mass spectrometry (LC-MS/MS)-based metabolomics shows 
clear clustering of the metabolic profiles based on cell identity (Fig. 1a, 
Extended Data Fig. 1a). The pyruvate/lactate ratio, a measure of the  
relative contribution to cellular bioenergetics of mitochondrial 
 respiration versus glycolysis, differed between populations,  indicating 
increased mitochondrial activity in Lgr5+ CBCs (Fig. 1b). Small 
 intestinal organoids recapitulate in vitro many aspects of the intestine, 
including crypt structure and the interaction between Paneth cells 
and stem cells (reviewed in refs 7, 8). Live imaging of mitochondria 
and mitochondrial membrane potential (MMP), indicates increased 
mitochondrial activity in Lgr5+ CBCs when compared to the  adjacent 
Paneth cells (Fig. 1c, d, Extended Data Fig. 1b, c). Additionally, 

organoids enriched with Lgr5+ CBCs9 showed a 20% increase in 
 respiration, supporting the notion that Lgr5+ CBCs display increased 
mitochondrial activity (Extended Data Fig. 1d, e). Mitochondrial-
derived reactive oxygen species (ROS) can contribute to cellular redox 
stress. Therefore, we analysed the level of mitochondrial superoxide 
and cytosolic ROS in organoids. Although mitochondrial superoxide 
is higher in Lgr5+ CBCs compared to Paneth cells, cytoplasmic ROS 
levels do not differ between Paneth cells and CBCs (Extended Data  
Fig. 1f, g), indicating that higher mitochondrial activity does not 
 necessarily result in increased redox stress in Lgr5+ CBCs.

In standard medium (ENR; containing epidermal growth factor, 
noggin, and R-spondin 1) organoids grow as mini-guts with defined 
crypt domains. However, the addition of Wnt3a-conditioned medium 
(WENR) results in spherical organoids that lack differentiated cell types 
and homogeneously proliferate10 (Fig. 2a, b). This differs from mini-gut 
organoids where proliferation is restricted to Lgr5+ CBCs and transit 
amplifying cells (Fig. 2b, Extended Data Fig. 2a). Stem cell markers Lgr5 
and Olfm4 are downregulated in spherical organoids (Fig. 2a, Extended 
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Figure 1 | Metabolic compartmentalization in the crypt. a, Lgr5+  
CBCs, Paneth cells (PCs) and Lgr5−CD24− cells populations were 
obtained by FACS followed by LC-MS/MS metabolomics and PCA 
(n =  3; cells sorted from two mice were pooled for each independent 
measurement) b, Pyruvate/lactate ratio. c, JC-1 staining of mitochondria 
(green) and mitochondria with high MMP (red) in an organoid crypt. 
*Indicates CBCs located between Paneth cells. DIC, differential 
interference contrast. d, Quantification of JC-1 in CBCs (20) and Paneth 
cells (10) from 3 different organoids (one representative experiment of 3 
independent ones). Graphs show mean and s.d. Two-tailed t-test (b) and  
Mann–Whitney test (d), * * * * P <  0.0001.
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The small intestinal epithelium self-renews every four or five days. 
Intestinal stem cells (Lgr5+ crypt base columnar cells (CBCs)) 
sustain this renewal and reside between terminally differentiated 
Paneth cells at the bottom of the intestinal crypt1. Whereas the 
signalling requirements for maintaining stem cell function and 
crypt homeostasis have been well studied, little is known about how 
metabolism contributes to epithelial homeostasis. Here we show 
that freshly isolated Lgr5+ CBCs and Paneth cells from the mouse 
small intestine display different metabolic programs. Compared 
to Paneth cells, Lgr5+ CBCs display high mitochondrial activity. 
Inhibition of mitochondrial activity in Lgr5+ CBCs or inhibition 
of glycolysis in Paneth cells strongly affects stem cell function, as 
indicated by impaired organoid formation. In addition, Paneth 
cells support stem cell function by providing lactate to sustain the 
enhanced mitochondrial oxidative phosphorylation in the Lgr5+ 
CBCs. Mechanistically, we show that oxidative phosphorylation 
stimulates p38 MAPK activation by mitochondrial reactive oxygen 
species signalling, thereby establishing the mature crypt phenotype. 
Together, our results reveal a critical role for the metabolic identity 
of Lgr5+ CBCs and Paneth cells in supporting optimal stem cell 
function, and we identify mitochondria and reactive oxygen species 
signalling as a driving force of cellular differentiation.

In the small intestine, crypts of Lieberkühn encircle each intestinal 
villus. At the base of these crypts the Lgr5+ crypt base columnar stem 
cells reside and generate transit amplifying progenitors, which migrate 
upwards and differentiate into enterocytes, tuft, goblet or enteroendo-
crine cells1. Paneth cells support stem cell function of Lgr5+ CBCs by 
supplying essential factors (WNT, Delta-like 1 and epidermal growth 
factor). Cell metabolism has been implicated in stem cell maintenance 
and differentiation in some adult stem cell populations2–5. Recently, 
calorie restriction has been shown to increase Lgr5+ CBCs and Paneth 
cell numbers6, but otherwise the role of metabolism in the intestinal 
crypt homeostasis remains unknown. We analysed the metabolome 
of Lgr5+ CBCs, Paneth cells and the remaining population of cells 
(CD24−Lgr5−) isolated from the small intestine of Lgr5–GFP mice. 
Principal component analysis (PCA) of liquid chromatography– 
tandem mass spectrometry (LC-MS/MS)-based metabolomics shows 
clear clustering of the metabolic profiles based on cell identity (Fig. 1a, 
Extended Data Fig. 1a). The pyruvate/lactate ratio, a measure of the  
relative contribution to cellular bioenergetics of mitochondrial 
 respiration versus glycolysis, differed between populations,  indicating 
increased mitochondrial activity in Lgr5+ CBCs (Fig. 1b). Small 
 intestinal organoids recapitulate in vitro many aspects of the intestine, 
including crypt structure and the interaction between Paneth cells 
and stem cells (reviewed in refs 7, 8). Live imaging of mitochondria 
and mitochondrial membrane potential (MMP), indicates increased 
mitochondrial activity in Lgr5+ CBCs when compared to the  adjacent 
Paneth cells (Fig. 1c, d, Extended Data Fig. 1b, c). Additionally, 

organoids enriched with Lgr5+ CBCs9 showed a 20% increase in 
 respiration, supporting the notion that Lgr5+ CBCs display increased 
mitochondrial activity (Extended Data Fig. 1d, e). Mitochondrial-
derived reactive oxygen species (ROS) can contribute to cellular redox 
stress. Therefore, we analysed the level of mitochondrial superoxide 
and cytosolic ROS in organoids. Although mitochondrial superoxide 
is higher in Lgr5+ CBCs compared to Paneth cells, cytoplasmic ROS 
levels do not differ between Paneth cells and CBCs (Extended Data  
Fig. 1f, g), indicating that higher mitochondrial activity does not 
 necessarily result in increased redox stress in Lgr5+ CBCs.

In standard medium (ENR; containing epidermal growth factor, 
noggin, and R-spondin 1) organoids grow as mini-guts with defined 
crypt domains. However, the addition of Wnt3a-conditioned medium 
(WENR) results in spherical organoids that lack differentiated cell types 
and homogeneously proliferate10 (Fig. 2a, b). This differs from mini-gut 
organoids where proliferation is restricted to Lgr5+ CBCs and transit 
amplifying cells (Fig. 2b, Extended Data Fig. 2a). Stem cell markers Lgr5 
and Olfm4 are downregulated in spherical organoids (Fig. 2a, Extended 
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Figure 1 | Metabolic compartmentalization in the crypt. a, Lgr5+  
CBCs, Paneth cells (PCs) and Lgr5−CD24− cells populations were 
obtained by FACS followed by LC-MS/MS metabolomics and PCA 
(n =  3; cells sorted from two mice were pooled for each independent 
measurement) b, Pyruvate/lactate ratio. c, JC-1 staining of mitochondria 
(green) and mitochondria with high MMP (red) in an organoid crypt. 
*Indicates CBCs located between Paneth cells. DIC, differential 
interference contrast. d, Quantification of JC-1 in CBCs (20) and Paneth 
cells (10) from 3 different organoids (one representative experiment of 3 
independent ones). Graphs show mean and s.d. Two-tailed t-test (b) and  
Mann–Whitney test (d), * * * * P <  0.0001.
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The small intestinal epithelium self-renews every four or five days. 
Intestinal stem cells (Lgr5+ crypt base columnar cells (CBCs)) 
sustain this renewal and reside between terminally differentiated 
Paneth cells at the bottom of the intestinal crypt1. Whereas the 
signalling requirements for maintaining stem cell function and 
crypt homeostasis have been well studied, little is known about how 
metabolism contributes to epithelial homeostasis. Here we show 
that freshly isolated Lgr5+ CBCs and Paneth cells from the mouse 
small intestine display different metabolic programs. Compared 
to Paneth cells, Lgr5+ CBCs display high mitochondrial activity. 
Inhibition of mitochondrial activity in Lgr5+ CBCs or inhibition 
of glycolysis in Paneth cells strongly affects stem cell function, as 
indicated by impaired organoid formation. In addition, Paneth 
cells support stem cell function by providing lactate to sustain the 
enhanced mitochondrial oxidative phosphorylation in the Lgr5+ 
CBCs. Mechanistically, we show that oxidative phosphorylation 
stimulates p38 MAPK activation by mitochondrial reactive oxygen 
species signalling, thereby establishing the mature crypt phenotype. 
Together, our results reveal a critical role for the metabolic identity 
of Lgr5+ CBCs and Paneth cells in supporting optimal stem cell 
function, and we identify mitochondria and reactive oxygen species 
signalling as a driving force of cellular differentiation.

In the small intestine, crypts of Lieberkühn encircle each intestinal 
villus. At the base of these crypts the Lgr5+ crypt base columnar stem 
cells reside and generate transit amplifying progenitors, which migrate 
upwards and differentiate into enterocytes, tuft, goblet or enteroendo-
crine cells1. Paneth cells support stem cell function of Lgr5+ CBCs by 
supplying essential factors (WNT, Delta-like 1 and epidermal growth 
factor). Cell metabolism has been implicated in stem cell maintenance 
and differentiation in some adult stem cell populations2–5. Recently, 
calorie restriction has been shown to increase Lgr5+ CBCs and Paneth 
cell numbers6, but otherwise the role of metabolism in the intestinal 
crypt homeostasis remains unknown. We analysed the metabolome 
of Lgr5+ CBCs, Paneth cells and the remaining population of cells 
(CD24−Lgr5−) isolated from the small intestine of Lgr5–GFP mice. 
Principal component analysis (PCA) of liquid chromatography– 
tandem mass spectrometry (LC-MS/MS)-based metabolomics shows 
clear clustering of the metabolic profiles based on cell identity (Fig. 1a, 
Extended Data Fig. 1a). The pyruvate/lactate ratio, a measure of the  
relative contribution to cellular bioenergetics of mitochondrial 
 respiration versus glycolysis, differed between populations,  indicating 
increased mitochondrial activity in Lgr5+ CBCs (Fig. 1b). Small 
 intestinal organoids recapitulate in vitro many aspects of the intestine, 
including crypt structure and the interaction between Paneth cells 
and stem cells (reviewed in refs 7, 8). Live imaging of mitochondria 
and mitochondrial membrane potential (MMP), indicates increased 
mitochondrial activity in Lgr5+ CBCs when compared to the  adjacent 
Paneth cells (Fig. 1c, d, Extended Data Fig. 1b, c). Additionally, 

organoids enriched with Lgr5+ CBCs9 showed a 20% increase in 
 respiration, supporting the notion that Lgr5+ CBCs display increased 
mitochondrial activity (Extended Data Fig. 1d, e). Mitochondrial-
derived reactive oxygen species (ROS) can contribute to cellular redox 
stress. Therefore, we analysed the level of mitochondrial superoxide 
and cytosolic ROS in organoids. Although mitochondrial superoxide 
is higher in Lgr5+ CBCs compared to Paneth cells, cytoplasmic ROS 
levels do not differ between Paneth cells and CBCs (Extended Data  
Fig. 1f, g), indicating that higher mitochondrial activity does not 
 necessarily result in increased redox stress in Lgr5+ CBCs.

In standard medium (ENR; containing epidermal growth factor, 
noggin, and R-spondin 1) organoids grow as mini-guts with defined 
crypt domains. However, the addition of Wnt3a-conditioned medium 
(WENR) results in spherical organoids that lack differentiated cell types 
and homogeneously proliferate10 (Fig. 2a, b). This differs from mini-gut 
organoids where proliferation is restricted to Lgr5+ CBCs and transit 
amplifying cells (Fig. 2b, Extended Data Fig. 2a). Stem cell markers Lgr5 
and Olfm4 are downregulated in spherical organoids (Fig. 2a, Extended 

1Molecular Cancer Research, Center Molecular Medicine, University Medical Center Utrecht, Heidelberglaan 100, 3584CG Utrecht, The Netherlands. 2Department of Pathology, Erasmus MC 
Cancer Institute, Erasmus University Medical Center, Rotterdam, The Netherlands. 3Department of Genetics and Center for Molecular Medicine, Lundlaan 6, 3584 EA Utrecht, The Netherlands.

–10 0 10

–1

0

5

Scores plot

PC 1 (43.3%)

P
C

 2
 (1

8.
3%

)

C1

C2
C3

B1

B2
B3

A1

A2

A3

Lgr5–CD24–

Lgr5+

PCs

–5

–5 5

PCA ba

Lgr5–

CD24–
Lgr5+ PCsN

or
m

al
iz

ed
 p

yr
uv

at
e/

la
ct

at
e

c

****

*

*

*

*

*

*

*

*

DIC Hoechst
JC1

Mitochondria MMP

d

0.0

0.5

1.0

1.5

2.0

2.5

10 μm 0.0

0.5

1.0

1.5
****

PCsCBC

M
M

P
/m

ito
ch

on
dr

ia

Figure 1 | Metabolic compartmentalization in the crypt. a, Lgr5+  
CBCs, Paneth cells (PCs) and Lgr5−CD24− cells populations were 
obtained by FACS followed by LC-MS/MS metabolomics and PCA 
(n =  3; cells sorted from two mice were pooled for each independent 
measurement) b, Pyruvate/lactate ratio. c, JC-1 staining of mitochondria 
(green) and mitochondria with high MMP (red) in an organoid crypt. 
*Indicates CBCs located between Paneth cells. DIC, differential 
interference contrast. d, Quantification of JC-1 in CBCs (20) and Paneth 
cells (10) from 3 different organoids (one representative experiment of 3 
independent ones). Graphs show mean and s.d. Two-tailed t-test (b) and  
Mann–Whitney test (d), * * * * P <  0.0001.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

LETTERRESEARCH

4 2 6  |  N A T U R E  |  V O L  5 4 3  |  1 6  M A R C H  2 0 1 7

Extended Data Fig. 4d). Inhibition of p38 activity reduced differen-
tiation and crypt formation (Extended Data Fig. 4e, f) and thereby 
phenocopied mitochondrial ROS scavenging. Together, our results 
show that mitochondrial OXPHOS activity drives differentiation and 
crypt formation by a mechanism that involves p38 activation through 
mitochondrial ROS signalling.

Lastly, we addressed the role of metabolism in the maintenance of 
stem cell function. We therefore employed the organoid reconstitution 
assay, in which isolated Lgr5+ CBCs were combined with Paneth cells to 
produce self-renewing organoids. This assay serves as a proxy for stem 
and niche cell function6,10,23,24. To test the relevance of metabolic com-
partmentalization between Lgr5+ CBCs and Paneth cells, we treated 
either cell population with metabolic inhibitors that showed expected 

efficacy and did not affect cell viability (Extended Data 5a, b). Notably, 
Paneth cells pre-treated with inhibitors of glycolysis or glucose and 
lactate transporters were inefficient in supporting organoid formation 
upon reconstitution with Lgr5+ CBCs, whereas upon treatment with 
OXPHOS inhibitors, Paneth cells retained their niche-supporting func-
tion (Fig. 5b). Conversely, treatment of Lgr5+ CBCs with OXPHOS 
inhibitors clearly reduced organoid reconstitution, whereas the other 
inhibitors showed a mild effect (Fig. 5a). These results show that the 
glycolytic phenotype in Paneth cells and increased OXPHOS in Lgr5+ 
CBCs are required in supporting both niche and stem cell function.

Lactate is the end product of glycolysis and can be back converted 
into pyruvate and fuel OXPHOS. We hypothesized that lactate  produced 
by Paneth cells could provide the respiratory substrate to sustain 
OXPHOS in Lgr5+ CBCs. Wnt ligands can substitute for Paneth cells 
in  supporting ex vivo Lgr5+ CBCs to form organoids6,10,23. We there-
fore repeated reconstitution assays, replacing Paneth cell function with 
Wnt3a and either glucose or lactate. Indeed, lactate strongly enhanced 
the ability of Lgr5+ CBCs to establish organoids (Fig. 5c). Thus, besides 
Wnt3a, glycolysis towards lactate in Paneth cells establishes the stem 
cell niche. Next, we analysed the effects of replacing lactate by  pyruvate, 
inhibition of pyruvate transport into mitochondria, and inhibition 
of ROS and p38 signalling. Our results indicate that in Lgr5+ CBCs,  
lactate is converted into pyruvate to fuel mitochondrial OXPHOS, 
 leading to ROS signalling and activation of p38 and differentiation  
(Fig. 5d, e, Extended Data Fig. 5c–g). Together, our results reveal the 
existence of metabolic compartmentalization in the intestinal crypt 
in which Paneth cells support Lgr5+ CBC oxidative metabolism, 
 constituting a metabolic niche that provides optimal stem cell  function 
(Fig. 5f).

Several studies have indicated a role for metabolism in stem cell 
 function, but a clear understanding has been lacking2–5. Here, we 
report that a metabolic transition towards mitochondrial OXPHOS 
is required to drive differentiation in an organoid model  representing 
the development of the intestinal crypt in vivo. Importantly, this 
 metabolic  transition towards OXPHOS and consequent p38  activation 
is maintained in adult Lgr5+ CBCs and ultimately regulates stem cell 
function by self-renewal and differentiation capacity. In agreement 
with our results, deregulation of mitochondrial COX1 in Drosophila 
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Figure 5 | Metabolic regulation of Lgr5+ CBC stem cell function.  
a, b, OXPHOS in Lgr5+ CBCs (a) and glycolysis in Paneth cells (b) are 
required for stem cell function. Organoid reconstitution efficiency was 
determined in Lgr5+ CBCs or Paneth cells were treated with glycolysis 
(orange) or OXPHOS inhibitors (green) before combining and plating 
on matrigel (n =  3). c, Single Lgr5+ CBCs were plated in ENR medium 
supplemented as indicated and organoid reconstitution efficiency was 

determined (n =  6). d, e, Organoid reconstitution efficiency was assessed 
by plating single Lgr5+ CBCs in medium supplemented with 100 ng Wnt3a 
and the indicated compounds (n =  6). Ctrl, control; mT, mitoTEMPO; PH, 
PH-797804; SB, SB203580; UK, UK-5099. Average and s.d. are shown. 
Two-tailed t-test, * P <  0.05, * * P <  0.01, * * * P <  0.001, NS, not significant. 
f, Schematic representation of the main findings in this work. p-p38, 
phospho-p38.
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Extended Data Fig. 4d). Inhibition of p38 activity reduced differen-
tiation and crypt formation (Extended Data Fig. 4e, f) and thereby 
phenocopied mitochondrial ROS scavenging. Together, our results 
show that mitochondrial OXPHOS activity drives differentiation and 
crypt formation by a mechanism that involves p38 activation through 
mitochondrial ROS signalling.

Lastly, we addressed the role of metabolism in the maintenance of 
stem cell function. We therefore employed the organoid reconstitution 
assay, in which isolated Lgr5+ CBCs were combined with Paneth cells to 
produce self-renewing organoids. This assay serves as a proxy for stem 
and niche cell function6,10,23,24. To test the relevance of metabolic com-
partmentalization between Lgr5+ CBCs and Paneth cells, we treated 
either cell population with metabolic inhibitors that showed expected 

efficacy and did not affect cell viability (Extended Data 5a, b). Notably, 
Paneth cells pre-treated with inhibitors of glycolysis or glucose and 
lactate transporters were inefficient in supporting organoid formation 
upon reconstitution with Lgr5+ CBCs, whereas upon treatment with 
OXPHOS inhibitors, Paneth cells retained their niche-supporting func-
tion (Fig. 5b). Conversely, treatment of Lgr5+ CBCs with OXPHOS 
inhibitors clearly reduced organoid reconstitution, whereas the other 
inhibitors showed a mild effect (Fig. 5a). These results show that the 
glycolytic phenotype in Paneth cells and increased OXPHOS in Lgr5+ 
CBCs are required in supporting both niche and stem cell function.

Lactate is the end product of glycolysis and can be back converted 
into pyruvate and fuel OXPHOS. We hypothesized that lactate  produced 
by Paneth cells could provide the respiratory substrate to sustain 
OXPHOS in Lgr5+ CBCs. Wnt ligands can substitute for Paneth cells 
in  supporting ex vivo Lgr5+ CBCs to form organoids6,10,23. We there-
fore repeated reconstitution assays, replacing Paneth cell function with 
Wnt3a and either glucose or lactate. Indeed, lactate strongly enhanced 
the ability of Lgr5+ CBCs to establish organoids (Fig. 5c). Thus, besides 
Wnt3a, glycolysis towards lactate in Paneth cells establishes the stem 
cell niche. Next, we analysed the effects of replacing lactate by  pyruvate, 
inhibition of pyruvate transport into mitochondria, and inhibition 
of ROS and p38 signalling. Our results indicate that in Lgr5+ CBCs,  
lactate is converted into pyruvate to fuel mitochondrial OXPHOS, 
 leading to ROS signalling and activation of p38 and differentiation  
(Fig. 5d, e, Extended Data Fig. 5c–g). Together, our results reveal the 
existence of metabolic compartmentalization in the intestinal crypt 
in which Paneth cells support Lgr5+ CBC oxidative metabolism, 
 constituting a metabolic niche that provides optimal stem cell  function 
(Fig. 5f).

Several studies have indicated a role for metabolism in stem cell 
 function, but a clear understanding has been lacking2–5. Here, we 
report that a metabolic transition towards mitochondrial OXPHOS 
is required to drive differentiation in an organoid model  representing 
the development of the intestinal crypt in vivo. Importantly, this 
 metabolic  transition towards OXPHOS and consequent p38  activation 
is maintained in adult Lgr5+ CBCs and ultimately regulates stem cell 
function by self-renewal and differentiation capacity. In agreement 
with our results, deregulation of mitochondrial COX1 in Drosophila 
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Figure 4 | p38 activity drives differentiation and crypt formation. 
a, b, Representative images of p38 activity as determined by confocal 
microscopy of p38KTRClover organoids by calculating the Hoechst/
p38KTRClover ratio (n =  5). c, Detailed visualization of p38 activity at 
different stages of crypt formation on p38KTRClover organoids (n =  5).  
d, immunohistochemistry of p38 and pp38 on mouse intestinal sections.
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Figure 5 | Metabolic regulation of Lgr5+ CBC stem cell function.  
a, b, OXPHOS in Lgr5+ CBCs (a) and glycolysis in Paneth cells (b) are 
required for stem cell function. Organoid reconstitution efficiency was 
determined in Lgr5+ CBCs or Paneth cells were treated with glycolysis 
(orange) or OXPHOS inhibitors (green) before combining and plating 
on matrigel (n =  3). c, Single Lgr5+ CBCs were plated in ENR medium 
supplemented as indicated and organoid reconstitution efficiency was 

determined (n =  6). d, e, Organoid reconstitution efficiency was assessed 
by plating single Lgr5+ CBCs in medium supplemented with 100 ng Wnt3a 
and the indicated compounds (n =  6). Ctrl, control; mT, mitoTEMPO; PH, 
PH-797804; SB, SB203580; UK, UK-5099. Average and s.d. are shown. 
Two-tailed t-test, * P <  0.05, * * P <  0.01, * * * P <  0.001, NS, not significant. 
f, Schematic representation of the main findings in this work. p-p38, 
phospho-p38.
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relevant to naive hPSCs, considering the diverse naive cultures
used in different studies. Systemic metabolic profiling to
compare naive hPSCs grown in different cultures may provide
novel insights into the metabolic requirements underlying
human naive pluripotency. Perhaps the most extreme metabolic
outcome of naive mESCs is associated with Myc depletion,
when mESCs enter into a metabolic dormant pluripotent state
mimicking diapause (Scognamiglio et al., 2016). Diapause is
used as a reproductive strategy in mouse to survive through
unfavorable environmental conditions, and mouse embryos
undergoing diapause exhibit little to no cell division and biosyn-
thetic quiescence (Renfree and Shaw, 2000). Interestingly SL-
mESCs expressed significantly higher levels of Myc transcripts
compared to 2iL-ESCs, and Myc levels in naive hESCs were
found lower than in primed hESCs (Scognamiglio et al., 2016).
In this regard, it may be interesting to examine the connection
between Myc levels, metabolism, and different pluripotent
states.
Pluripotent sub-states have also been described for primed

PSCs. During the process of optimizing culture parameters
for epiblast explants, our group has discovered a novel primed
PSC type that can be efficiently captured in vitro by a combina-
tion of FGF2, IWR1 (a WNT/b-catenin pathway inhibitor), and
serum-free culture (Wu et al., 2015). These cells were desig-
nated as region-selective EpiSCs, or rsEpiSCs, largely due
to their preferential engraftment to the posterior part of the
post-implantation epiblast. rsEpiSCs harbor a high single-cell
cloning efficiency, quite unusual for primed PSCs that normally
survive poorly after single-cell dissociation, and proliferate
at a faster pace than both mESCs and mEpiSCs. Metabolically
rsEpiSCs were found to be even more glycolytic and exhibited
lower OXOPHO activity than mEpiSCs. Untargeted metabolo-
mic and lipidomic analyses identified several hundred metabo-
lites with significantly different abundance between rsEpiSCs
and mEpiSCs. This unique metabolic state of rsEpiSCs
may help support the epithelial-to-mesenchymal transition
(EMT) during gastrulation, when posterior-proximal epiblast
cells delaminate and ingress through the primitive streak
to form mesoendoderm. Examining several markers of
the EMT process revealed reduced levels of E-CADHERIN
and CLAUDIN3 proteins and elevated levels of SNALIL in

Figure 2. Metabolic Changes during Re-
programming and Differentiation
During cellular reprogramming, somatic cells
exhibit an increase in the rate of glycolysis
through an increase in the expression of glyco-
lytic genes and an upregulation of glycolytic
pathways. Concomitantly, mitochondrial meta-
bolism is decreased through a downregulation of
mitochondrial genes and reduced mitochondrial
density, leading to decreased oxygen consump-
tion. These changes, which are necessary to
sustain a pluripotent state, are reversed when
iPSCs are differentiated, allowing cells to acquire
specialized functions.

rsEpiSCs (Wu et al., 2015), suggesting
that the EMT process may have been
initiated in cultured rsEpiSCs. Therefore,

rsEpiSCs may serve as an in vitro model for studying metabolic
dynamics during gastrulation.
Stem cell differentiation provides an unprecedentedmeans for

studying development in vitro (Wu and Izpisua Belmonte, 2016).
Cellular metabolism undergoes significant changes during the
differentiation process (Figure 2). In contrast to PSCs, higher
amounts of energy and lower levels of anabolic precursors are
needed to maintain the highly specialized function of somatic
cells (Folmes et al., 2012). Because of the essential roles played
by mitochondria in energy production, mitochondria also un-
dergo significant changes during cellular differentiation. These
changes include downregulation of glycolytic enzymes, upre-
gulation of enzymes of the TCA cycle and subunits of the
mitochondrial respiratory chain, an increase in oxygen con-
sumption, and significant alterations in mitochondrial structure
and morphology (Chung et al., 2010; Facucho-Oliveira et al.,
2007; Mandal et al., 2011; Prigione et al., 2010; Suhr et al.,
2010). Consequently, a metabolic transition from glycolysis to
OXPHOS is observed during cellular differentiation. Importantly,
changes in mitochondrial metabolism are not only necessary to
sustain cellular differentiation but act as drivers that initiate and
promote the differentiation process through multiple signaling
pathways (Hamanaka et al., 2013; Kasahara et al., 2013; Tormos
et al., 2011; Yanes et al., 2010). Supporting this transition, inhibi-
tion of glycolytic enzymes’ activities enhanced cellular differ-
entiation, whereas inhibition of mitochondrial function (using
inhibitors of the mitochondrial respiratory chain) impaired differ-
entiation (Chung et al., 2010; Mandal et al., 2011).
Although the complex mechanisms responsible for the rapid

transition betweenmetabolic states during cellular differentiation
remain unclear, Zhang et al. demonstrated that UCP2 regulated
the coupling of mitochondrial respiration and energy production
in somatic cells and PSCs. High levels of UCP2 uncoupled respi-
ration in PSCs, but a significant downregulation of UCP2 was
observed during cell differentiation (Zhang et al., 2011). Along
the same lines, maintaining high UCP2 levels impaired the differ-
entiation capacity of PSCs, reinforcing the role of metabolism
during cellular differentiation. Zhang et al. initially proposed the
shunting away of pyruvate by UCP2, similar to that of UCP1,
from the oxidation in mitochondria toward the pentose phos-
phate pathway as a mechanism for the uncoupling of respiration
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During cellular reprogramming, somatic cells exhibit an increase in the rate of glycolysis through an 
increase in the expression of glycolytic genes and an upregulation of glycolytic pathways. 
Concomitantly, mitochondrial metabolism is decreased through a downregulation of mitochondrial genes 
and reduced mitochondrial density, leading to decreased oxygen consumption. These changes, which 
are necessary to sustain a pluripotent state, are reversed when iPSCs are differentiated, allowing cells 
to acquire specialized functions. 



Role 5: dictate cell fate decisions

Aerobic glycolysis and respiration
Glucose is an essential nutrient for most cells, as a source of en-
ergy and for its role providing the sugar backbone and reducing
equivalents required for macromolecule synthesis (Figure 2A).
Glucose is metabolized via glycolysis to form pyruvate, and
glycolytic intermediates serve key roles in proliferating cells.
Glucose diversion to the pentose phosphate pathway yields
ribose for nucleotide synthesis and/or NADPH. Pyruvate can
enter the tricarboxylic acid (TCA) cycle, where complete com-
bustion yields reducing equivalents (NADH, FADH2) that fuel
oxidative phosphorylation through the electron transport chain
(ETC). Nevertheless, most rapidly proliferating cells paradoxi-
cally throw away most of their glucose-derived carbons as
lactate, even when supplied sufficient oxygen to sustain TCA cy-
cle flux.26 This process of aerobic glycolysis, often referred to as
the ‘‘Warburg effect,’’ can net generate only 2 molecules of ATP
per molecule of glucose. Aerobic glycolysis was discovered in
cancer cells and was long considered to be a metabolic quirk
of transformed cells. Studies in stem cells challenged this model,
revealing that many stem cell populations also exhibit aerobic
glycolysis, which appears to be a feature of most rapidly prolifer-
ating cultured cells.18 Why rapidly proliferating cells discard car-
bon as lactate is largely an open question, although recent evi-
dence indicates that the conversion of pyruvate to lactate via
lactate dehydrogenase (LDH) is favored when the demand for
NAD+ regeneration outstrips the demand for ATP.27,28

Given the importance of glucose metabolism, many studies
have investigated the role of glycolysis and the fate of pyruvate
in a variety of cell types. In stem cells, the fate of pyruvate—to
be excreted as lactate or burned in the TCA cycle—is closely
tied to cell state. One example of this is PSCs, which are tran-
scriptionally reminiscent of the pre- or post-implantation
epiblast, depending on their in vitro culture conditions.29,30 The
addition of inhibitors against MEK and GSK3b is sufficient to

drive mouse PSCs into the naive state of pluripotency reminis-
cent of the pre-implantation epiblast31; further interventions are
required to capture the naive pluripotent state in human
PSCs.32,33 In general, PSCs cultured in the naive state have
higher basal respiration relative to their post-implantation coun-
terparts,34–37 and naive mouse PSCs preferentially incorporate
glucose-derived pyruvate into TCA cycle intermediates.38–40

Increased respiration enables optimal proliferation in naive
ESCs and may even be required for entry into the naive pluripo-
tent state,36 but the precise outputs of respiration that benefit
naive PSCs remain unknown. Notably, high respiration is not
mutually exclusive with aerobic glycolysis: some naive human
PSCs also exhibit high lactate production, reflecting overall
elevated glucose metabolism and/or oxidation of additional sub-
strates in these cells.34

As PSCs exit the naive pluripotent state, they transiently
decrease glucose oxidation in the TCA cycle and increase
lactate secretion.34,36,40,41 Accordingly, PSCs mimicking post-
implantation epiblast states are glycolytic with minimal glucose
oxidation. This aerobic glycolysis phenotype is reversed upon
further differentiation, which is often accompanied by decreased
glucose flux through glycolysis and decreased lactate secre-
tion.34,41,42 Aerobic glycolysis is not universally downregulated
during differentiation, however; human PSCs maintain high
glycolytic flux when differentiated to ectoderm, but not meso-
derm and endoderm.43 As with studies of cancer cells, whether
aerobic glycolysis confers specific benefits to stem cells remains
an open question. Certainly, pharmacologic inhibition of glycol-
ysis impairs proliferation in several PSC models.34,44 Likewise,
how such major metabolic shifts are coordinated is not fully un-
derstood, although several pluripotency transcription factors are
directly implicated in metabolic control. For example, OCT4 and
MYC directly regulate glycolytic genes,43,45 and STAT3 is re-
ported to translocate to the mitochondria to activate mitochon-
drial gene expression.36

The relative downregulation of glycolysis with PSC differenti-
ation stands in contrast to some tissue-resident stem cells
where glycolysis is associated with stem cell activation and dif-
ferentiation to progenitors. In hematopoietic stem cells (HSCs),
quiescent HSCs exhibit lower expression of glycolytic genes,
have a lower ECAR, and are less sensitive to pharmacologic in-
hibition of glycolysis in vitro.46 As HSCs activate and differen-
tiate, reliance on glycolysis increases. Genetic deletion of
LDHA or the upstream glycolysis enzyme PKM2 decreased
lactate production and compromised hematopoiesis during
forced hematopoietic system reconstitution in transplantation
assays, without affecting maintenance of homeostatic
HSCs.47 Similarly, deletion of PDK2 and PDK4 or silencing of
PDK1, which would be expected to promote mitochondrial py-
ruvate oxidation at the expense of glycolytic flux, impairs
HSC reconstitution capacity.48,49 Importantly, it is unclear
whether these defects observed in glycolysis-deficient HSCs
are due to decreased glycolysis or if enhanced pyruvate
oxidation and concomitant increased respiration reduces self-
renewal potential. Increased mitochondrial respiration can
generate reactive oxygen species (ROS) that impair HSC func-
tion.50 Consistently, antioxidant treatment decreased ROS
levels and partially rescued bone marrow transplantation in
LDHA-deficient HSCs, suggesting that decreased oxidative

Sustained
proliferation

Quiescence

Coping with
cellular stress
and cell death

Regulation
of cell fate

Niche requirements

Figure 1. Metabolic support of stem cell functions
While metabolism can vary dramatically between different stem cell types,
several common themes have emerged in stem cell metabolism that support
vital cellular functions. Specific metabolic strategies support stem cell prolif-
eration (1) and quiescence (2). Metabolism is likewise involved in stem cell
responses to cellular stressors and cell death (3). By influencing the deposition
or removal of epigenetic modifications, metabolism can also control stem cell
fate (4). Stem cells are also influenced by the metabolic requirements of their
endogenous niche (5).
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Cell metabolism is emerging as an additional determinant of stem cell function. 



In addition to meeting the demands of proliferation and resisting cellular stressors, stem 
cells must retain the capacity for differentiation.  

Stem cell differentiation is principally controlled at the level of transcription, where 
cell state transitions are coordinated by the activity of chromatin remodelers and 
the binding of lineage-specific transcription factors.  

Notably, metabolites are the chemical precursors for post-translational modifications of 
histones and nucleic acids.  

This link between metabolites and chromatin has led to the hypothesis that metabolic 
fluctuations can alter the distribution of chromatin and DNA modifications. In this scenario, 
metabolites serve not just as substrates for growth or viability, but also as signals that 
influence gene expres- sion programs to alter cell fate. 

Role 5: dictate cell fate decisions



Epigenetic organization dictates cell identity

By regulating gene expression (positively and negatively), chromatin organization primes 
PSC for differentiation and enables the activation of lineage-restricted genes. 



Stem Cell differentiation is regulated by the 
Waddington paradigm
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Chromatin status is dictated by epigenetic marks



Chromatin status is dictated by epigenetic marks



Chromatin reprogramming enables 
transcription at either pluripotency or lineage-

specification genes



Dai et al, Nat Rev Genet, 2020



Metabolism - Epigenetics connection



Reid et al, NCB, 2017

Metabolism - Epigenetics dependencies



Histone methylation depends on metabolites 
availability

KMT: Lysine (K) Methyl Transferase - writer - deposits methyl moieties on DNA/proteins 
KDM: Lysine (K) De-Methylase - eraser - removes methyl moieties from DNA/proteins 
JMJC: Jimonji C domain; found in aKG-depedent dioxygeneses (OGDG) - erasers - remove methyl 
moieties from DNA/proteins 
LSDs: Lysine-Specific histone Demethylases - erasers - remove methyl moieties from proteins
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Intracellular a-ketoglutarate maintains the
pluripotency of embryonic stem cells
Bryce W. Carey1*, Lydia W. S. Finley2*, Justin R. Cross3, C. David Allis1 & Craig B. Thompson2

The role of cellular metabolism in regulating cell proliferation and
differentiation remains poorly understood1. For example,mostmam-
malian cells cannot proliferate without exogenous glutamine supple-
mentation even though glutamine is a non-essential amino acid1,2.
Here we show that mouse embryonic stem (ES) cells grown under
conditions that maintain naive pluripotency3 are capable of prolif-
eration in the absence of exogenous glutamine.Despite this, ES cells
consume high levels of exogenous glutamine when themetabolite is
available. In comparison to more differentiated cells, naive ES cells
utilize both glucose and glutamine catabolism to maintain a high
level of intracellulara-ketoglutarate (aKG). Consequently, naive ES
cells exhibit an elevatedaKG to succinate ratio that promotes histone/
DNAdemethylation andmaintains pluripotency. Directmanipula-
tion of the intracellular aKG/succinate ratio is sufficient to regulate
multiple chromatin modifications, including H3K27me3 and ten-
eleven translocation (Tet)-dependent DNA demethylation, which
contribute to the regulation of pluripotency-associated gene express-
ion. In vitro, supplementationwith cell-permeable aKGdirectly sup-
ports ES-cell self-renewal while cell-permeable succinate promotes
differentiation. This work reveals that intracellular aKG/succinate
levels can contribute to the maintenance of cellular identity and
have a mechanistic role in the transcriptional and epigenetic state
of stem cells.
Mouse ES cells can be maintained in two medium formulations: a

serum-freemediumreported to support a cellularphenotype thatmimics
‘naive’ epiblast cells of the inner cellmass (containingGSK-3b andMAPK/
ERK inhibitors (2i)/leukaemia inhibitory factor (LIF), hereafter 2i/L);
or a serum-based medium that supports the proliferation of a more
committed ES cell phenotype (serum/LIF, hereafter S/L)4–11. To char-
acterize ES cell metabolism, we investigated whether cells cultured in
these two media have different requirements for glucose and/or gluta-
mine. ES cells cultured in eithermediumproliferated at equivalent rates
when glucose and glutamine were abundant and cells cultured with or
without 2i were unable to proliferate in the absence of glucose (Ex-
tended Data Fig. 1a, b). In contrast, cells cultured in 2i/L, but not S/L,
proliferated robustly in the absence of exogenous glutamine (Fig. 1a
and Extended Data Fig. 1c). Likewise, four newly derived ES-cell lines
(ESC-1–4) exhibited convincing glutamine-independent proliferation
in 2i/L medium while retaining features of pluripotent cells, including
ES-cell-like morphology, reactivity to alkaline phosphatase (AP) and
the ability to form teratomas (Fig. 1b, c and Extended Data Fig. 1d).
Cells cultured in 2i medium alone could also proliferate in the absence
of exogenous glutamine (Extended Data Fig. 1e).
This effectwasnot due todifferences inmediumnutrient formulations

as supplementing S/L medium with the GSK-3b and MAPK/ERK in-
hibitors present in 2i also enabled glutamine-independent proliferation
while maintaining ES cell morphology and markers of pluripotency
(Fig. 1d, e). An alternative ES-cell medium containing BMP4 and LIF
added to the same serum-free formulation as in 2i/L12 failed to support
glutamine-independent growth (Fig. 1f). Likewise, epiblast stem cells

(EpiSCs) could not proliferate in the absence of exogenous glutamine
(ExtendedData Fig. 1f, g).However, the ability toundertake glutamine-
independent growthwas not limited to embryonic pluripotency; fibro-
blast-derived induced pluripotent cells (iPSCs) were also able to pro-
liferate in glutamine-free 2i/Lmedium (ExtendedData Fig. 1h). These
results indicate that the GSK-3b and MAPK/ERK inhibitors in 2i-
containing medium are both necessary and sufficient to enable prolif-
eration of pluripotent cells in the absence of exogenous glutamine.
The fact that cells proliferated in the absence of exogenous glutamine

in 2i/Lmedium, albeit at a slower rate than cells cultured in glutamine-
replete medium (Extended Data Fig. 1i), indicates that these cells must
be capable of de novo glutamine synthesis. Indeed, chemical inhibition
of glutamine synthase was sufficient to block proliferation of cells in
glutamine-free 2i/Lmedium (ExtendedData Fig. 1j). Likewise, addition
of cell-permeable dimethyl-a-ketoglutarate (DM-aKG), a precursor for
glutamine synthesis, was sufficient to enable glutamine-independent
proliferation in both S/L and 2i/L conditions (Extended Data Fig. 1k),
suggesting that the supply of precursors for glutamine synthesis deter-
mines the ability of ES cells to proliferate in the absence of glutamine.
In support of this model, cells cultured in 2i/L preserved larger intra-
cellular pools of glutamate after glutamine withdrawal than cells cul-
tured in S/L (Fig. 1g). These results suggest that 2i/L cells can generate

*These authors contributed equally to this work.
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Figure 1 | 2i is necessary and sufficient to confer glutamine independence.
a–f, Growth curves and representative images of ES cells grown in the absence
of glutamine (Q). a, b, Growth curves of ESC-V19 cells (a) and V6.5 ES-cell
lines (ESC-1–4) (b) cultured in glutamine-free S/L or 2i/L medium. c, e, Phase
images showing ESC-1 cells cultured in glutamine-free 2i/L (c) or S/L/2i (e)
medium for 3 days. Top, brightfield (BF); bottom, AP staining. Scale bars,
500mm. d, Growth curve of ESC-V19 cells in glutamine-free S/L or S/L/2i
medium. f, Growth curve of ESC-V19 cells cultured without glutamine in two
serum-free media formulations containing N2 and B27 supplements, 2i/L and
BMP4/L. g, Intracellular glutamate levels 8 h after addition of medium with or
without glutamine. a.u., arbitrary units. Data are presented as the
mean6 standard deviation (s.d.) of triplicate wells from a representative
experiment.
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Mouse ES cells can be maintained in two medium formulations: 
a serum-free medium reported to support a cellular phenotype that mimics ‘naive’ epiblast cells of the inner cell 
mass (containing GSK-3b and MAPK/ ERK inhibitors (2i)/leukaemia inhibitory factor (LIF), hereafter 2i/L) 
or a serum-based medium that supports the proliferation of a more committed ES cell phenotype (serum/LIF, 
hereafter S/L).

2i/L: NAIVE 
S/L: COMMITTED
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Intracellular a-ketoglutarate maintains the
pluripotency of embryonic stem cells
Bryce W. Carey1*, Lydia W. S. Finley2*, Justin R. Cross3, C. David Allis1 & Craig B. Thompson2

The role of cellular metabolism in regulating cell proliferation and
differentiation remains poorly understood1. For example,mostmam-
malian cells cannot proliferate without exogenous glutamine supple-
mentation even though glutamine is a non-essential amino acid1,2.
Here we show that mouse embryonic stem (ES) cells grown under
conditions that maintain naive pluripotency3 are capable of prolif-
eration in the absence of exogenous glutamine.Despite this, ES cells
consume high levels of exogenous glutamine when themetabolite is
available. In comparison to more differentiated cells, naive ES cells
utilize both glucose and glutamine catabolism to maintain a high
level of intracellulara-ketoglutarate (aKG). Consequently, naive ES
cells exhibit an elevatedaKG to succinate ratio that promotes histone/
DNAdemethylation andmaintains pluripotency. Directmanipula-
tion of the intracellular aKG/succinate ratio is sufficient to regulate
multiple chromatin modifications, including H3K27me3 and ten-
eleven translocation (Tet)-dependent DNA demethylation, which
contribute to the regulation of pluripotency-associated gene express-
ion. In vitro, supplementationwith cell-permeable aKGdirectly sup-
ports ES-cell self-renewal while cell-permeable succinate promotes
differentiation. This work reveals that intracellular aKG/succinate
levels can contribute to the maintenance of cellular identity and
have a mechanistic role in the transcriptional and epigenetic state
of stem cells.
Mouse ES cells can be maintained in two medium formulations: a

serum-freemediumreported to support a cellularphenotype thatmimics
‘naive’ epiblast cells of the inner cellmass (containingGSK-3b andMAPK/
ERK inhibitors (2i)/leukaemia inhibitory factor (LIF), hereafter 2i/L);
or a serum-based medium that supports the proliferation of a more
committed ES cell phenotype (serum/LIF, hereafter S/L)4–11. To char-
acterize ES cell metabolism, we investigated whether cells cultured in
these two media have different requirements for glucose and/or gluta-
mine. ES cells cultured in eithermediumproliferated at equivalent rates
when glucose and glutamine were abundant and cells cultured with or
without 2i were unable to proliferate in the absence of glucose (Ex-
tended Data Fig. 1a, b). In contrast, cells cultured in 2i/L, but not S/L,
proliferated robustly in the absence of exogenous glutamine (Fig. 1a
and Extended Data Fig. 1c). Likewise, four newly derived ES-cell lines
(ESC-1–4) exhibited convincing glutamine-independent proliferation
in 2i/L medium while retaining features of pluripotent cells, including
ES-cell-like morphology, reactivity to alkaline phosphatase (AP) and
the ability to form teratomas (Fig. 1b, c and Extended Data Fig. 1d).
Cells cultured in 2i medium alone could also proliferate in the absence
of exogenous glutamine (Extended Data Fig. 1e).
This effectwasnot due todifferences inmediumnutrient formulations

as supplementing S/L medium with the GSK-3b and MAPK/ERK in-
hibitors present in 2i also enabled glutamine-independent proliferation
while maintaining ES cell morphology and markers of pluripotency
(Fig. 1d, e). An alternative ES-cell medium containing BMP4 and LIF
added to the same serum-free formulation as in 2i/L12 failed to support
glutamine-independent growth (Fig. 1f). Likewise, epiblast stem cells

(EpiSCs) could not proliferate in the absence of exogenous glutamine
(ExtendedData Fig. 1f, g).However, the ability toundertake glutamine-
independent growthwas not limited to embryonic pluripotency; fibro-
blast-derived induced pluripotent cells (iPSCs) were also able to pro-
liferate in glutamine-free 2i/Lmedium (ExtendedData Fig. 1h). These
results indicate that the GSK-3b and MAPK/ERK inhibitors in 2i-
containing medium are both necessary and sufficient to enable prolif-
eration of pluripotent cells in the absence of exogenous glutamine.
The fact that cells proliferated in the absence of exogenous glutamine

in 2i/Lmedium, albeit at a slower rate than cells cultured in glutamine-
replete medium (Extended Data Fig. 1i), indicates that these cells must
be capable of de novo glutamine synthesis. Indeed, chemical inhibition
of glutamine synthase was sufficient to block proliferation of cells in
glutamine-free 2i/Lmedium (ExtendedData Fig. 1j). Likewise, addition
of cell-permeable dimethyl-a-ketoglutarate (DM-aKG), a precursor for
glutamine synthesis, was sufficient to enable glutamine-independent
proliferation in both S/L and 2i/L conditions (Extended Data Fig. 1k),
suggesting that the supply of precursors for glutamine synthesis deter-
mines the ability of ES cells to proliferate in the absence of glutamine.
In support of this model, cells cultured in 2i/L preserved larger intra-
cellular pools of glutamate after glutamine withdrawal than cells cul-
tured in S/L (Fig. 1g). These results suggest that 2i/L cells can generate
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Figure 1 | 2i is necessary and sufficient to confer glutamine independence.
a–f, Growth curves and representative images of ES cells grown in the absence
of glutamine (Q). a, b, Growth curves of ESC-V19 cells (a) and V6.5 ES-cell
lines (ESC-1–4) (b) cultured in glutamine-free S/L or 2i/L medium. c, e, Phase
images showing ESC-1 cells cultured in glutamine-free 2i/L (c) or S/L/2i (e)
medium for 3 days. Top, brightfield (BF); bottom, AP staining. Scale bars,
500mm. d, Growth curve of ESC-V19 cells in glutamine-free S/L or S/L/2i
medium. f, Growth curve of ESC-V19 cells cultured without glutamine in two
serum-free media formulations containing N2 and B27 supplements, 2i/L and
BMP4/L. g, Intracellular glutamate levels 8 h after addition of medium with or
without glutamine. a.u., arbitrary units. Data are presented as the
mean6 standard deviation (s.d.) of triplicate wells from a representative
experiment.
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Intracellular a-ketoglutarate maintains the
pluripotency of embryonic stem cells
Bryce W. Carey1*, Lydia W. S. Finley2*, Justin R. Cross3, C. David Allis1 & Craig B. Thompson2

The role of cellular metabolism in regulating cell proliferation and
differentiation remains poorly understood1. For example,mostmam-
malian cells cannot proliferate without exogenous glutamine supple-
mentation even though glutamine is a non-essential amino acid1,2.
Here we show that mouse embryonic stem (ES) cells grown under
conditions that maintain naive pluripotency3 are capable of prolif-
eration in the absence of exogenous glutamine.Despite this, ES cells
consume high levels of exogenous glutamine when themetabolite is
available. In comparison to more differentiated cells, naive ES cells
utilize both glucose and glutamine catabolism to maintain a high
level of intracellulara-ketoglutarate (aKG). Consequently, naive ES
cells exhibit an elevatedaKG to succinate ratio that promotes histone/
DNAdemethylation andmaintains pluripotency. Directmanipula-
tion of the intracellular aKG/succinate ratio is sufficient to regulate
multiple chromatin modifications, including H3K27me3 and ten-
eleven translocation (Tet)-dependent DNA demethylation, which
contribute to the regulation of pluripotency-associated gene express-
ion. In vitro, supplementationwith cell-permeable aKGdirectly sup-
ports ES-cell self-renewal while cell-permeable succinate promotes
differentiation. This work reveals that intracellular aKG/succinate
levels can contribute to the maintenance of cellular identity and
have a mechanistic role in the transcriptional and epigenetic state
of stem cells.
Mouse ES cells can be maintained in two medium formulations: a

serum-freemediumreported to support a cellularphenotype thatmimics
‘naive’ epiblast cells of the inner cellmass (containingGSK-3b andMAPK/
ERK inhibitors (2i)/leukaemia inhibitory factor (LIF), hereafter 2i/L);
or a serum-based medium that supports the proliferation of a more
committed ES cell phenotype (serum/LIF, hereafter S/L)4–11. To char-
acterize ES cell metabolism, we investigated whether cells cultured in
these two media have different requirements for glucose and/or gluta-
mine. ES cells cultured in eithermediumproliferated at equivalent rates
when glucose and glutamine were abundant and cells cultured with or
without 2i were unable to proliferate in the absence of glucose (Ex-
tended Data Fig. 1a, b). In contrast, cells cultured in 2i/L, but not S/L,
proliferated robustly in the absence of exogenous glutamine (Fig. 1a
and Extended Data Fig. 1c). Likewise, four newly derived ES-cell lines
(ESC-1–4) exhibited convincing glutamine-independent proliferation
in 2i/L medium while retaining features of pluripotent cells, including
ES-cell-like morphology, reactivity to alkaline phosphatase (AP) and
the ability to form teratomas (Fig. 1b, c and Extended Data Fig. 1d).
Cells cultured in 2i medium alone could also proliferate in the absence
of exogenous glutamine (Extended Data Fig. 1e).
This effectwasnot due todifferences inmediumnutrient formulations

as supplementing S/L medium with the GSK-3b and MAPK/ERK in-
hibitors present in 2i also enabled glutamine-independent proliferation
while maintaining ES cell morphology and markers of pluripotency
(Fig. 1d, e). An alternative ES-cell medium containing BMP4 and LIF
added to the same serum-free formulation as in 2i/L12 failed to support
glutamine-independent growth (Fig. 1f). Likewise, epiblast stem cells

(EpiSCs) could not proliferate in the absence of exogenous glutamine
(ExtendedData Fig. 1f, g).However, the ability toundertake glutamine-
independent growthwas not limited to embryonic pluripotency; fibro-
blast-derived induced pluripotent cells (iPSCs) were also able to pro-
liferate in glutamine-free 2i/Lmedium (ExtendedData Fig. 1h). These
results indicate that the GSK-3b and MAPK/ERK inhibitors in 2i-
containing medium are both necessary and sufficient to enable prolif-
eration of pluripotent cells in the absence of exogenous glutamine.
The fact that cells proliferated in the absence of exogenous glutamine

in 2i/Lmedium, albeit at a slower rate than cells cultured in glutamine-
replete medium (Extended Data Fig. 1i), indicates that these cells must
be capable of de novo glutamine synthesis. Indeed, chemical inhibition
of glutamine synthase was sufficient to block proliferation of cells in
glutamine-free 2i/Lmedium (ExtendedData Fig. 1j). Likewise, addition
of cell-permeable dimethyl-a-ketoglutarate (DM-aKG), a precursor for
glutamine synthesis, was sufficient to enable glutamine-independent
proliferation in both S/L and 2i/L conditions (Extended Data Fig. 1k),
suggesting that the supply of precursors for glutamine synthesis deter-
mines the ability of ES cells to proliferate in the absence of glutamine.
In support of this model, cells cultured in 2i/L preserved larger intra-
cellular pools of glutamate after glutamine withdrawal than cells cul-
tured in S/L (Fig. 1g). These results suggest that 2i/L cells can generate
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Figure 1 | 2i is necessary and sufficient to confer glutamine independence.
a–f, Growth curves and representative images of ES cells grown in the absence
of glutamine (Q). a, b, Growth curves of ESC-V19 cells (a) and V6.5 ES-cell
lines (ESC-1–4) (b) cultured in glutamine-free S/L or 2i/L medium. c, e, Phase
images showing ESC-1 cells cultured in glutamine-free 2i/L (c) or S/L/2i (e)
medium for 3 days. Top, brightfield (BF); bottom, AP staining. Scale bars,
500mm. d, Growth curve of ESC-V19 cells in glutamine-free S/L or S/L/2i
medium. f, Growth curve of ESC-V19 cells cultured without glutamine in two
serum-free media formulations containing N2 and B27 supplements, 2i/L and
BMP4/L. g, Intracellular glutamate levels 8 h after addition of medium with or
without glutamine. a.u., arbitrary units. Data are presented as the
mean6 standard deviation (s.d.) of triplicate wells from a representative
experiment.
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2i/L: NAIVE 
S/L: COMMITTED 
EpiSC: EPIBLAST STEM CELLS (PRIMED)

Committed/Primed cells are GLN auxotrophs.



Carey et al, Nature, 2015

aKG is important for SC proliferation



Why naive cells can 
grow without GLN?



Naive SC can synthesize their own GLN

Carey et al, Nature, 2015



Do naive and primed 
SCs use different 
carbon sources to 
sustain growth?



glutamate (and glutamine) from carbon sources other than glutamine
itself.
Despite their different growth requirements, cells cultured in both

S/L and 2i/L consumedhigh levels of glucose and glutamine and excreted
similar levels of lactate, consistent with the metabolic profile of most
proliferating cells, including cancer cells and pluripotent cells (Fig. 2a)1,13.
Oxidation of glucose and glutamine via themitochondrial tricarboxylic
acid (TCA) cycle provides a critical source of the biosynthetic precur-
sors required for cell proliferation. With the exception of aKG, steady-
state levels of TCA cycle metabolites were reproducibly diminished in
ES cells cultured in 2i/L (Fig. 2b).
Inmost cells, glutamine is catabolized to aKG to support TCA cycle

anaplerosis (Fig. 2c). ES cells grown inS/Lmediumexhibited high levels
of TCA cycle intermediates and virtually all intracellular glutamate,
aKGandmalatewere rapidly labelled after addition of [U-13C]glutamine
(Fig. 2d). In contrast, a substantial fractionof thesemetabolites failed to
become labelledwith glutamine in ES cells grown in 2i/L. Instead, there
was a rapid labelling of these threemetabolite pools from[U-13C]glucose
(Fig. 2e). Quantification ofmetabolite fluxes revealed that although the
flux of glutamine-derived carbons through aKG was similar in both
conditions, glutamine flux throughmalate was significantly diminished
in cells cultured in 2i/L, indicating that the entry of glutamine-derived
aKG into theTCAcycle is repressed by culture in 2i/L (Fig. 2f). Instead,
when cells are cultured in 2i/L, a substantial amount of both aKG and
malate was produced from glucose (Fig. 2g).
Consistentwith these results, cells culturedwith 2i inhibitors demon-

strated substantial glucose-dependent glutamate production (Extended
Data Fig. 2a). Consequently, during conditions of glutamine depletion,

cells cultured in 2i/Lmediumwere able to use glucose-derived carbons
to maintain elevated glutamate pools sufficient to support cell growth
(ExtendedData Fig. 2b).Moreover, in comparisonwith their S/L coun-
terparts, 2i/L cells usedmore glucose-derived carbon and relatively less
glutamine-derived carbon to support protein synthesis (Extended Data
Fig. 2c), confirming that 2i promotes increased glucose-dependent
amino acid synthesis.
Diminished glutamine entry into the TCA cycle, coupled with the

observed efflux of glucose-derived carbons from the TCA cycle as glu-
tamate, suggested that cells cultured in 2i/L might not be oxidizing all
the aKG produced from glutamine in the mitochondria. Indeed, the
aKG/succinate ratio was robustly elevated by 2i/L in every ES-cell line
tested (Fig. 3a). Cellular aKG/succinate ratios have been implicated in
the regulation of the large family ofaKG-dependent dioxygenases14. As
Jumonji C (JmjC)-domain-containing histone demethylases and the
Tet familyofDNAdemethylases compriseamajor subsetof these enzymes,
the elevated ratio of aKG/succinate observed in cells grown in 2i/L
medium could have important implications for the regulation of chro-
matin structure.
SinceaKGwas largely derived fromglutaminemetabolism (Fig. 2d),

we testedwhether glutamine deprivation affected histone lysinemethy-
lations known to be regulated in part byaKG-dependent demethylases15.
Cells cultured in glutamine-freemediumexhibited increases in trimethy-
lation and decreases inmonomethylation onH3K9,H3K27,H3K36 and
H4K20, whereas H3K4 methylations remained unchanged (Fig. 3b).
DM-aKGreversed the increase inH3K27me3 andH4K20me3observed
in glutamine-deficientmedium(ExtendedDataFig. 3a), confirming that
thesechangescouldbeaccounted forby thedecline inglutamine-dependent
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Figure 2 | 2i/L alters glucose and glutamine utilization. a, Analysis of
glucose uptake (left), glutamine uptake (centre) and lactate secretion (right).
b, Intracellular metabolite levels. Bars show mean of n5 4 (a) or n5 3 (b)
replicate wells6 s.d. from representative experiments. c, Schematic of the TCA
cycle including entry points for glucose- and glutamine-derived carbons.
Isotope tracing was performed for metabolites shown in red. d, e, Fraction of
each metabolite labelled by 13C derived from [U-13C]glutamine (13C-Gln) (d)

or derived from [U-13C]glucose (13C-Glc) (e) over time (0–12 h).
Mean6 standard error of the mean (s.e.m.) of three independent experiments
are shown. f, g, Glutamine (f) and glucose (g) flux through aKG and malate
pools. Mean6 s.e.m. of flux calculated for three independent experiments
(shown in d, e) are shown. *P, 0.05, **P, 0.005, ***P, 0.0005. P values
were determined by unpaired two-tailed Student’s t-tests.
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Oxidation of glucose and glutamine via the 
mitochondrial TCA cycle provides a critical 
source of the biosynthetic precursors required 
for cell proliferation. 

Carey et al, Nature, 2015

glutamate (and glutamine) from carbon sources other than glutamine
itself.
Despite their different growth requirements, cells cultured in both

S/L and 2i/L consumedhigh levels of glucose and glutamine and excreted
similar levels of lactate, consistent with the metabolic profile of most
proliferating cells, including cancer cells and pluripotent cells (Fig. 2a)1,13.
Oxidation of glucose and glutamine via themitochondrial tricarboxylic
acid (TCA) cycle provides a critical source of the biosynthetic precur-
sors required for cell proliferation. With the exception of aKG, steady-
state levels of TCA cycle metabolites were reproducibly diminished in
ES cells cultured in 2i/L (Fig. 2b).
Inmost cells, glutamine is catabolized to aKG to support TCA cycle

anaplerosis (Fig. 2c). ES cells grown inS/Lmediumexhibited high levels
of TCA cycle intermediates and virtually all intracellular glutamate,
aKGandmalatewere rapidly labelled after addition of [U-13C]glutamine
(Fig. 2d). In contrast, a substantial fractionof thesemetabolites failed to
become labelledwith glutamine in ES cells grown in 2i/L. Instead, there
was a rapid labelling of these threemetabolite pools from[U-13C]glucose
(Fig. 2e). Quantification ofmetabolite fluxes revealed that although the
flux of glutamine-derived carbons through aKG was similar in both
conditions, glutamine flux throughmalate was significantly diminished
in cells cultured in 2i/L, indicating that the entry of glutamine-derived
aKG into theTCAcycle is repressed by culture in 2i/L (Fig. 2f). Instead,
when cells are cultured in 2i/L, a substantial amount of both aKG and
malate was produced from glucose (Fig. 2g).
Consistentwith these results, cells culturedwith 2i inhibitors demon-

strated substantial glucose-dependent glutamate production (Extended
Data Fig. 2a). Consequently, during conditions of glutamine depletion,

cells cultured in 2i/Lmediumwere able to use glucose-derived carbons
to maintain elevated glutamate pools sufficient to support cell growth
(ExtendedData Fig. 2b).Moreover, in comparisonwith their S/L coun-
terparts, 2i/L cells usedmore glucose-derived carbon and relatively less
glutamine-derived carbon to support protein synthesis (Extended Data
Fig. 2c), confirming that 2i promotes increased glucose-dependent
amino acid synthesis.
Diminished glutamine entry into the TCA cycle, coupled with the

observed efflux of glucose-derived carbons from the TCA cycle as glu-
tamate, suggested that cells cultured in 2i/L might not be oxidizing all
the aKG produced from glutamine in the mitochondria. Indeed, the
aKG/succinate ratio was robustly elevated by 2i/L in every ES-cell line
tested (Fig. 3a). Cellular aKG/succinate ratios have been implicated in
the regulation of the large family ofaKG-dependent dioxygenases14. As
Jumonji C (JmjC)-domain-containing histone demethylases and the
Tet familyofDNAdemethylases compriseamajor subsetof these enzymes,
the elevated ratio of aKG/succinate observed in cells grown in 2i/L
medium could have important implications for the regulation of chro-
matin structure.
SinceaKGwas largely derived fromglutaminemetabolism (Fig. 2d),

we testedwhether glutamine deprivation affected histone lysinemethy-
lations known to be regulated in part byaKG-dependent demethylases15.
Cells cultured in glutamine-freemediumexhibited increases in trimethy-
lation and decreases inmonomethylation onH3K9,H3K27,H3K36 and
H4K20, whereas H3K4 methylations remained unchanged (Fig. 3b).
DM-aKGreversed the increase inH3K27me3 andH4K20me3observed
in glutamine-deficientmedium(ExtendedDataFig. 3a), confirming that
thesechangescouldbeaccounted forby thedecline inglutamine-dependent
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Figure 2 | 2i/L alters glucose and glutamine utilization. a, Analysis of
glucose uptake (left), glutamine uptake (centre) and lactate secretion (right).
b, Intracellular metabolite levels. Bars show mean of n5 4 (a) or n5 3 (b)
replicate wells6 s.d. from representative experiments. c, Schematic of the TCA
cycle including entry points for glucose- and glutamine-derived carbons.
Isotope tracing was performed for metabolites shown in red. d, e, Fraction of
each metabolite labelled by 13C derived from [U-13C]glutamine (13C-Gln) (d)

or derived from [U-13C]glucose (13C-Glc) (e) over time (0–12 h).
Mean6 standard error of the mean (s.e.m.) of three independent experiments
are shown. f, g, Glutamine (f) and glucose (g) flux through aKG and malate
pools. Mean6 s.e.m. of flux calculated for three independent experiments
(shown in d, e) are shown. *P, 0.05, **P, 0.005, ***P, 0.0005. P values
were determined by unpaired two-tailed Student’s t-tests.
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What is happening 
when SC commit?



glutamate (and glutamine) from carbon sources other than glutamine
itself.
Despite their different growth requirements, cells cultured in both

S/L and 2i/L consumedhigh levels of glucose and glutamine and excreted
similar levels of lactate, consistent with the metabolic profile of most
proliferating cells, including cancer cells and pluripotent cells (Fig. 2a)1,13.
Oxidation of glucose and glutamine via themitochondrial tricarboxylic
acid (TCA) cycle provides a critical source of the biosynthetic precur-
sors required for cell proliferation. With the exception of aKG, steady-
state levels of TCA cycle metabolites were reproducibly diminished in
ES cells cultured in 2i/L (Fig. 2b).
Inmost cells, glutamine is catabolized to aKG to support TCA cycle

anaplerosis (Fig. 2c). ES cells grown inS/Lmediumexhibited high levels
of TCA cycle intermediates and virtually all intracellular glutamate,
aKGandmalatewere rapidly labelled after addition of [U-13C]glutamine
(Fig. 2d). In contrast, a substantial fractionof thesemetabolites failed to
become labelledwith glutamine in ES cells grown in 2i/L. Instead, there
was a rapid labelling of these threemetabolite pools from[U-13C]glucose
(Fig. 2e). Quantification ofmetabolite fluxes revealed that although the
flux of glutamine-derived carbons through aKG was similar in both
conditions, glutamine flux throughmalate was significantly diminished
in cells cultured in 2i/L, indicating that the entry of glutamine-derived
aKG into theTCAcycle is repressed by culture in 2i/L (Fig. 2f). Instead,
when cells are cultured in 2i/L, a substantial amount of both aKG and
malate was produced from glucose (Fig. 2g).
Consistentwith these results, cells culturedwith 2i inhibitors demon-

strated substantial glucose-dependent glutamate production (Extended
Data Fig. 2a). Consequently, during conditions of glutamine depletion,

cells cultured in 2i/Lmediumwere able to use glucose-derived carbons
to maintain elevated glutamate pools sufficient to support cell growth
(ExtendedData Fig. 2b).Moreover, in comparisonwith their S/L coun-
terparts, 2i/L cells usedmore glucose-derived carbon and relatively less
glutamine-derived carbon to support protein synthesis (Extended Data
Fig. 2c), confirming that 2i promotes increased glucose-dependent
amino acid synthesis.
Diminished glutamine entry into the TCA cycle, coupled with the

observed efflux of glucose-derived carbons from the TCA cycle as glu-
tamate, suggested that cells cultured in 2i/L might not be oxidizing all
the aKG produced from glutamine in the mitochondria. Indeed, the
aKG/succinate ratio was robustly elevated by 2i/L in every ES-cell line
tested (Fig. 3a). Cellular aKG/succinate ratios have been implicated in
the regulation of the large family ofaKG-dependent dioxygenases14. As
Jumonji C (JmjC)-domain-containing histone demethylases and the
Tet familyofDNAdemethylases compriseamajor subsetof these enzymes,
the elevated ratio of aKG/succinate observed in cells grown in 2i/L
medium could have important implications for the regulation of chro-
matin structure.
SinceaKGwas largely derived fromglutaminemetabolism (Fig. 2d),

we testedwhether glutamine deprivation affected histone lysinemethy-
lations known to be regulated in part byaKG-dependent demethylases15.
Cells cultured in glutamine-freemediumexhibited increases in trimethy-
lation and decreases inmonomethylation onH3K9,H3K27,H3K36 and
H4K20, whereas H3K4 methylations remained unchanged (Fig. 3b).
DM-aKGreversed the increase inH3K27me3 andH4K20me3observed
in glutamine-deficientmedium(ExtendedDataFig. 3a), confirming that
thesechangescouldbeaccounted forby thedecline inglutamine-dependent
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Figure 2 | 2i/L alters glucose and glutamine utilization. a, Analysis of
glucose uptake (left), glutamine uptake (centre) and lactate secretion (right).
b, Intracellular metabolite levels. Bars show mean of n5 4 (a) or n5 3 (b)
replicate wells6 s.d. from representative experiments. c, Schematic of the TCA
cycle including entry points for glucose- and glutamine-derived carbons.
Isotope tracing was performed for metabolites shown in red. d, e, Fraction of
each metabolite labelled by 13C derived from [U-13C]glutamine (13C-Gln) (d)

or derived from [U-13C]glucose (13C-Glc) (e) over time (0–12 h).
Mean6 standard error of the mean (s.e.m.) of three independent experiments
are shown. f, g, Glutamine (f) and glucose (g) flux through aKG and malate
pools. Mean6 s.e.m. of flux calculated for three independent experiments
(shown in d, e) are shown. *P, 0.05, **P, 0.005, ***P, 0.0005. P values
were determined by unpaired two-tailed Student’s t-tests.
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In most cells, glutamine is catabolized to aKG to support TCA cycle anaplerosis.
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glutamate (and glutamine) from carbon sources other than glutamine
itself.
Despite their different growth requirements, cells cultured in both

S/L and 2i/L consumedhigh levels of glucose and glutamine and excreted
similar levels of lactate, consistent with the metabolic profile of most
proliferating cells, including cancer cells and pluripotent cells (Fig. 2a)1,13.
Oxidation of glucose and glutamine via themitochondrial tricarboxylic
acid (TCA) cycle provides a critical source of the biosynthetic precur-
sors required for cell proliferation. With the exception of aKG, steady-
state levels of TCA cycle metabolites were reproducibly diminished in
ES cells cultured in 2i/L (Fig. 2b).
Inmost cells, glutamine is catabolized to aKG to support TCA cycle

anaplerosis (Fig. 2c). ES cells grown inS/Lmediumexhibited high levels
of TCA cycle intermediates and virtually all intracellular glutamate,
aKGandmalatewere rapidly labelled after addition of [U-13C]glutamine
(Fig. 2d). In contrast, a substantial fractionof thesemetabolites failed to
become labelledwith glutamine in ES cells grown in 2i/L. Instead, there
was a rapid labelling of these threemetabolite pools from[U-13C]glucose
(Fig. 2e). Quantification ofmetabolite fluxes revealed that although the
flux of glutamine-derived carbons through aKG was similar in both
conditions, glutamine flux throughmalate was significantly diminished
in cells cultured in 2i/L, indicating that the entry of glutamine-derived
aKG into theTCAcycle is repressed by culture in 2i/L (Fig. 2f). Instead,
when cells are cultured in 2i/L, a substantial amount of both aKG and
malate was produced from glucose (Fig. 2g).
Consistentwith these results, cells culturedwith 2i inhibitors demon-

strated substantial glucose-dependent glutamate production (Extended
Data Fig. 2a). Consequently, during conditions of glutamine depletion,

cells cultured in 2i/Lmediumwere able to use glucose-derived carbons
to maintain elevated glutamate pools sufficient to support cell growth
(ExtendedData Fig. 2b).Moreover, in comparisonwith their S/L coun-
terparts, 2i/L cells usedmore glucose-derived carbon and relatively less
glutamine-derived carbon to support protein synthesis (Extended Data
Fig. 2c), confirming that 2i promotes increased glucose-dependent
amino acid synthesis.
Diminished glutamine entry into the TCA cycle, coupled with the

observed efflux of glucose-derived carbons from the TCA cycle as glu-
tamate, suggested that cells cultured in 2i/L might not be oxidizing all
the aKG produced from glutamine in the mitochondria. Indeed, the
aKG/succinate ratio was robustly elevated by 2i/L in every ES-cell line
tested (Fig. 3a). Cellular aKG/succinate ratios have been implicated in
the regulation of the large family ofaKG-dependent dioxygenases14. As
Jumonji C (JmjC)-domain-containing histone demethylases and the
Tet familyofDNAdemethylases compriseamajor subsetof these enzymes,
the elevated ratio of aKG/succinate observed in cells grown in 2i/L
medium could have important implications for the regulation of chro-
matin structure.
SinceaKGwas largely derived fromglutaminemetabolism (Fig. 2d),

we testedwhether glutamine deprivation affected histone lysinemethy-
lations known to be regulated in part byaKG-dependent demethylases15.
Cells cultured in glutamine-freemediumexhibited increases in trimethy-
lation and decreases inmonomethylation onH3K9,H3K27,H3K36 and
H4K20, whereas H3K4 methylations remained unchanged (Fig. 3b).
DM-aKGreversed the increase inH3K27me3 andH4K20me3observed
in glutamine-deficientmedium(ExtendedDataFig. 3a), confirming that
thesechangescouldbeaccounted forby thedecline inglutamine-dependent
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Figure 2 | 2i/L alters glucose and glutamine utilization. a, Analysis of
glucose uptake (left), glutamine uptake (centre) and lactate secretion (right).
b, Intracellular metabolite levels. Bars show mean of n5 4 (a) or n5 3 (b)
replicate wells6 s.d. from representative experiments. c, Schematic of the TCA
cycle including entry points for glucose- and glutamine-derived carbons.
Isotope tracing was performed for metabolites shown in red. d, e, Fraction of
each metabolite labelled by 13C derived from [U-13C]glutamine (13C-Gln) (d)

or derived from [U-13C]glucose (13C-Glc) (e) over time (0–12 h).
Mean6 standard error of the mean (s.e.m.) of three independent experiments
are shown. f, g, Glutamine (f) and glucose (g) flux through aKG and malate
pools. Mean6 s.e.m. of flux calculated for three independent experiments
(shown in d, e) are shown. *P, 0.05, **P, 0.005, ***P, 0.0005. P values
were determined by unpaired two-tailed Student’s t-tests.
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glutamate (and glutamine) from carbon sources other than glutamine
itself.
Despite their different growth requirements, cells cultured in both

S/L and 2i/L consumedhigh levels of glucose and glutamine and excreted
similar levels of lactate, consistent with the metabolic profile of most
proliferating cells, including cancer cells and pluripotent cells (Fig. 2a)1,13.
Oxidation of glucose and glutamine via themitochondrial tricarboxylic
acid (TCA) cycle provides a critical source of the biosynthetic precur-
sors required for cell proliferation. With the exception of aKG, steady-
state levels of TCA cycle metabolites were reproducibly diminished in
ES cells cultured in 2i/L (Fig. 2b).
Inmost cells, glutamine is catabolized to aKG to support TCA cycle

anaplerosis (Fig. 2c). ES cells grown inS/Lmediumexhibited high levels
of TCA cycle intermediates and virtually all intracellular glutamate,
aKGandmalatewere rapidly labelled after addition of [U-13C]glutamine
(Fig. 2d). In contrast, a substantial fractionof thesemetabolites failed to
become labelledwith glutamine in ES cells grown in 2i/L. Instead, there
was a rapid labelling of these threemetabolite pools from[U-13C]glucose
(Fig. 2e). Quantification ofmetabolite fluxes revealed that although the
flux of glutamine-derived carbons through aKG was similar in both
conditions, glutamine flux throughmalate was significantly diminished
in cells cultured in 2i/L, indicating that the entry of glutamine-derived
aKG into theTCAcycle is repressed by culture in 2i/L (Fig. 2f). Instead,
when cells are cultured in 2i/L, a substantial amount of both aKG and
malate was produced from glucose (Fig. 2g).
Consistentwith these results, cells culturedwith 2i inhibitors demon-

strated substantial glucose-dependent glutamate production (Extended
Data Fig. 2a). Consequently, during conditions of glutamine depletion,

cells cultured in 2i/Lmediumwere able to use glucose-derived carbons
to maintain elevated glutamate pools sufficient to support cell growth
(ExtendedData Fig. 2b).Moreover, in comparisonwith their S/L coun-
terparts, 2i/L cells usedmore glucose-derived carbon and relatively less
glutamine-derived carbon to support protein synthesis (Extended Data
Fig. 2c), confirming that 2i promotes increased glucose-dependent
amino acid synthesis.
Diminished glutamine entry into the TCA cycle, coupled with the

observed efflux of glucose-derived carbons from the TCA cycle as glu-
tamate, suggested that cells cultured in 2i/L might not be oxidizing all
the aKG produced from glutamine in the mitochondria. Indeed, the
aKG/succinate ratio was robustly elevated by 2i/L in every ES-cell line
tested (Fig. 3a). Cellular aKG/succinate ratios have been implicated in
the regulation of the large family ofaKG-dependent dioxygenases14. As
Jumonji C (JmjC)-domain-containing histone demethylases and the
Tet familyofDNAdemethylases compriseamajor subsetof these enzymes,
the elevated ratio of aKG/succinate observed in cells grown in 2i/L
medium could have important implications for the regulation of chro-
matin structure.
SinceaKGwas largely derived fromglutaminemetabolism (Fig. 2d),

we testedwhether glutamine deprivation affected histone lysinemethy-
lations known to be regulated in part byaKG-dependent demethylases15.
Cells cultured in glutamine-freemediumexhibited increases in trimethy-
lation and decreases inmonomethylation onH3K9,H3K27,H3K36 and
H4K20, whereas H3K4 methylations remained unchanged (Fig. 3b).
DM-aKGreversed the increase inH3K27me3 andH4K20me3observed
in glutamine-deficientmedium(ExtendedDataFig. 3a), confirming that
thesechangescouldbeaccounted forby thedecline inglutamine-dependent
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Figure 2 | 2i/L alters glucose and glutamine utilization. a, Analysis of
glucose uptake (left), glutamine uptake (centre) and lactate secretion (right).
b, Intracellular metabolite levels. Bars show mean of n5 4 (a) or n5 3 (b)
replicate wells6 s.d. from representative experiments. c, Schematic of the TCA
cycle including entry points for glucose- and glutamine-derived carbons.
Isotope tracing was performed for metabolites shown in red. d, e, Fraction of
each metabolite labelled by 13C derived from [U-13C]glutamine (13C-Gln) (d)

or derived from [U-13C]glucose (13C-Glc) (e) over time (0–12 h).
Mean6 standard error of the mean (s.e.m.) of three independent experiments
are shown. f, g, Glutamine (f) and glucose (g) flux through aKG and malate
pools. Mean6 s.e.m. of flux calculated for three independent experiments
(shown in d, e) are shown. *P, 0.05, **P, 0.005, ***P, 0.0005. P values
were determined by unpaired two-tailed Student’s t-tests.
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Consequently, during conditions of glutamine depletion, cells cultured in 2i/L medium were able to 
use glucose-derived carbons to maintain elevated glutamate pools sufficient to support cell growth. 
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glutamate (and glutamine) from carbon sources other than glutamine
itself.
Despite their different growth requirements, cells cultured in both

S/L and 2i/L consumedhigh levels of glucose and glutamine and excreted
similar levels of lactate, consistent with the metabolic profile of most
proliferating cells, including cancer cells and pluripotent cells (Fig. 2a)1,13.
Oxidation of glucose and glutamine via themitochondrial tricarboxylic
acid (TCA) cycle provides a critical source of the biosynthetic precur-
sors required for cell proliferation. With the exception of aKG, steady-
state levels of TCA cycle metabolites were reproducibly diminished in
ES cells cultured in 2i/L (Fig. 2b).
Inmost cells, glutamine is catabolized to aKG to support TCA cycle

anaplerosis (Fig. 2c). ES cells grown inS/Lmediumexhibited high levels
of TCA cycle intermediates and virtually all intracellular glutamate,
aKGandmalatewere rapidly labelled after addition of [U-13C]glutamine
(Fig. 2d). In contrast, a substantial fractionof thesemetabolites failed to
become labelledwith glutamine in ES cells grown in 2i/L. Instead, there
was a rapid labelling of these threemetabolite pools from[U-13C]glucose
(Fig. 2e). Quantification ofmetabolite fluxes revealed that although the
flux of glutamine-derived carbons through aKG was similar in both
conditions, glutamine flux throughmalate was significantly diminished
in cells cultured in 2i/L, indicating that the entry of glutamine-derived
aKG into theTCAcycle is repressed by culture in 2i/L (Fig. 2f). Instead,
when cells are cultured in 2i/L, a substantial amount of both aKG and
malate was produced from glucose (Fig. 2g).
Consistentwith these results, cells culturedwith 2i inhibitors demon-

strated substantial glucose-dependent glutamate production (Extended
Data Fig. 2a). Consequently, during conditions of glutamine depletion,

cells cultured in 2i/Lmediumwere able to use glucose-derived carbons
to maintain elevated glutamate pools sufficient to support cell growth
(ExtendedData Fig. 2b).Moreover, in comparisonwith their S/L coun-
terparts, 2i/L cells usedmore glucose-derived carbon and relatively less
glutamine-derived carbon to support protein synthesis (Extended Data
Fig. 2c), confirming that 2i promotes increased glucose-dependent
amino acid synthesis.
Diminished glutamine entry into the TCA cycle, coupled with the

observed efflux of glucose-derived carbons from the TCA cycle as glu-
tamate, suggested that cells cultured in 2i/L might not be oxidizing all
the aKG produced from glutamine in the mitochondria. Indeed, the
aKG/succinate ratio was robustly elevated by 2i/L in every ES-cell line
tested (Fig. 3a). Cellular aKG/succinate ratios have been implicated in
the regulation of the large family ofaKG-dependent dioxygenases14. As
Jumonji C (JmjC)-domain-containing histone demethylases and the
Tet familyofDNAdemethylases compriseamajor subsetof these enzymes,
the elevated ratio of aKG/succinate observed in cells grown in 2i/L
medium could have important implications for the regulation of chro-
matin structure.
SinceaKGwas largely derived fromglutaminemetabolism (Fig. 2d),

we testedwhether glutamine deprivation affected histone lysinemethy-
lations known to be regulated in part byaKG-dependent demethylases15.
Cells cultured in glutamine-freemediumexhibited increases in trimethy-
lation and decreases inmonomethylation onH3K9,H3K27,H3K36 and
H4K20, whereas H3K4 methylations remained unchanged (Fig. 3b).
DM-aKGreversed the increase inH3K27me3 andH4K20me3observed
in glutamine-deficientmedium(ExtendedDataFig. 3a), confirming that
thesechangescouldbeaccounted forby thedecline inglutamine-dependent

a Glucose uptake Glutamine uptake Lactate secretion

Cell line: Cell line: Cell line:

b c

fd

e

ESC-V19 ESC-1 ESC-2 ESC-3 ESC-4
0

5

10

15

20

G
lu

co
se

 c
on

su
m

pt
io

n 
(m

m
ol

 l–1
 p

er
 m

g 
pr

ot
ei

n)

G
lu

ta
m

in
e 

co
ns

um
pt

io
n 

(m
m

ol
 l–1

 p
er

 m
g 

pr
ot

ei
n)

ESC-V19 ESC-1 ESC-2 ESC-3 ESC-4
0

10

20

30

40

La
ct

at
e 

pr
od

uc
tio

n 
(m

m
ol

 l–1
 p

er
 m

g 
pr

ot
ei

n)
 

Glucose

 (Acetyl-CoA)

Citrate

Pyruvate

Malate

Succinate

(Oxaloacetate)

(Isocitrate)

αKG

Aspartate

Glutamate

GlutamineM
et

ab
ol

ite
 le

ve
ls

 (a
.u

.)

ESC-V19 ESC-1 ESC-2 ESC-3 ESC-4
0

1

2

3

4

5

αKG

S/L 2i/L
0

0.02

0.04

0.06

*

Succinate

S/L 2i/L

S/L
2i/L

0

0.2

0.4

0.6

***

Aspartate

S/L 2i/L
0

0.02

0.04

0.06

0.08

0.10

***

Malate

S/L 2i/L
0

0.05

0.10

0.15

0.20

**

Malate

Malate

12 4 8 12
0

0.2

0.4

0.6

0.8

1.0

S/L
2i/L

S/L
2i/L

S/L
2i/L

S/L
2i/L

S/L
2i/L

S/L
2i/L

12 4 8 12
0

0.2

0.4

0.6

0.8

1.0
αKG

αKG

12 4 8 12
0

0.2

0.4

0.6

0.8

1.0

Fr
ac

tio
n 

la
be

lle
d 

by
 13

C
-G

lc

Fr
ac

tio
n 

la
be

lle
d 

by
 13

C
-G

lc

Fr
ac

tio
n 

la
be

lle
d 

by
 13

C
-G

lc

Fr
ac

tio
n 

la
be

lle
d 

by
 13

C
-G

ln

Fr
ac

tio
n 

la
be

lle
d 

by
 13

C
-G

ln

Fr
ac

tio
n 

la
be

lle
d 

by
 13

C
-G

ln

12 4 8 12
0

0.2

0.4

0.6

0.8

1.0

Time (h) Time (h) Time (h)

Time (h)Time (h)Time (h)

Glutamate

Glutamate

12 4 8 12
0

0.2

0.4

0.6

0.8

1.0

12 4 8 12
0

0.2

0.4

0.6

0.8

1.0

M
et

ab
ol

ite
 le

ve
ls

 (a
.u

.)

M
et

ab
ol

ite
 le

ve
ls

 (a
.u

.)

M
et

ab
ol

ite
 le

ve
ls

 (a
.u

.)

αKG Malate

g αKG Malate

Fl
ux

 fr
om

 G
ln

 (a
.u

.)

Fl
ux

 fr
om

 G
ln

 (a
.u

.)

Fl
ux

 fr
om

 G
lc

 (a
.u

.)

Fl
ux

 fr
om

 G
lc

 (a
.u

.)

S/L 2i/L
0 0

0.5

1.0

1.5

2.0

S/L 2i/L
0

0.5

1.0

1.5

2.0

S/L 2i/L

0.5

1.0

1.5

2.0

S/L 2i/L
0

0.5

1.0

1.5

2.0

**

*

*

Figure 2 | 2i/L alters glucose and glutamine utilization. a, Analysis of
glucose uptake (left), glutamine uptake (centre) and lactate secretion (right).
b, Intracellular metabolite levels. Bars show mean of n5 4 (a) or n5 3 (b)
replicate wells6 s.d. from representative experiments. c, Schematic of the TCA
cycle including entry points for glucose- and glutamine-derived carbons.
Isotope tracing was performed for metabolites shown in red. d, e, Fraction of
each metabolite labelled by 13C derived from [U-13C]glutamine (13C-Gln) (d)

or derived from [U-13C]glucose (13C-Glc) (e) over time (0–12 h).
Mean6 standard error of the mean (s.e.m.) of three independent experiments
are shown. f, g, Glutamine (f) and glucose (g) flux through aKG and malate
pools. Mean6 s.e.m. of flux calculated for three independent experiments
(shown in d, e) are shown. *P, 0.05, **P, 0.005, ***P, 0.0005. P values
were determined by unpaired two-tailed Student’s t-tests.
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glutamate (and glutamine) from carbon sources other than glutamine
itself.
Despite their different growth requirements, cells cultured in both

S/L and 2i/L consumedhigh levels of glucose and glutamine and excreted
similar levels of lactate, consistent with the metabolic profile of most
proliferating cells, including cancer cells and pluripotent cells (Fig. 2a)1,13.
Oxidation of glucose and glutamine via themitochondrial tricarboxylic
acid (TCA) cycle provides a critical source of the biosynthetic precur-
sors required for cell proliferation. With the exception of aKG, steady-
state levels of TCA cycle metabolites were reproducibly diminished in
ES cells cultured in 2i/L (Fig. 2b).
Inmost cells, glutamine is catabolized to aKG to support TCA cycle

anaplerosis (Fig. 2c). ES cells grown inS/Lmediumexhibited high levels
of TCA cycle intermediates and virtually all intracellular glutamate,
aKGandmalatewere rapidly labelled after addition of [U-13C]glutamine
(Fig. 2d). In contrast, a substantial fractionof thesemetabolites failed to
become labelledwith glutamine in ES cells grown in 2i/L. Instead, there
was a rapid labelling of these threemetabolite pools from[U-13C]glucose
(Fig. 2e). Quantification ofmetabolite fluxes revealed that although the
flux of glutamine-derived carbons through aKG was similar in both
conditions, glutamine flux throughmalate was significantly diminished
in cells cultured in 2i/L, indicating that the entry of glutamine-derived
aKG into theTCAcycle is repressed by culture in 2i/L (Fig. 2f). Instead,
when cells are cultured in 2i/L, a substantial amount of both aKG and
malate was produced from glucose (Fig. 2g).
Consistentwith these results, cells culturedwith 2i inhibitors demon-

strated substantial glucose-dependent glutamate production (Extended
Data Fig. 2a). Consequently, during conditions of glutamine depletion,

cells cultured in 2i/Lmediumwere able to use glucose-derived carbons
to maintain elevated glutamate pools sufficient to support cell growth
(ExtendedData Fig. 2b).Moreover, in comparisonwith their S/L coun-
terparts, 2i/L cells usedmore glucose-derived carbon and relatively less
glutamine-derived carbon to support protein synthesis (Extended Data
Fig. 2c), confirming that 2i promotes increased glucose-dependent
amino acid synthesis.
Diminished glutamine entry into the TCA cycle, coupled with the

observed efflux of glucose-derived carbons from the TCA cycle as glu-
tamate, suggested that cells cultured in 2i/L might not be oxidizing all
the aKG produced from glutamine in the mitochondria. Indeed, the
aKG/succinate ratio was robustly elevated by 2i/L in every ES-cell line
tested (Fig. 3a). Cellular aKG/succinate ratios have been implicated in
the regulation of the large family ofaKG-dependent dioxygenases14. As
Jumonji C (JmjC)-domain-containing histone demethylases and the
Tet familyofDNAdemethylases compriseamajor subsetof these enzymes,
the elevated ratio of aKG/succinate observed in cells grown in 2i/L
medium could have important implications for the regulation of chro-
matin structure.
SinceaKGwas largely derived fromglutaminemetabolism (Fig. 2d),

we testedwhether glutamine deprivation affected histone lysinemethy-
lations known to be regulated in part byaKG-dependent demethylases15.
Cells cultured in glutamine-freemediumexhibited increases in trimethy-
lation and decreases inmonomethylation onH3K9,H3K27,H3K36 and
H4K20, whereas H3K4 methylations remained unchanged (Fig. 3b).
DM-aKGreversed the increase inH3K27me3 andH4K20me3observed
in glutamine-deficientmedium(ExtendedDataFig. 3a), confirming that
thesechangescouldbeaccounted forby thedecline inglutamine-dependent
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Figure 2 | 2i/L alters glucose and glutamine utilization. a, Analysis of
glucose uptake (left), glutamine uptake (centre) and lactate secretion (right).
b, Intracellular metabolite levels. Bars show mean of n5 4 (a) or n5 3 (b)
replicate wells6 s.d. from representative experiments. c, Schematic of the TCA
cycle including entry points for glucose- and glutamine-derived carbons.
Isotope tracing was performed for metabolites shown in red. d, e, Fraction of
each metabolite labelled by 13C derived from [U-13C]glutamine (13C-Gln) (d)

or derived from [U-13C]glucose (13C-Glc) (e) over time (0–12 h).
Mean6 standard error of the mean (s.e.m.) of three independent experiments
are shown. f, g, Glutamine (f) and glucose (g) flux through aKG and malate
pools. Mean6 s.e.m. of flux calculated for three independent experiments
(shown in d, e) are shown. *P, 0.05, **P, 0.005, ***P, 0.0005. P values
were determined by unpaired two-tailed Student’s t-tests.
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glutamate (and glutamine) from carbon sources other than glutamine
itself.
Despite their different growth requirements, cells cultured in both

S/L and 2i/L consumedhigh levels of glucose and glutamine and excreted
similar levels of lactate, consistent with the metabolic profile of most
proliferating cells, including cancer cells and pluripotent cells (Fig. 2a)1,13.
Oxidation of glucose and glutamine via themitochondrial tricarboxylic
acid (TCA) cycle provides a critical source of the biosynthetic precur-
sors required for cell proliferation. With the exception of aKG, steady-
state levels of TCA cycle metabolites were reproducibly diminished in
ES cells cultured in 2i/L (Fig. 2b).
Inmost cells, glutamine is catabolized to aKG to support TCA cycle

anaplerosis (Fig. 2c). ES cells grown inS/Lmediumexhibited high levels
of TCA cycle intermediates and virtually all intracellular glutamate,
aKGandmalatewere rapidly labelled after addition of [U-13C]glutamine
(Fig. 2d). In contrast, a substantial fractionof thesemetabolites failed to
become labelledwith glutamine in ES cells grown in 2i/L. Instead, there
was a rapid labelling of these threemetabolite pools from[U-13C]glucose
(Fig. 2e). Quantification ofmetabolite fluxes revealed that although the
flux of glutamine-derived carbons through aKG was similar in both
conditions, glutamine flux throughmalate was significantly diminished
in cells cultured in 2i/L, indicating that the entry of glutamine-derived
aKG into theTCAcycle is repressed by culture in 2i/L (Fig. 2f). Instead,
when cells are cultured in 2i/L, a substantial amount of both aKG and
malate was produced from glucose (Fig. 2g).
Consistentwith these results, cells culturedwith 2i inhibitors demon-

strated substantial glucose-dependent glutamate production (Extended
Data Fig. 2a). Consequently, during conditions of glutamine depletion,

cells cultured in 2i/Lmediumwere able to use glucose-derived carbons
to maintain elevated glutamate pools sufficient to support cell growth
(ExtendedData Fig. 2b).Moreover, in comparisonwith their S/L coun-
terparts, 2i/L cells usedmore glucose-derived carbon and relatively less
glutamine-derived carbon to support protein synthesis (Extended Data
Fig. 2c), confirming that 2i promotes increased glucose-dependent
amino acid synthesis.
Diminished glutamine entry into the TCA cycle, coupled with the

observed efflux of glucose-derived carbons from the TCA cycle as glu-
tamate, suggested that cells cultured in 2i/L might not be oxidizing all
the aKG produced from glutamine in the mitochondria. Indeed, the
aKG/succinate ratio was robustly elevated by 2i/L in every ES-cell line
tested (Fig. 3a). Cellular aKG/succinate ratios have been implicated in
the regulation of the large family ofaKG-dependent dioxygenases14. As
Jumonji C (JmjC)-domain-containing histone demethylases and the
Tet familyofDNAdemethylases compriseamajor subsetof these enzymes,
the elevated ratio of aKG/succinate observed in cells grown in 2i/L
medium could have important implications for the regulation of chro-
matin structure.
SinceaKGwas largely derived fromglutaminemetabolism (Fig. 2d),

we testedwhether glutamine deprivation affected histone lysinemethy-
lations known to be regulated in part byaKG-dependent demethylases15.
Cells cultured in glutamine-freemediumexhibited increases in trimethy-
lation and decreases inmonomethylation onH3K9,H3K27,H3K36 and
H4K20, whereas H3K4 methylations remained unchanged (Fig. 3b).
DM-aKGreversed the increase inH3K27me3 andH4K20me3observed
in glutamine-deficientmedium(ExtendedDataFig. 3a), confirming that
thesechangescouldbeaccounted forby thedecline inglutamine-dependent
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Figure 2 | 2i/L alters glucose and glutamine utilization. a, Analysis of
glucose uptake (left), glutamine uptake (centre) and lactate secretion (right).
b, Intracellular metabolite levels. Bars show mean of n5 4 (a) or n5 3 (b)
replicate wells6 s.d. from representative experiments. c, Schematic of the TCA
cycle including entry points for glucose- and glutamine-derived carbons.
Isotope tracing was performed for metabolites shown in red. d, e, Fraction of
each metabolite labelled by 13C derived from [U-13C]glutamine (13C-Gln) (d)

or derived from [U-13C]glucose (13C-Glc) (e) over time (0–12 h).
Mean6 standard error of the mean (s.e.m.) of three independent experiments
are shown. f, g, Glutamine (f) and glucose (g) flux through aKG and malate
pools. Mean6 s.e.m. of flux calculated for three independent experiments
(shown in d, e) are shown. *P, 0.05, **P, 0.005, ***P, 0.0005. P values
were determined by unpaired two-tailed Student’s t-tests.
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Diminished glutamine entry into the TCA cycle, coupled with the observed efflux of 
glucose-derived carbons from the TCA cycle as glutamate, suggested that cells cultured 
in 2i/L might not be oxidizing all the aKG produced from glutamine in the mitochondria. 



glutamate (and glutamine) from carbon sources other than glutamine
itself.
Despite their different growth requirements, cells cultured in both

S/L and 2i/L consumedhigh levels of glucose and glutamine and excreted
similar levels of lactate, consistent with the metabolic profile of most
proliferating cells, including cancer cells and pluripotent cells (Fig. 2a)1,13.
Oxidation of glucose and glutamine via themitochondrial tricarboxylic
acid (TCA) cycle provides a critical source of the biosynthetic precur-
sors required for cell proliferation. With the exception of aKG, steady-
state levels of TCA cycle metabolites were reproducibly diminished in
ES cells cultured in 2i/L (Fig. 2b).
Inmost cells, glutamine is catabolized to aKG to support TCA cycle

anaplerosis (Fig. 2c). ES cells grown inS/Lmediumexhibited high levels
of TCA cycle intermediates and virtually all intracellular glutamate,
aKGandmalatewere rapidly labelled after addition of [U-13C]glutamine
(Fig. 2d). In contrast, a substantial fractionof thesemetabolites failed to
become labelledwith glutamine in ES cells grown in 2i/L. Instead, there
was a rapid labelling of these threemetabolite pools from[U-13C]glucose
(Fig. 2e). Quantification ofmetabolite fluxes revealed that although the
flux of glutamine-derived carbons through aKG was similar in both
conditions, glutamine flux throughmalate was significantly diminished
in cells cultured in 2i/L, indicating that the entry of glutamine-derived
aKG into theTCAcycle is repressed by culture in 2i/L (Fig. 2f). Instead,
when cells are cultured in 2i/L, a substantial amount of both aKG and
malate was produced from glucose (Fig. 2g).
Consistentwith these results, cells culturedwith 2i inhibitors demon-

strated substantial glucose-dependent glutamate production (Extended
Data Fig. 2a). Consequently, during conditions of glutamine depletion,

cells cultured in 2i/Lmediumwere able to use glucose-derived carbons
to maintain elevated glutamate pools sufficient to support cell growth
(ExtendedData Fig. 2b).Moreover, in comparisonwith their S/L coun-
terparts, 2i/L cells usedmore glucose-derived carbon and relatively less
glutamine-derived carbon to support protein synthesis (Extended Data
Fig. 2c), confirming that 2i promotes increased glucose-dependent
amino acid synthesis.
Diminished glutamine entry into the TCA cycle, coupled with the

observed efflux of glucose-derived carbons from the TCA cycle as glu-
tamate, suggested that cells cultured in 2i/L might not be oxidizing all
the aKG produced from glutamine in the mitochondria. Indeed, the
aKG/succinate ratio was robustly elevated by 2i/L in every ES-cell line
tested (Fig. 3a). Cellular aKG/succinate ratios have been implicated in
the regulation of the large family ofaKG-dependent dioxygenases14. As
Jumonji C (JmjC)-domain-containing histone demethylases and the
Tet familyofDNAdemethylases compriseamajor subsetof these enzymes,
the elevated ratio of aKG/succinate observed in cells grown in 2i/L
medium could have important implications for the regulation of chro-
matin structure.
SinceaKGwas largely derived fromglutaminemetabolism (Fig. 2d),

we testedwhether glutamine deprivation affected histone lysinemethy-
lations known to be regulated in part byaKG-dependent demethylases15.
Cells cultured in glutamine-freemediumexhibited increases in trimethy-
lation and decreases inmonomethylation onH3K9,H3K27,H3K36 and
H4K20, whereas H3K4 methylations remained unchanged (Fig. 3b).
DM-aKGreversed the increase inH3K27me3 andH4K20me3observed
in glutamine-deficientmedium(ExtendedDataFig. 3a), confirming that
thesechangescouldbeaccounted forby thedecline inglutamine-dependent
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Figure 2 | 2i/L alters glucose and glutamine utilization. a, Analysis of
glucose uptake (left), glutamine uptake (centre) and lactate secretion (right).
b, Intracellular metabolite levels. Bars show mean of n5 4 (a) or n5 3 (b)
replicate wells6 s.d. from representative experiments. c, Schematic of the TCA
cycle including entry points for glucose- and glutamine-derived carbons.
Isotope tracing was performed for metabolites shown in red. d, e, Fraction of
each metabolite labelled by 13C derived from [U-13C]glutamine (13C-Gln) (d)

or derived from [U-13C]glucose (13C-Glc) (e) over time (0–12 h).
Mean6 standard error of the mean (s.e.m.) of three independent experiments
are shown. f, g, Glutamine (f) and glucose (g) flux through aKG and malate
pools. Mean6 s.e.m. of flux calculated for three independent experiments
(shown in d, e) are shown. *P, 0.05, **P, 0.005, ***P, 0.0005. P values
were determined by unpaired two-tailed Student’s t-tests.
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aKG. Treatment with GSK-J4 (ref. 16), a cell-permeable inhibitor that
preferentially inhibits UTX and JMJD3, the two H3K27me3-specific
JmjC-family histone demethylases (Fig. 3c), induced a dose-dependent
increase in H3K27me3 with a concomitant reduction of H3K27me1
that was comparable in magnitude to the difference observed when
cells were cultured in the presence or absence of glutamine (Fig. 3b, d).
These data indicate that the methylation of certain histone lysines,
including H3K27, are actively suppressed by aKG-dependent histone
demethylases in ES cells maintained in 2i/L medium.

In ES cells, ‘bivalent domains’ are developmentally regulated genomic
regions characterizedby the colocalizationofH3K4me3andH3K27me3
(refs 17–19). Recent genome-wide analysis of H3K27me3 in S/L- and
2i/L-culturedES cells revealed thatH3K27me3was specifically depleted
at bivalent domain gene promoters in 2i/L-cultured cells11. Our data sug-
gest that the observed increase inaKGmight promoteaKG-dependent
H3K27me3 demethylation in 2i/L ES cells. Indeed, cells cultured in
2i/L exhibited a greater increase in H3K27me3 at bivalent domain
promoters when incubated with theH3K27me3 demethylase inhibitor
GSK-J4 than cells cultured in S/L (Fig. 3e andExtendedData Fig. 3b, c).
The average fold change across the 14bivalent promoters tested showed
a highly significant increase in 2i/L-cultured ES cells compared with
S/L-cultured ES cells (Fig. 3e). Similarly, two independent cell lines
with mutations in the Jumonji domain of the H3K27me3 demethylase
JMJD3 (JMJD3D/D-1 and JMJD3D/D-2) (ExtendedDataFig. 4a–c)demon-
strated increases inH3K27me3 levels relative to control lines that were
significantly elevated in cells cultured in2i/L, reflecting enhanceddemethy-
lation at these loci in ES cells cultured in 2i/L (Fig. 3f). Furthermore,
treatment with GSK-J4, but not the inactive isomer GSK-J5, increased
the aKG/succinate ratio in cells cultured in 2i/L (Fig. 3g). These results
indicate that 2i/L rewires glutamine metabolism to maintain aKG
pools favouring active demethylation of a variety of histone marks.
In addition to reduced H3K27me3 at bivalent domain promoters,

cells cultured in 2i/L exhibit DNAhypomethylation5,7–9. Incubating cells
with ascorbic acid, a cofactor for aKG-dependent dioxygenases, acti-
vates Tet-dependent gene expression and promotes DNA demethyla-
tion20. Therefore, we testedwhetheraKG treatment could exert similar
effects (ExtendedData Fig. 5a). TotalDNAmethylationwas reduced in
cells cultured with cell-permeable aKG (Extended Data Fig. 5b) and
treatment with aKG, but not succinate, induced expression of inner-
cell-mass- and germline-associated genes previously identified as tar-
gets of Tet-mediated activation (ExtendedData Fig. 5c)20,21. The effects
ofaKGpersisted upon extended passaging (ExtendedData Fig. 5d) and
were largely abrogated inTet1/Tet2 double-knockout ES cells (Extended
Data Fig. 5e). These results suggest that intracellular aKG production
may stimulate the activity of multiple aKG-dependent dioxygenases
to regulate coordinately the epigenetic marks characteristic of naive
pluripotency.
To test whethermodulation of theaKG/succinate ratio can influence

pluripotent cell fate decisions, we performed colony-formation assays
with S/L-cultured ES cells in the presence ofaKGor succinate. Colonies
formed in S/Lmedium supplemented withDM-aKG (S/L1DM-aKG)
had brighter AP staining and retained the compact colonymorphology
typical of undifferentiated ES cells (Fig. 4a). Although the total number
of colonies was similar in all three conditions, the S/L1DM-aKGwells
contained more than double the number of fully undifferentiated col-
onies compared with S/L only and S/L1DM-succinate (Fig. 4b). As a
further test of the ability of aKG to promote maintenance of ES cells,
we used a knock-in Nanog–green fluorescent protein (GFP) reporter
line22 and found that aKGwas sufficient to enhance Nanog expression
in a dose-dependent manner (Fig. 4c and Extended Data Fig. 6). These
results support the conclusion that aKG promotes the self-renewal of
ES cells in vitro.
These data demonstrate that the cellular aKG/succinate ratio con-

tributes to the ability of ES cells to suppress differentiation. The rewir-
ing of cellular metabolism by inhibitors of GSK-3b and MAPK/ERK
signalling results in a reprogramming of glucose and glutamine meta-
bolism; in turn, this leads to accumulation ofaKGand favours demethy-
lation of repressive chromatin marks such as DNA methylation and
H3K9me3,H3K27me3andH4K20me3 (seeSupplementaryDiscussion).
Future studies will investigate the mechanisms through which these
inhibitors influence the nuclear/cytosolic accumulation ofaKGderived
from glucose and glutamine. While we cannot rule out chromatin-
independent effects of aKG supplementation on ES cells, our results
support the notion that chromatin in pluripotent ES cells is responsive
to alterations in intracellularmetabolism. Indeed, recent clonal analysis
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glutamate (and glutamine) from carbon sources other than glutamine
itself.
Despite their different growth requirements, cells cultured in both

S/L and 2i/L consumedhigh levels of glucose and glutamine and excreted
similar levels of lactate, consistent with the metabolic profile of most
proliferating cells, including cancer cells and pluripotent cells (Fig. 2a)1,13.
Oxidation of glucose and glutamine via themitochondrial tricarboxylic
acid (TCA) cycle provides a critical source of the biosynthetic precur-
sors required for cell proliferation. With the exception of aKG, steady-
state levels of TCA cycle metabolites were reproducibly diminished in
ES cells cultured in 2i/L (Fig. 2b).
Inmost cells, glutamine is catabolized to aKG to support TCA cycle

anaplerosis (Fig. 2c). ES cells grown inS/Lmediumexhibited high levels
of TCA cycle intermediates and virtually all intracellular glutamate,
aKGandmalatewere rapidly labelled after addition of [U-13C]glutamine
(Fig. 2d). In contrast, a substantial fractionof thesemetabolites failed to
become labelledwith glutamine in ES cells grown in 2i/L. Instead, there
was a rapid labelling of these threemetabolite pools from[U-13C]glucose
(Fig. 2e). Quantification ofmetabolite fluxes revealed that although the
flux of glutamine-derived carbons through aKG was similar in both
conditions, glutamine flux throughmalate was significantly diminished
in cells cultured in 2i/L, indicating that the entry of glutamine-derived
aKG into theTCAcycle is repressed by culture in 2i/L (Fig. 2f). Instead,
when cells are cultured in 2i/L, a substantial amount of both aKG and
malate was produced from glucose (Fig. 2g).
Consistentwith these results, cells culturedwith 2i inhibitors demon-

strated substantial glucose-dependent glutamate production (Extended
Data Fig. 2a). Consequently, during conditions of glutamine depletion,

cells cultured in 2i/Lmediumwere able to use glucose-derived carbons
to maintain elevated glutamate pools sufficient to support cell growth
(ExtendedData Fig. 2b).Moreover, in comparisonwith their S/L coun-
terparts, 2i/L cells usedmore glucose-derived carbon and relatively less
glutamine-derived carbon to support protein synthesis (Extended Data
Fig. 2c), confirming that 2i promotes increased glucose-dependent
amino acid synthesis.
Diminished glutamine entry into the TCA cycle, coupled with the

observed efflux of glucose-derived carbons from the TCA cycle as glu-
tamate, suggested that cells cultured in 2i/L might not be oxidizing all
the aKG produced from glutamine in the mitochondria. Indeed, the
aKG/succinate ratio was robustly elevated by 2i/L in every ES-cell line
tested (Fig. 3a). Cellular aKG/succinate ratios have been implicated in
the regulation of the large family ofaKG-dependent dioxygenases14. As
Jumonji C (JmjC)-domain-containing histone demethylases and the
Tet familyofDNAdemethylases compriseamajor subsetof these enzymes,
the elevated ratio of aKG/succinate observed in cells grown in 2i/L
medium could have important implications for the regulation of chro-
matin structure.
SinceaKGwas largely derived fromglutaminemetabolism (Fig. 2d),

we testedwhether glutamine deprivation affected histone lysinemethy-
lations known to be regulated in part byaKG-dependent demethylases15.
Cells cultured in glutamine-freemediumexhibited increases in trimethy-
lation and decreases inmonomethylation onH3K9,H3K27,H3K36 and
H4K20, whereas H3K4 methylations remained unchanged (Fig. 3b).
DM-aKGreversed the increase inH3K27me3 andH4K20me3observed
in glutamine-deficientmedium(ExtendedDataFig. 3a), confirming that
thesechangescouldbeaccounted forby thedecline inglutamine-dependent
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Figure 2 | 2i/L alters glucose and glutamine utilization. a, Analysis of
glucose uptake (left), glutamine uptake (centre) and lactate secretion (right).
b, Intracellular metabolite levels. Bars show mean of n5 4 (a) or n5 3 (b)
replicate wells6 s.d. from representative experiments. c, Schematic of the TCA
cycle including entry points for glucose- and glutamine-derived carbons.
Isotope tracing was performed for metabolites shown in red. d, e, Fraction of
each metabolite labelled by 13C derived from [U-13C]glutamine (13C-Gln) (d)

or derived from [U-13C]glucose (13C-Glc) (e) over time (0–12 h).
Mean6 standard error of the mean (s.e.m.) of three independent experiments
are shown. f, g, Glutamine (f) and glucose (g) flux through aKG and malate
pools. Mean6 s.e.m. of flux calculated for three independent experiments
(shown in d, e) are shown. *P, 0.05, **P, 0.005, ***P, 0.0005. P values
were determined by unpaired two-tailed Student’s t-tests.
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aKG. Treatment with GSK-J4 (ref. 16), a cell-permeable inhibitor that
preferentially inhibits UTX and JMJD3, the two H3K27me3-specific
JmjC-family histone demethylases (Fig. 3c), induced a dose-dependent
increase in H3K27me3 with a concomitant reduction of H3K27me1
that was comparable in magnitude to the difference observed when
cells were cultured in the presence or absence of glutamine (Fig. 3b, d).
These data indicate that the methylation of certain histone lysines,
including H3K27, are actively suppressed by aKG-dependent histone
demethylases in ES cells maintained in 2i/L medium.

In ES cells, ‘bivalent domains’ are developmentally regulated genomic
regions characterizedby the colocalizationofH3K4me3andH3K27me3
(refs 17–19). Recent genome-wide analysis of H3K27me3 in S/L- and
2i/L-culturedES cells revealed thatH3K27me3was specifically depleted
at bivalent domain gene promoters in 2i/L-cultured cells11. Our data sug-
gest that the observed increase inaKGmight promoteaKG-dependent
H3K27me3 demethylation in 2i/L ES cells. Indeed, cells cultured in
2i/L exhibited a greater increase in H3K27me3 at bivalent domain
promoters when incubated with theH3K27me3 demethylase inhibitor
GSK-J4 than cells cultured in S/L (Fig. 3e andExtendedData Fig. 3b, c).
The average fold change across the 14bivalent promoters tested showed
a highly significant increase in 2i/L-cultured ES cells compared with
S/L-cultured ES cells (Fig. 3e). Similarly, two independent cell lines
with mutations in the Jumonji domain of the H3K27me3 demethylase
JMJD3 (JMJD3D/D-1 and JMJD3D/D-2) (ExtendedDataFig. 4a–c)demon-
strated increases inH3K27me3 levels relative to control lines that were
significantly elevated in cells cultured in2i/L, reflecting enhanceddemethy-
lation at these loci in ES cells cultured in 2i/L (Fig. 3f). Furthermore,
treatment with GSK-J4, but not the inactive isomer GSK-J5, increased
the aKG/succinate ratio in cells cultured in 2i/L (Fig. 3g). These results
indicate that 2i/L rewires glutamine metabolism to maintain aKG
pools favouring active demethylation of a variety of histone marks.
In addition to reduced H3K27me3 at bivalent domain promoters,

cells cultured in 2i/L exhibit DNAhypomethylation5,7–9. Incubating cells
with ascorbic acid, a cofactor for aKG-dependent dioxygenases, acti-
vates Tet-dependent gene expression and promotes DNA demethyla-
tion20. Therefore, we testedwhetheraKG treatment could exert similar
effects (ExtendedData Fig. 5a). TotalDNAmethylationwas reduced in
cells cultured with cell-permeable aKG (Extended Data Fig. 5b) and
treatment with aKG, but not succinate, induced expression of inner-
cell-mass- and germline-associated genes previously identified as tar-
gets of Tet-mediated activation (ExtendedData Fig. 5c)20,21. The effects
ofaKGpersisted upon extended passaging (ExtendedData Fig. 5d) and
were largely abrogated inTet1/Tet2 double-knockout ES cells (Extended
Data Fig. 5e). These results suggest that intracellular aKG production
may stimulate the activity of multiple aKG-dependent dioxygenases
to regulate coordinately the epigenetic marks characteristic of naive
pluripotency.
To test whethermodulation of theaKG/succinate ratio can influence

pluripotent cell fate decisions, we performed colony-formation assays
with S/L-cultured ES cells in the presence ofaKGor succinate. Colonies
formed in S/Lmedium supplemented withDM-aKG (S/L1DM-aKG)
had brighter AP staining and retained the compact colonymorphology
typical of undifferentiated ES cells (Fig. 4a). Although the total number
of colonies was similar in all three conditions, the S/L1DM-aKGwells
contained more than double the number of fully undifferentiated col-
onies compared with S/L only and S/L1DM-succinate (Fig. 4b). As a
further test of the ability of aKG to promote maintenance of ES cells,
we used a knock-in Nanog–green fluorescent protein (GFP) reporter
line22 and found that aKGwas sufficient to enhance Nanog expression
in a dose-dependent manner (Fig. 4c and Extended Data Fig. 6). These
results support the conclusion that aKG promotes the self-renewal of
ES cells in vitro.
These data demonstrate that the cellular aKG/succinate ratio con-

tributes to the ability of ES cells to suppress differentiation. The rewir-
ing of cellular metabolism by inhibitors of GSK-3b and MAPK/ERK
signalling results in a reprogramming of glucose and glutamine meta-
bolism; in turn, this leads to accumulation ofaKGand favours demethy-
lation of repressive chromatin marks such as DNA methylation and
H3K9me3,H3K27me3andH4K20me3 (seeSupplementaryDiscussion).
Future studies will investigate the mechanisms through which these
inhibitors influence the nuclear/cytosolic accumulation ofaKGderived
from glucose and glutamine. While we cannot rule out chromatin-
independent effects of aKG supplementation on ES cells, our results
support the notion that chromatin in pluripotent ES cells is responsive
to alterations in intracellularmetabolism. Indeed, recent clonal analysis
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Figure 3 | Histone demethylation is regulated by intracellular aKG in ES
cells. a, Gas chromatography–mass spectrometry (GC–MS) analysis of the
aKG/succinate ratio in ESC-1–4 cells grown in either S/L or 2i/L medium.
b, Western blot of ESC-1 and ESC-2 cells grown in 2i/L medium with or
without glutamine for 3 days. Molecular weight marker (in kDa) is shown.
c, Simplified schematic of the reaction mechanism of aKG-dependent
dioxygenases.d, ESC-1 cells grown in S/L in the presence of increasing amounts
of GSK-J4 for 24 h. e, H3K27me3 chromatin immunoprecipitation followed by
quantitative polymerase chain reaction (ChIP-qPCR) of ESC-1 cells cultured
in S/L or 2i/L medium containing 30mM of GSK-J4 for 5 h. Values represent
fold change (GSK-J4/control) at individual bivalent domain genes (n5 14).
f, H3K27me3 ChIP-qPCR of CRISPR/Cas9 edited cells JMJD3D/D-1 (left) and
JMJD3D/D-2 (right) cultured in S/L or 2i/L. Values represent fold change
(JMJD3D/D cells relative to control cells) at individual bivalent domain genes
(n5 10). Bars represent mean values. P values were determined by unpaired
two-tailed Student’s t-test (e, f). g, The ratio of aKG/succinate in ESC-1 cells
grown in S/L or 2i/L medium with 1 mM or 5 mM of GSK-J4 or GSK-J5 for 3 h.
Ctrl, control. **P, 0.001, ***P, 0.0001, as determined by two-way
analysis of variance (ANOVA) with Sidak’s multiple comparisons
post-test (a, g). Data are presented as the mean6 s.d. (a) or s.e.m. (g) of
triplicate wells from a representative experiment.
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Naive cells do not oxidize all their aKG (in the mitochondria).
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What does aKG do?



aKG. Treatment with GSK-J4 (ref. 16), a cell-permeable inhibitor that
preferentially inhibits UTX and JMJD3, the two H3K27me3-specific
JmjC-family histone demethylases (Fig. 3c), induced a dose-dependent
increase in H3K27me3 with a concomitant reduction of H3K27me1
that was comparable in magnitude to the difference observed when
cells were cultured in the presence or absence of glutamine (Fig. 3b, d).
These data indicate that the methylation of certain histone lysines,
including H3K27, are actively suppressed by aKG-dependent histone
demethylases in ES cells maintained in 2i/L medium.

In ES cells, ‘bivalent domains’ are developmentally regulated genomic
regions characterizedby the colocalizationofH3K4me3andH3K27me3
(refs 17–19). Recent genome-wide analysis of H3K27me3 in S/L- and
2i/L-culturedES cells revealed thatH3K27me3was specifically depleted
at bivalent domain gene promoters in 2i/L-cultured cells11. Our data sug-
gest that the observed increase inaKGmight promoteaKG-dependent
H3K27me3 demethylation in 2i/L ES cells. Indeed, cells cultured in
2i/L exhibited a greater increase in H3K27me3 at bivalent domain
promoters when incubated with theH3K27me3 demethylase inhibitor
GSK-J4 than cells cultured in S/L (Fig. 3e andExtendedData Fig. 3b, c).
The average fold change across the 14bivalent promoters tested showed
a highly significant increase in 2i/L-cultured ES cells compared with
S/L-cultured ES cells (Fig. 3e). Similarly, two independent cell lines
with mutations in the Jumonji domain of the H3K27me3 demethylase
JMJD3 (JMJD3D/D-1 and JMJD3D/D-2) (ExtendedDataFig. 4a–c)demon-
strated increases inH3K27me3 levels relative to control lines that were
significantly elevated in cells cultured in2i/L, reflecting enhanceddemethy-
lation at these loci in ES cells cultured in 2i/L (Fig. 3f). Furthermore,
treatment with GSK-J4, but not the inactive isomer GSK-J5, increased
the aKG/succinate ratio in cells cultured in 2i/L (Fig. 3g). These results
indicate that 2i/L rewires glutamine metabolism to maintain aKG
pools favouring active demethylation of a variety of histone marks.
In addition to reduced H3K27me3 at bivalent domain promoters,

cells cultured in 2i/L exhibit DNAhypomethylation5,7–9. Incubating cells
with ascorbic acid, a cofactor for aKG-dependent dioxygenases, acti-
vates Tet-dependent gene expression and promotes DNA demethyla-
tion20. Therefore, we testedwhetheraKG treatment could exert similar
effects (ExtendedData Fig. 5a). TotalDNAmethylationwas reduced in
cells cultured with cell-permeable aKG (Extended Data Fig. 5b) and
treatment with aKG, but not succinate, induced expression of inner-
cell-mass- and germline-associated genes previously identified as tar-
gets of Tet-mediated activation (ExtendedData Fig. 5c)20,21. The effects
ofaKGpersisted upon extended passaging (ExtendedData Fig. 5d) and
were largely abrogated inTet1/Tet2 double-knockout ES cells (Extended
Data Fig. 5e). These results suggest that intracellular aKG production
may stimulate the activity of multiple aKG-dependent dioxygenases
to regulate coordinately the epigenetic marks characteristic of naive
pluripotency.
To test whethermodulation of theaKG/succinate ratio can influence

pluripotent cell fate decisions, we performed colony-formation assays
with S/L-cultured ES cells in the presence ofaKGor succinate. Colonies
formed in S/Lmedium supplemented withDM-aKG (S/L1DM-aKG)
had brighter AP staining and retained the compact colonymorphology
typical of undifferentiated ES cells (Fig. 4a). Although the total number
of colonies was similar in all three conditions, the S/L1DM-aKGwells
contained more than double the number of fully undifferentiated col-
onies compared with S/L only and S/L1DM-succinate (Fig. 4b). As a
further test of the ability of aKG to promote maintenance of ES cells,
we used a knock-in Nanog–green fluorescent protein (GFP) reporter
line22 and found that aKGwas sufficient to enhance Nanog expression
in a dose-dependent manner (Fig. 4c and Extended Data Fig. 6). These
results support the conclusion that aKG promotes the self-renewal of
ES cells in vitro.
These data demonstrate that the cellular aKG/succinate ratio con-

tributes to the ability of ES cells to suppress differentiation. The rewir-
ing of cellular metabolism by inhibitors of GSK-3b and MAPK/ERK
signalling results in a reprogramming of glucose and glutamine meta-
bolism; in turn, this leads to accumulation ofaKGand favours demethy-
lation of repressive chromatin marks such as DNA methylation and
H3K9me3,H3K27me3andH4K20me3 (seeSupplementaryDiscussion).
Future studies will investigate the mechanisms through which these
inhibitors influence the nuclear/cytosolic accumulation ofaKGderived
from glucose and glutamine. While we cannot rule out chromatin-
independent effects of aKG supplementation on ES cells, our results
support the notion that chromatin in pluripotent ES cells is responsive
to alterations in intracellularmetabolism. Indeed, recent clonal analysis
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Figure 3 | Histone demethylation is regulated by intracellular aKG in ES
cells. a, Gas chromatography–mass spectrometry (GC–MS) analysis of the
aKG/succinate ratio in ESC-1–4 cells grown in either S/L or 2i/L medium.
b, Western blot of ESC-1 and ESC-2 cells grown in 2i/L medium with or
without glutamine for 3 days. Molecular weight marker (in kDa) is shown.
c, Simplified schematic of the reaction mechanism of aKG-dependent
dioxygenases.d, ESC-1 cells grown in S/L in the presence of increasing amounts
of GSK-J4 for 24 h. e, H3K27me3 chromatin immunoprecipitation followed by
quantitative polymerase chain reaction (ChIP-qPCR) of ESC-1 cells cultured
in S/L or 2i/L medium containing 30mM of GSK-J4 for 5 h. Values represent
fold change (GSK-J4/control) at individual bivalent domain genes (n5 14).
f, H3K27me3 ChIP-qPCR of CRISPR/Cas9 edited cells JMJD3D/D-1 (left) and
JMJD3D/D-2 (right) cultured in S/L or 2i/L. Values represent fold change
(JMJD3D/D cells relative to control cells) at individual bivalent domain genes
(n5 10). Bars represent mean values. P values were determined by unpaired
two-tailed Student’s t-test (e, f). g, The ratio of aKG/succinate in ESC-1 cells
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Ctrl, control. **P, 0.001, ***P, 0.0001, as determined by two-way
analysis of variance (ANOVA) with Sidak’s multiple comparisons
post-test (a, g). Data are presented as the mean6 s.d. (a) or s.e.m. (g) of
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aKG promotes also DNA 
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observed in ESC)



Do aKG levels 
influence SC fate 
decisions?



of pluripotent cells revealed that DNAmethylation is highly dynamic,
balancing the antagonistic processes of removal and addition23. Together,
these results suggest that continued elucidation of the interconnections
between signal transduction and cellularmetabolismwill shed import-
ant light on stem cell biology, organismal development and cellular
differentiation.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in theonline versionof thepaper; referencesunique
to these sections appear only in the online paper.
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Figure 4 | aKG promotes the maintenance of pluripotency. a, b, Colony
formation assay using ESC-1 cells. Cells were plated at clonal density andmedia
were changed to experimental media containing either DM-aKG or DM-
succinate on day 2 and then analysed 4 days later by AP staining and scored
for number of differentiated, mixed and undifferentiated colonies.
a, Representative brightfield images of AP-stained colonies. Vehicle, DMSO,
dimethylsulphoxide. b, Quantification of colonies. DM-aKG has more
undifferentiated colonies than vehicle- or DM-succinate-treated wells.
***P, 0.0001, calculated by two-way ANOVA with Tukey’s multiple
comparisons post-test. c, Mean GFP intensity of Nanog–GFP cells treated for
3 days with or without DM-aKG.M.F.I., mean fluorescence intensity. Data are
presented as the mean6 s.e.m. (b) or 95% confidence intervals (c) of triplicate
wells from a representative experiment.
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Figure 4 | aKG promotes the maintenance of pluripotency. a, b, Colony
formation assay using ESC-1 cells. Cells were plated at clonal density andmedia
were changed to experimental media containing either DM-aKG or DM-
succinate on day 2 and then analysed 4 days later by AP staining and scored
for number of differentiated, mixed and undifferentiated colonies.
a, Representative brightfield images of AP-stained colonies. Vehicle, DMSO,
dimethylsulphoxide. b, Quantification of colonies. DM-aKG has more
undifferentiated colonies than vehicle- or DM-succinate-treated wells.
***P, 0.0001, calculated by two-way ANOVA with Tukey’s multiple
comparisons post-test. c, Mean GFP intensity of Nanog–GFP cells treated for
3 days with or without DM-aKG.M.F.I., mean fluorescence intensity. Data are
presented as the mean6 s.e.m. (b) or 95% confidence intervals (c) of triplicate
wells from a representative experiment.
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Figure 4 | aKG promotes the maintenance of pluripotency. a, b, Colony
formation assay using ESC-1 cells. Cells were plated at clonal density andmedia
were changed to experimental media containing either DM-aKG or DM-
succinate on day 2 and then analysed 4 days later by AP staining and scored
for number of differentiated, mixed and undifferentiated colonies.
a, Representative brightfield images of AP-stained colonies. Vehicle, DMSO,
dimethylsulphoxide. b, Quantification of colonies. DM-aKG has more
undifferentiated colonies than vehicle- or DM-succinate-treated wells.
***P, 0.0001, calculated by two-way ANOVA with Tukey’s multiple
comparisons post-test. c, Mean GFP intensity of Nanog–GFP cells treated for
3 days with or without DM-aKG.M.F.I., mean fluorescence intensity. Data are
presented as the mean6 s.e.m. (b) or 95% confidence intervals (c) of triplicate
wells from a representative experiment.
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of pluripotent cells revealed that DNAmethylation is highly dynamic,
balancing the antagonistic processes of removal and addition23. Together,
these results suggest that continued elucidation of the interconnections
between signal transduction and cellularmetabolismwill shed import-
ant light on stem cell biology, organismal development and cellular
differentiation.
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Figure 4 | aKG promotes the maintenance of pluripotency. a, b, Colony
formation assay using ESC-1 cells. Cells were plated at clonal density andmedia
were changed to experimental media containing either DM-aKG or DM-
succinate on day 2 and then analysed 4 days later by AP staining and scored
for number of differentiated, mixed and undifferentiated colonies.
a, Representative brightfield images of AP-stained colonies. Vehicle, DMSO,
dimethylsulphoxide. b, Quantification of colonies. DM-aKG has more
undifferentiated colonies than vehicle- or DM-succinate-treated wells.
***P, 0.0001, calculated by two-way ANOVA with Tukey’s multiple
comparisons post-test. c, Mean GFP intensity of Nanog–GFP cells treated for
3 days with or without DM-aKG.M.F.I., mean fluorescence intensity. Data are
presented as the mean6 s.e.m. (b) or 95% confidence intervals (c) of triplicate
wells from a representative experiment.

RESEARCH LETTER

4 1 6 | N A T U R E | V O L 5 1 8 | 1 9 F E B R U A R Y 2 0 1 5

Macmillan Publishers Limited. All rights reserved©2015

of pluripotent cells revealed that DNAmethylation is highly dynamic,
balancing the antagonistic processes of removal and addition23. Together,
these results suggest that continued elucidation of the interconnections
between signal transduction and cellularmetabolismwill shed import-
ant light on stem cell biology, organismal development and cellular
differentiation.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in theonline versionof thepaper; referencesunique
to these sections appear only in the online paper.

Received 29 April; accepted 20 October 2014.
Published online 10 December 2014.

1. Lunt, S. Y. & Vander Heiden, M. G. Aerobic glycolysis: meeting the metabolic
requirements of cell proliferation. Annu. Rev. Cell Dev. Biol. 27, 441–464 (2011).

2. Eagle, H., Oyama, V. I., Levy,M., Horton, C. L. & Fleischman, R. The growth response
of mammalian cells in tissue culture to L-glutamine and L-glutamic acid. J. Biol.
Chem. 218, 607–616 (1956).

3. Ying, Q. L. et al. The ground state of embryonic stem cell self-renewal.Nature 453,
519–523 (2008).

4. Nichols, J., Silva, J., Roode, M. & Smith, A. Suppression of Erk signalling promotes
ground state pluripotency in the mouse embryo. Development 136, 3215–3222
(2009).

5. Smith, Z. D. et al. A unique regulatory phase of DNA methylation in the early
mammalian embryo. Nature 484, 339–344 (2012).

6. Wray, J., Kalkan, T. & Smith, A. G. The ground state of pluripotency. Biochem. Soc.
Trans. 38, 1027–1032 (2010).

7. Leitch, H. G. et al. Naive pluripotency is associated with global DNA
hypomethylation. Nature Struct. Mol. Biol. 20, 311–316 (2013).

8. Ficz, G. et al. FGF signaling inhibition in ESCs drives rapid genome-wide
demethylation to the epigenetic ground state of pluripotency. Cell Stem Cell 13,
351–359 (2013).

9. Habibi, E. et al.Whole-genomebisulfite sequencing of two distinct interconvertible
DNA methylomes of mouse embryonic stem cells. Cell Stem Cell 13, 360–369
(2013).

10. Borgel, J. et al. Targets and dynamics of promoter DNA methylation during early
mouse development. Nature Genet. 42, 1093–1100 (2010).

11. Marks, H. et al. The transcriptional and epigenomic foundations of ground state
pluripotency. Cell 149, 590–604 (2012).

12. Ying, Q. L., Nichols, J., Chambers, I. & Smith, A. BMP induction of Id proteins
suppresses differentiation and sustains embryonic stem cell self-renewal in
collaboration with STAT3. Cell 115, 281–292 (2003).

13. Zhang, J., Nuebel, E., Daley, G. Q., Koehler, C.M. & Teitell, M. A.Metabolic regulation
in pluripotent stem cells during reprogramming and self-renewal. Cell Stem Cell
11, 589–595 (2012).

14. Kaelin, W. G. Jr. Cancer and alteredmetabolism: potential importance of hypoxia-
inducible factor and 2-oxoglutarate-dependent dioxygenases. Cold Spring Harb.
Symp. Quant. Biol. 76, 335–345 (2011).

15. Cloos, P. A., Christensen, J., Agger, K. & Helin, K. Erasing the methyl mark: histone
demethylases at the center of cellular differentiation and disease. Genes Dev. 22,
1115–1140 (2008).

16. Kruidenier, L. et al. A selective jumonji H3K27 demethylase inhibitor modulates
the proinflammatory macrophage response. Nature 488, 404–408 (2012).

17. Bernstein, B. E. et al. A bivalent chromatin structure marks key developmental
genes in embryonic stem cells. Cell 125, 315–326 (2006).

18. Boyer, L. A.et al.Polycombcomplexes repressdevelopmental regulators inmurine
embryonic stem cells. Nature 441, 349–353 (2006).

19. Mikkelsen, T. S. et al. Genome-wide maps of chromatin state in pluripotent and
lineage-committed cells. Nature 448, 553–560 (2007).

20. Blaschke, K. et al. Vitamin C induces Tet-dependent DNA demethylation and a
blastocyst-like state in ES cells. Nature 500, 222–226 (2013).

21. Hackett, J. A. et al. Synergistic mechanisms of DNA demethylation during
transition to ground-state pluripotency. Stem Cell Reports 1, 518–531 (2013).

22. Faddah, D. A. et al. Single-cell analysis reveals that expression of Nanog is biallelic
andequally variable as that of other pluripotency factors inmouse ESCs.Cell Stem
Cell 13, 23–29 (2013).

23. Shipony, Z. et al. Dynamic and static maintenance of epigenetic memory in
pluripotent and somatic cells. Nature 513, 115–119 (2014).

Supplementary Information is available in the online version of the paper.

Acknowledgements B.W.C. is a Howard Hughes Medical Institute fellow of the Jane
Coffin ChildsMemorial Research Fund. L.W.S.F. is the Jack Sorrell Fellow of the Damon
RunyonCancer ResearchFoundation (DRG-2144-13). This workwas fundedby grants
from the National Institutes of Health/National Institute of General Medical Sciences
(C.D.A.) and from the National Cancer Institute (C.B.T.). We thank C. Li for assistance
with FACS analysis and M. Dawlaty, D. Faddah and R. Jaenisch for sharing cell lines
used in this study.

Author Contributions B.W.C. and L.W.S.F. designed and performed all experiments in
the study under the guidance of C.D.A. and C.B.T. J.R.C. contributed material support.
B.W.C., L.W.S.F., C.D.A. and C.B.T. wrote the manuscript.

Author Information Reprints and permissions information is available at
www.nature.com/reprints. The authors declare competing financial interests: details
are available in the online version of the paper. Readers are welcome to comment on
the online version of the paper. Correspondence and requests for materials should be
addressed to C.B.T. (thompsonc@mskcc.org) or C.D.A. (alliscd@mail.rockefeller.edu).

a

b

S/L+DMSO S/L+DM-succinateS/L+DM-αKG

S/L

Veh
icl

e

DM
-α

KG

DM
-s

uc
cin

at
e

0

10

20

30

40

50

60

70

N
um

be
r o

f c
ol

on
ie

s 

Differentiated
Mixed
Undifferentiated

***

c
Nanog–GFP

+DM-αKG
S/L S/L

0

1,000

2,000

3,000

4,000

5,000

M
.F

.I.

Figure 4 | aKG promotes the maintenance of pluripotency. a, b, Colony
formation assay using ESC-1 cells. Cells were plated at clonal density andmedia
were changed to experimental media containing either DM-aKG or DM-
succinate on day 2 and then analysed 4 days later by AP staining and scored
for number of differentiated, mixed and undifferentiated colonies.
a, Representative brightfield images of AP-stained colonies. Vehicle, DMSO,
dimethylsulphoxide. b, Quantification of colonies. DM-aKG has more
undifferentiated colonies than vehicle- or DM-succinate-treated wells.
***P, 0.0001, calculated by two-way ANOVA with Tukey’s multiple
comparisons post-test. c, Mean GFP intensity of Nanog–GFP cells treated for
3 days with or without DM-aKG.M.F.I., mean fluorescence intensity. Data are
presented as the mean6 s.e.m. (b) or 95% confidence intervals (c) of triplicate
wells from a representative experiment.
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Figure 4 | aKG promotes the maintenance of pluripotency. a, b, Colony
formation assay using ESC-1 cells. Cells were plated at clonal density andmedia
were changed to experimental media containing either DM-aKG or DM-
succinate on day 2 and then analysed 4 days later by AP staining and scored
for number of differentiated, mixed and undifferentiated colonies.
a, Representative brightfield images of AP-stained colonies. Vehicle, DMSO,
dimethylsulphoxide. b, Quantification of colonies. DM-aKG has more
undifferentiated colonies than vehicle- or DM-succinate-treated wells.
***P, 0.0001, calculated by two-way ANOVA with Tukey’s multiple
comparisons post-test. c, Mean GFP intensity of Nanog–GFP cells treated for
3 days with or without DM-aKG.M.F.I., mean fluorescence intensity. Data are
presented as the mean6 s.e.m. (b) or 95% confidence intervals (c) of triplicate
wells from a representative experiment.
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of pluripotent cells revealed that DNAmethylation is highly dynamic,
balancing the antagonistic processes of removal and addition23. Together,
these results suggest that continued elucidation of the interconnections
between signal transduction and cellularmetabolismwill shed import-
ant light on stem cell biology, organismal development and cellular
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Figure 4 | aKG promotes the maintenance of pluripotency. a, b, Colony
formation assay using ESC-1 cells. Cells were plated at clonal density andmedia
were changed to experimental media containing either DM-aKG or DM-
succinate on day 2 and then analysed 4 days later by AP staining and scored
for number of differentiated, mixed and undifferentiated colonies.
a, Representative brightfield images of AP-stained colonies. Vehicle, DMSO,
dimethylsulphoxide. b, Quantification of colonies. DM-aKG has more
undifferentiated colonies than vehicle- or DM-succinate-treated wells.
***P, 0.0001, calculated by two-way ANOVA with Tukey’s multiple
comparisons post-test. c, Mean GFP intensity of Nanog–GFP cells treated for
3 days with or without DM-aKG.M.F.I., mean fluorescence intensity. Data are
presented as the mean6 s.e.m. (b) or 95% confidence intervals (c) of triplicate
wells from a representative experiment.
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Figure 4 | aKG promotes the maintenance of pluripotency. a, b, Colony
formation assay using ESC-1 cells. Cells were plated at clonal density andmedia
were changed to experimental media containing either DM-aKG or DM-
succinate on day 2 and then analysed 4 days later by AP staining and scored
for number of differentiated, mixed and undifferentiated colonies.
a, Representative brightfield images of AP-stained colonies. Vehicle, DMSO,
dimethylsulphoxide. b, Quantification of colonies. DM-aKG has more
undifferentiated colonies than vehicle- or DM-succinate-treated wells.
***P, 0.0001, calculated by two-way ANOVA with Tukey’s multiple
comparisons post-test. c, Mean GFP intensity of Nanog–GFP cells treated for
3 days with or without DM-aKG.M.F.I., mean fluorescence intensity. Data are
presented as the mean6 s.e.m. (b) or 95% confidence intervals (c) of triplicate
wells from a representative experiment.
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Figure 4 | aKG promotes the maintenance of pluripotency. a, b, Colony
formation assay using ESC-1 cells. Cells were plated at clonal density andmedia
were changed to experimental media containing either DM-aKG or DM-
succinate on day 2 and then analysed 4 days later by AP staining and scored
for number of differentiated, mixed and undifferentiated colonies.
a, Representative brightfield images of AP-stained colonies. Vehicle, DMSO,
dimethylsulphoxide. b, Quantification of colonies. DM-aKG has more
undifferentiated colonies than vehicle- or DM-succinate-treated wells.
***P, 0.0001, calculated by two-way ANOVA with Tukey’s multiple
comparisons post-test. c, Mean GFP intensity of Nanog–GFP cells treated for
3 days with or without DM-aKG.M.F.I., mean fluorescence intensity. Data are
presented as the mean6 s.e.m. (b) or 95% confidence intervals (c) of triplicate
wells from a representative experiment.
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these results suggest that continued elucidation of the interconnections
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of pluripotent cells revealed that DNAmethylation is highly dynamic,
balancing the antagonistic processes of removal and addition23. Together,
these results suggest that continued elucidation of the interconnections
between signal transduction and cellularmetabolismwill shed import-
ant light on stem cell biology, organismal development and cellular
differentiation.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in theonline versionof thepaper; referencesunique
to these sections appear only in the online paper.
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aKG promotes the expression of stemless-related genes 
(through demethylation of repressive markers) and enables 
self-renewal of ES cells in vitro. 



These data demonstrate that the 
cellular aKG/succinate ratio 
contributes to the ability of ES cells 
to suppress differentiation.  
The rewiring of cellular metabolism by inhibitors of GSK3b and 
MAPK/ERK signaling results in a reprogramming of glucose 
and glutamine metabolism; in turn, this leads to accumulation 
of aKG and favors demethylation of repressive chromatin 
marks such as DNA methylation and H3K9me3, H3K27me3 
and H4K20me3 



Can they rule out 
chromatin-independent 
effects of aKG?

Can they rule out aKG-independent 
effects of Q starvation?



ARTICLES
https://doi.org/10.1038/s41588-020-00770-2

1Department of Molecular Medicine, Medical School, University of Padua, Padua, Italy. 2Department of Pharmacological and Biomolecular Sciences 
(DiSFeB), University of Milan, Milan, Italy. 3Department of Life Sciences and Systems Biology, University of Turin, Turin, Italy. 4Italian Institute for 
Genomic Medicine (IIGM), Candiolo, Italy. 5Department of Molecular Genetics, Groningen Biomolecular Sciences and Biotechnology Institute (GBB), 
University of Groningen, Groningen, the Netherlands. 6Department of Biology, University of Padua, Padua, Italy. 7Université Paris-Saclay, Institut de Chimie 
des Substances Naturelles, CNRS, Gif-sur-Yvette, France. 8Wellcome–MRC Cambridge Stem Cell Institute, University of Cambridge, Cambridge, UK. 
9Department of Physiology, Development and Neuroscience, University of Cambridge, Cambridge, UK. 10Department of Physiology, Development and 
Neuroscience, University of Cambridge, Cambridge, UK. 11Centre for Trophoblast Research, University of Cambridge, Cambridge, UK. 12Wellcome Trust–
Medical Research Council Stem Cell Institute, Jeffrey Cheah Biomedical Centre, University of Cambridge, Cambridge, UK. 13Telethon Institute of Genetics 
and Medicine (TIGEM), Pozzuoli, Italy. 14Present address: Neuroscience Sector, International School for Advanced Studies (SISSA), Trieste, Italy.  
15Present address: Department of Molecular Genetics, Groningen Biomolecular Sciences and Biotechnology Institute (GBB), University of Groningen, 
Groningen, the Netherlands. 16Present address: Department of Medical Biochemistry and Biophysics, Karolinska Institute, Stockholm, Sweden.  
✉e-mail: nico.mitro@unimi.it; salvatore.oliviero@unito.it; graziano.martello@unipd.it

After fertilization, the zygotic genome is demethylated to 
establish a blank canvas for embryonic development. DNA 
methylation occurs on carbon 5 of cytosine (5mC) and is 

catalyzed by DNA methyltransferases (Dnmts). Ten-eleven trans-
location (Tet) proteins promote oxidation of 5mC to hydroxymeth-
ylcytosine (h5mC)1,2. Additional oxidation steps mediated by Tets 
lead to the conversion of h5mC into unmodified cytosine. Both 
Dnmts and Tets are dynamically expressed during early develop-
ment, leading to a local minimum of 5mC at the preimplantation 
blastocyst stage at embryonic day 3.5 (E3.5)3–5. Imprinted genes, 
expressed mono-allelically in a parent-of-origin fashion, resist this 
wave of DNA demethylation. Such mono-allelic expression allows 
tight control of their dosage and is essential for proper embryonic 
development6. How is the expression of Dnmts and Tets controlled 
in the early embryo? In the embryo, the Jak–Stat pathway is active 
from E2.5 and E3.5, as shown by phosphorylation of Stat3 as well as 
transcriptional activation of its targets Socs3 and Tfcp2l1 (refs. 7–11).  
Thus, Stat3 represents a good candidate as a regulator of Dnmt  
and Tet expression.

Mouse naive embryonic stem cells (ESCs) are derived from 
preimplantation blastocysts12 and show genomic hypomethylation 

only when cultured in the presence of LIF, a ligand of the Jak–Stat 
pathway, in combination with two inhibitors of the kinases GSK3 
and MEK (2iLIF conditions13–17). Conversely, ESCs cultured in fetal 
bovine serum-based medium with LIF (serum LIF conditions18) 
display higher levels of DNA methylation. Such findings indicate 
that LIF is insufficient to induce genomic hypomethylation in the 
presence of serum but the requirement of Stat3 to induce hypo-
methylation in 2iLIF conditions has never been formally tested.

Stat3 represents an ideal regulator of the epigenome, as it both 
regulates gene expression in the nucleus and cellular metabo-
lism in mitochondria by promoting oxidative phosphorylation 
(OXPHOS)19–21. Several metabolites are known regulators or cofac-
tors of enzymes catalyzing epigenetic modifications22. For all these 
reasons, we genetically tested the role of Stat3 on genome methylation 
of naive pluripotent cells.

Results
LIF–Stat3 induces hypomethylation in ESCs via Dnmt3a/b 
regulation in 2i. We measured the levels of 5mC by quantitative 
immunostaining in ESCs and observed a strong decrease in signal 
intensity in 2iLIF compared with serum LIF (Fig. 1a), as previously 

Metabolic control of DNA methylation in naive 
pluripotent cells
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Naive epiblast and embryonic stem cells (ESCs) give rise to all cells of adults. Such developmental plasticity is associated with 
genome hypomethylation. Here, we show that LIF–Stat3 signaling induces genomic hypomethylation via metabolic reconfigu-
ration. Stat3−/− ESCs show decreased α-ketoglutarate production from glutamine, leading to increased Dnmt3a and Dnmt3b 
expression and DNA methylation. Notably, genome methylation is dynamically controlled through modulation of α-ketoglutarate 
availability or Stat3 activation in mitochondria. Alpha-ketoglutarate links metabolism to the epigenome by reducing the expres-
sion of Otx2 and its targets Dnmt3a and Dnmt3b. Genetic inactivation of Otx2 or Dnmt3a and Dnmt3b results in genomic hypo-
methylation even in the absence of active LIF–Stat3. Stat3−/− ESCs show increased methylation at imprinting control regions 
and altered expression of cognate transcripts. Single-cell analyses of Stat3−/− embryos confirmed the dysregulated expression 
of Otx2, Dnmt3a and Dnmt3b as well as imprinted genes. Several cancers display Stat3 overactivation and abnormal DNA meth-
ylation; therefore, the molecular module that we describe might be exploited under pathological conditions.
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Stat3



Can Stat3 activation 
explain DNA 
demethylation? 
What is the 
mechanism?
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Fig. 1 | LIF–Stat3 induces hypomethylation in ESCs via Dnmt3a/b regulation. a, Anti-5mC immunofluorescence on S3+/+ cells cultured in serum 
LIF, 2i or 2iLIF and S3−/− cells in 2iLIF. Representative images (bottom) and violin plots (top) showing the distribution of fluorescence intensity of an 
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2iLIF medium; n!=!2 biological replicates (R1 and R2). Two isoforms of Dnmt3a were detected (a1 and a2)73. Lamin B was used as the loading control. 
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label-free quantification; n!=!5 biological replicates. See Supplementary Table 3. g, Anti-5mC immunofluorescence of E14 cells in 2iLIF and 2i medium 
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label-free quantification; n!=!5 biological replicates. See Supplementary Table 3. g, Anti-5mC immunofluorescence of E14 cells in 2iLIF and 2i medium 
as well as Dnmt3a KO, Dnmt3b KO and Dnmt3a/b dKO in 2i. Violin plots of an average of 82 nuclei per sample (top). Independent experiments  
are shown as violins. Representative images are shown with the insets showing magnified images of the regions in the yellow boxes (bottom).  
h, Percentage of 5mC in E14 cells cultured in 2iLIF and 2i as well as two Dnmt3a/b dKO clones, determined from mass spectrometry data. Mean 
and s.e.m. of n!=!5 biological replicates, with each replicate shown as a dot. i, RRBS on the indicated samples; n!=!2 biological replicates. All violin 
and boxplots indicate the 1st, 2nd and 3rd quartiles; the whiskers indicate the minimum and maximum values. All P values were calculated using a 
two-tailed unpaired Student’s t-test. Scale bars, 20!μm.
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(left) and anti-5mC (right) immunofluorescence of S3+/+ 2iLIF, S3−/− 2iLIF and three S3ER clones in 2i with or without TAM. The mean!±!s.e.m. of n!=!3 
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They generated a Stat3 construct 
fused to an estrogen receptor 
domain (S3ER) that localizes to the 
nucleus following tamoxifen (TAM) 
treatment (in S3−/− cells)

Betto et al, Nat Genet, 2021
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Fig. 3 | Nuclear Stat3 does not regulate Dnmt3a/b and 5mC. a, Gene expression analysis (RT–qPCR) of S3+/+ cells stably cultured in 2iLIF (+) or 2i 
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to 2i are shown only when P!<0.05. b, Anti-5mC immunofluorescence following LIF addition for 24 or 48!h to S3+/+ cells cultured stably in 2iLIF or in 2i 
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minimum and maximum values; n!=!3 experiments. P values were calculated using the median values. c, Anti-Stat3 immunofluorescence of S3−/− cells in 
2i!+!TAM and a representative clone of S3ER cells in 2i medium or 2i!+!TAM. Representative images of n!=!3 independent experiments. d, Gene expression 
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(left) and anti-5mC (right) immunofluorescence of S3+/+ 2iLIF, S3−/− 2iLIF and three S3ER clones in 2i with or without TAM. The mean!±!s.e.m. of n!=!3 
experiments per S3ER clone are shown, with individual data points represented as dots, squares or triangles. Scale bars, 20!μm. All P values were 
calculated using a two-tailed unpaired Student’s t-test.

NATURE GENETICS | VOL 53 | FEBRUARY 2021 | 215–229 | www.nature.com/naturegenetics218

They generated a Stat3 construct 
fused to an estrogen receptor 
domain (S3ER) that localizes to the 
nucleus following tamoxifen (TAM) 
treatment (in S3−/− cells)

Betto et al, Nat Genet, 2021

ARTICLES NATURE GENETICS

P = 0.0068
P = 0.018

P = 0.92

P = 0.8
P = 0.2

P = 0.042

f

P = 0.66
P = 0.34

P = 0.1

P = 0.0002 P = 0.0004 P = 0.79 P = 0.18

d

a b

LIF + – + – + –

+ –+ –

LIF LIF

LIF LIF

+ –LIF

LIF + – + –LIF

2i 2i 2i 2i

0

1

2

3

4

5

6

7

8

9

M
ea

n 
in

te
ns

ity
 o

f 5
m

C
no

rm
al

iz
ed

 to
 S

3
+/

+  2
iL

IF
 

S3+/+

2iLIF
S3+/+

2i
+24 h LIF +48 h LIF

+1
 h
+4

 h
+2

4 h
+4

8 h +1
 h
+4

 h
+2

4 h
+4

8 h +1
 h
+4

 h
+2

4 h
+4

8 h

+1
 h

+4
 h
+2

4 h
+4

8 h +1
 h
+4

 h
+2

4 h
+4

8 h

+1
 h
+4

 h
+2

4 h
+4

8 h

+1
 h
+4

 h
+2

4 h
+4

8 h +1
 h
+4

 h
+2

4 h
+4

8 h

5mC

DAPI

e

5mC

Dnmt3B

DAPI

S3+/+

2iLIF
S3–/–

2iLIF
S3ER.A

2i
S3ER.A
2i + TAM

c

DAPI

Merge

Stat3

S3–/– S3ER.A

2i + TAM 2i 2i + TAM

M
ea

n-
no

rm
al

iz
ed

 m
R

N
A

 e
xp

re
ss

io
n 2.0

1.5
1.0
0.5

0

1.0

0.5

0

Socs3 Dnmt3a Dnmt3bKlf4

S3ER 2i S3ER 2i + TAM (1 µM)

S3ER.A S3ER.B S3ER.C

M
ea

n-
no

rm
al

iz
ed

m
R

N
A

 e
xp

re
ss

io
n

0

2

4

6

8

0

0.30

0.60

0.90

1.20

0

0.4

0.8

1.2

1.6

0

1.0

2.0

3.0

4.0

S3ER.A
S3ER.B
S3ER.C

0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

S3+/+

2iLIF
S3–/–

2iLIF
S3ER

2i
S3ER

2i + TAM

M
ea

n 
in

te
ns

ity
 o

f 5
m

C
no

rm
al

iz
ed

 to
 S

3–/
–

S3ER.A
S3ER.B
S3ER.C

0

0.5

1.0

1.5

2.0

2.5

3.0

S3+/+

2iLIF
S3–/–

2iLIF
S3ER

2i
S3ER

2i + TAM

M
ea

n 
in

te
ns

ity
 o

f D
nm

t3
B

no
rm

al
iz

ed
 to

 S
3–/

–

1.5

1.0

0.5

0

1.0

0.5

0

1.5

1.0

0.5

0

1.5

1.0

0.5

0

1.5

1.0

0.5

0

1.5

1.0

0.5

0

Socs3 Uhrf1 Dnmt3l

Tet1 Tet2

Dnmt1

Dnmt3b Dnmt3a

1.9 × 10–5

1.2 × 10–3

0.3 × 10–3

0.4 × 10–3
5.6 × 10–7

1.2 × 10–3

1.4 × 10–4
1.6 × 10–3

2.2 × 10–2 4 × 10–5

1 × 10–2

1 × 10–2

3.9 × 10–5

7.3 × 10–3

1.9 × 10–2

4.8 × 10–5

5.8 × 10–7

4 × 10–2

1.2 × 10–2

4 × 10–6

3.2 × 10–3

Fig. 3 | Nuclear Stat3 does not regulate Dnmt3a/b and 5mC. a, Gene expression analysis (RT–qPCR) of S3+/+ cells stably cultured in 2iLIF (+) or 2i 
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distribution of fluorescence intensity of an average of 86 nuclei per sample; the boxplots show the 1st, 2nd and 3rd quartiles; the whiskers indicate the 
minimum and maximum values; n!=!3 experiments. P values were calculated using the median values. c, Anti-Stat3 immunofluorescence of S3−/− cells in 
2i!+!TAM and a representative clone of S3ER cells in 2i medium or 2i!+!TAM. Representative images of n!=!3 independent experiments. d, Gene expression 
analysis (RT–qPCR) of three S3ER clones cultured in 2i with or without TAM. Mean!±!s.e.m. of n!=!3 experiments, with individual data points represented as 
dots, squares or triangles. e, Representative confocal images of n!=!3 independent experiments are shown for S3+/+ and S3−/− cells in 2iLIF medium as well 
as a representative clone of S3ER cells cultured either in 2i or 2i!+!TAM and stained with anti-5mC and anti-Dnmt3b antibodies. f, Levels of anti-Dnmt3b 
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calculated using a two-tailed unpaired Student’s t-test.
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Fig. 3 | Nuclear Stat3 does not regulate Dnmt3a/b and 5mC. a, Gene expression analysis (RT–qPCR) of S3+/+ cells stably cultured in 2iLIF (+) or 2i 
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to 2i are shown only when P!<0.05. b, Anti-5mC immunofluorescence following LIF addition for 24 or 48!h to S3+/+ cells cultured stably in 2iLIF or in 2i 
(top). Representative images are shown with the insets showing magnified images of the regions in the yellow boxes (bottom). The violin plots show the 
distribution of fluorescence intensity of an average of 86 nuclei per sample; the boxplots show the 1st, 2nd and 3rd quartiles; the whiskers indicate the 
minimum and maximum values; n!=!3 experiments. P values were calculated using the median values. c, Anti-Stat3 immunofluorescence of S3−/− cells in 
2i!+!TAM and a representative clone of S3ER cells in 2i medium or 2i!+!TAM. Representative images of n!=!3 independent experiments. d, Gene expression 
analysis (RT–qPCR) of three S3ER clones cultured in 2i with or without TAM. Mean!±!s.e.m. of n!=!3 experiments, with individual data points represented as 
dots, squares or triangles. e, Representative confocal images of n!=!3 independent experiments are shown for S3+/+ and S3−/− cells in 2iLIF medium as well 
as a representative clone of S3ER cells cultured either in 2i or 2i!+!TAM and stained with anti-5mC and anti-Dnmt3b antibodies. f, Levels of anti-Dnmt3b 
(left) and anti-5mC (right) immunofluorescence of S3+/+ 2iLIF, S3−/− 2iLIF and three S3ER clones in 2i with or without TAM. The mean!±!s.e.m. of n!=!3 
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Fig. 3 | Nuclear Stat3 does not regulate Dnmt3a/b and 5mC. a, Gene expression analysis (RT–qPCR) of S3+/+ cells stably cultured in 2iLIF (+) or 2i 
(–), or stimulated acutely with LIF for 1, 4, 24 and 48!h. Mean!±!s.e.m. of n!=!4 experiments, with each replicate shown as a dot. The P values relative 
to 2i are shown only when P!<0.05. b, Anti-5mC immunofluorescence following LIF addition for 24 or 48!h to S3+/+ cells cultured stably in 2iLIF or in 2i 
(top). Representative images are shown with the insets showing magnified images of the regions in the yellow boxes (bottom). The violin plots show the 
distribution of fluorescence intensity of an average of 86 nuclei per sample; the boxplots show the 1st, 2nd and 3rd quartiles; the whiskers indicate the 
minimum and maximum values; n!=!3 experiments. P values were calculated using the median values. c, Anti-Stat3 immunofluorescence of S3−/− cells in 
2i!+!TAM and a representative clone of S3ER cells in 2i medium or 2i!+!TAM. Representative images of n!=!3 independent experiments. d, Gene expression 
analysis (RT–qPCR) of three S3ER clones cultured in 2i with or without TAM. Mean!±!s.e.m. of n!=!3 experiments, with individual data points represented as 
dots, squares or triangles. e, Representative confocal images of n!=!3 independent experiments are shown for S3+/+ and S3−/− cells in 2iLIF medium as well 
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(left) and anti-5mC (right) immunofluorescence of S3+/+ 2iLIF, S3−/− 2iLIF and three S3ER clones in 2i with or without TAM. The mean!±!s.e.m. of n!=!3 
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calculated using a two-tailed unpaired Student’s t-test.
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Stat3 controls DNA methylation via metabolic regulation. Next, 
we wanted to study the dynamics of LIF-induced effects on Dnmt3a/b 
and 5mC. We performed quantitative reverse-transcriptase PCR 
(RT–qPCR) on S3+/+ cells stably cultured in 2i (Fig. 3a) or acutely 
stimulated with LIF for 1, 4, 24 or 48 h, starting from 2i. The addi-
tion of LIF resulted in repression of Dnmt3a/b, but only after 24 h. 
Consistent with this, we observed a mild decrease in 5mC levels 

after 24 h, whereas the levels of 5mC at 48 h were as low as those of 
cells stably cultured in 2iLIF (Fig. 3b).

The slow kinetics observed could indicate that Stat3 does not 
directly repress the transcription of Dnmt3a/b. We interrogated 
the available Stat3 ChIP–seq data and could not detect binding at 
enhancers or promoters of Dnmt3a/b30. Furthermore, we expressed 
a Stat3 construct fused to an estrogen receptor domain (S3ER)31, 
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Stat3 controls DNA methylation via metabolic regulation. Next, 
we wanted to study the dynamics of LIF-induced effects on Dnmt3a/b 
and 5mC. We performed quantitative reverse-transcriptase PCR 
(RT–qPCR) on S3+/+ cells stably cultured in 2i (Fig. 3a) or acutely 
stimulated with LIF for 1, 4, 24 or 48 h, starting from 2i. The addi-
tion of LIF resulted in repression of Dnmt3a/b, but only after 24 h. 
Consistent with this, we observed a mild decrease in 5mC levels 

after 24 h, whereas the levels of 5mC at 48 h were as low as those of 
cells stably cultured in 2iLIF (Fig. 3b).

The slow kinetics observed could indicate that Stat3 does not 
directly repress the transcription of Dnmt3a/b. We interrogated 
the available Stat3 ChIP–seq data and could not detect binding at 
enhancers or promoters of Dnmt3a/b30. Furthermore, we expressed 
a Stat3 construct fused to an estrogen receptor domain (S3ER)31, 
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Dnmt3a/b expression is regulated by αKG via the transcription 
factor Otx2. We next investigated how αKG reduces the levels of 5mC 
in ESCs. Given that αKG functions as a cofactor for Tet oxidases22,36,37, 
S3−/− cells might display increased 5mC due to reduced Tet activity. 
In addition, it has been recently reported that the abundance of αKG 

inversely correlates with the expression levels of Dnmt3a/b38. Thus, 
S3−/− cells could show increased Dnmt3a/b expression and 5mC lev-
els because of reduced αKG levels. To investigate the relative contri-
bution of these two possible mechanisms, we took advantage of our 
MitoS3 cells, where the levels of αKG were rescued to endogenous 
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What is the impact of 
mitoSTAT3 (aKG) on 
ESC differentiation?



LIF-Stat3 axis stabilize pluripotency and/or slow down differentiation 
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this stage. At E3.75, ICM cells are specified into pluripotent epi-
blast cells (Epi) or extra-embryonic primitive endoderm cells 
(PrE). Stat3-heterozygous mice were crossed and blastocysts were  

collected at E3.5 and E3.75. Trophectoderm cells were removed by 
immunosurgery and used to genotype individual embryos. Single 
ICM, Epi and PrE cells were analyzed by RNA-seq (Fig. 8a).
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collected at E3.5 and E3.75. Trophectoderm cells were removed by 
immunosurgery and used to genotype individual embryos. Single 
ICM, Epi and PrE cells were analyzed by RNA-seq (Fig. 8a).
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Alkaline Phosphates (AP) positive clones



Together:

• Signaling events maintain stemness through metabolic rewiring


• Key is elevation of aKG in naive cells


• Increased aKG promotes global levels of hypomethylation (DNA 
+ histones)


• aKG promotes the removal of repressive markers and expression 
of pluripotency genes
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SUMMARY

Loss of pluripotency is a gradual event whose initi-
ating factors are largely unknown. Here we report
the earliest metabolic changes induced during the
first hours of differentiation. High-resolution NMR
identified 44 metabolites and a distinct metabolic
transition occurring during early differentiation. Meta-
bolic and transcriptional analyses showed that plurip-
otent cells produced acetyl-CoA through glycolysis
and rapidly lost this function during differentiation.
Importantly,modulation of glycolysis blocked histone
deacetylation and differentiation in human andmouse
embryonic stem cells. Acetate, a precursor of acetyl-
CoA, delayed differentiation and blocked early his-
tone deacetylation in a dose-dependent manner.
Inhibitors upstream of acetyl-CoA caused differentia-
tion of pluripotent cells, while those downstream de-
layed differentiation. Our results show a metabolic
switch causing a loss of histone acetylation and
pluripotent state during the first hours of differentia-
tion. Our data highlight the important role metabolism
plays in pluripotency and suggest that a glycolytic
switch controlling histone acetylation can release
stem cells from pluripotency.

INTRODUCTION

Pluripotent stem cells (PSCs) are defined by their self-renewal
and the ability to differentiate into all adult cell types (Blair

et al., 2011). Supported by growth factors such as bFGF, the
pluripotent state is defined by a handful of transcription factors,
including OCT4, SOX2, and NANOG. The loss of the pluripotent
state is a relatively slow process, leading over days to the
gradual acquisition of a different transcriptional state. Impor-
tantly, the earliest events initiating this loss of pluripotency during
the first steps of differentiation are largely unknown.
Metabolic processes are leading candidates for regulating this

transition, as chemical fluxes change within minutes and can
affect both transcriptional and epigenetic mechanisms. In fact,
the metabolic profile of PSCs was found to be different from
that of their terminally differentiated somatic counterparts (Cezar
et al., 2007; Folmes et al., 2011; Meissen et al., 2012; Panopou-
los et al., 2012; Shyh-Chang et al., 2013; Yanes et al., 2010). PSC
metabolism showed the Warburg effect, a shift from oxidative
phosphorylation to aerobic glycolysis characteristic of cancer
cells (Folmes et al., 2011; Panopoulos et al., 2012; Zhu et al.,
2010). This increase in glycolysis generates ATP at a faster rate
than oxidative phosphorylation, while producing less reactive
oxygen species (ROS), an important feature for rapidly prolifer-
ating cells. Glycolysis also shunts into the pentose phosphate
pathway, producing much-needed nucleotides for proliferation
(Vander Heiden et al., 2009).
In fact, glycolysis has recently been shown to increase reprog-

raming efficiency of human andmouse fibroblasts (Folmes et al.,
2011; Zhu et al., 2010). PS48, a PDK1 activator that blocks the
entrance of pyruvate to the mitochondria, enhanced reprogram-
ming efficiency (Zhu et al., 2010), while DCA, a PDK1 inhibitor,
significantly reduced reprogramming (Folmes et al., 2011). Inter-
estingly, both acetate and acetyl-CoA (Ac-CoA) were found to be
elevated in metabolic profiles of PSCs at the end of differentia-
tion process. However, the dynamics of this metabolic change
are unclear. Importantly, although Ac-CoA is a cornerstone of
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What are the metabolic changes that 
characterize exit from pluripotency?

Figure 1. Metabolic Signatures of Early Differentiation
(A) Phase image of hESCs expanded and differentiated in high-density suspension culture. Bar, 100 mm.

(B) qRT-PCR analysis shows no significant changes in the expression of the pluripotency markers NANOG, OCT4, and REX1 during the first 48 hr of differen-

tiation.

(C) Early-differentiation markers PAX6 and Brachyury show minor but significant increase in expression over the same time period.

(D–F) High-resolution NMR unveils significant changes in extracellular metabolites during the first 24 hr of spontaneous differentiation, as determined by

multivariate tests of NMR spectra bins. (D) Partial least-squares discriminant analysis (PLS-DA) of 1H-NMR spectral bins of extracellular metabolites shows

significant changes after 24 hr of differentiation (p < 0.001; n = 10–12) and a clear gradient of metabolic change over the first 72 hr. (E) PLS-DA of intracellular

metabolites shows significant differences as well (p % 0.05; n = 4–6). (F) Hierarchical clustering separates NMR spectra bins of cell extracts at 0 and 48 hr.

(legend continued on next page)
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analysis of H1 hESCs shows the inhibition of SLC16A1 monocarboxylate transporter as well as 

ACSS and ACLY enzymes responsible for Ac-CoA cytosolic production and conversion to acetate. B-

C) Metabolic pathways were dissected using inhibitor concentrations that showed minimal effect on 

cell viability evaluated by TUNEL staining for apoptosis. Error bars represent standard deviation. 
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induction of differentiation. Figure 3H shows that in both cases
acetate could still block the loss of OCT4 expression and even
rescue the pluripotent phenotype. We then added acetate to
hESCs cultivated with bFGF, without feeder cells. Acetate de-
layed the spontaneous loss of OCT4 in H1 cells after 5 days of
culture (Figure 3I), suggesting that acetate could complement
bFGF in maintaining pluripotency. This effect was still efficient
even after eight passages (Figures S3A and S3B). Finally, we
tested the effect of different concentrations of acetate on plurip-

otency. Acetate significantly and dose-dependently inhibited
loss of Tra1-81+/OCT4+ pluripotent cells in this model (Figures
3J and 3K).While the addition of 1mMof acetate exerted a highly
significant increase in the percentage of pluripotent cells, addi-
tion of citrate showed no effect (Figure S2C).

Acetate Increases Histone Acetylation in ESCs
Histone acetylation plays a critical role in the maintenance of
PSC open chromatin structure (Hezroni et al., 2011; Melcer

(G) PLS-DA loadings reveal lactate was an influential metabolite in the separation of extracellular metabolites (top), while lactate, acetate, and phosphocholine

were the discriminating metabolites in cell extract analysis (bottom).

(H) NMR peaks of secreted lactate (0 versus 48 hr) and intracellular acetate showing decrease of both at early-differentiating (blue) when compared to undif-

ferentiated (red) hESCs.

(I) FACS analysis of SSEA4 in I4 hESCs cultured in SM10Fmedium compared to cells cultured in spontaneous differentiation medium (SpDiff) supplemented with

lactate, acetate, or choline (10mMeach). Acetate supplementation significantly delayed loss of SSEA4 expression. Error bars represent standard deviation. *p%

0.05; **p % 0.01.

Figure 2. Rapid Loss of Glycolysis Produced Ac-CoA during Differentiation
(A–F) Targeted metabolomics corroborated significant changes in energy metabolism in H1 cells already at 24 hr of spontaneous differentiation. (A) Ac-CoA

production was significantly higher in mTeSR than in SpDiff medium. Upon addition of acetate (10 mM) to SpDiff medium, Ac-CoA levels were increased to the

levels found in mTeSR. (B and C) Fatty acid consumption and the production of ketone bodies by hESCs is minor, but upregulated in early-differentiating cells. (D)

Cholesterol is released from H1 cells in mTeSR medium and consumed in SpDiff medium with or without acetate. (E and F) Higher consumption of glucose and

production of lactate by hESCs, as expected in aerobic glycolysis.

(G) 13C Ac-CoA levels were significantly decreased in early-differentiating hESCs following incubation with 13C glucose.

(H) The expression of ACSS2, PDK2, PDHB, and ACLY, responsible for the formation of Ac-CoA, is significantly decreased during early spontaneous differ-

entiation (SpDiff). UCP2 levels showed only mild, although significant, change, and the expression of PDHA1, CPT1A, and SLC16A1 showed no significant

change.

(I) Glycolytic flux decreases upon early differentiation, redirecting from the formation of lactate and Ac-CoA to oxidative phosphorylation.

Error bars represent standard deviation. *p % 0.05; **p % 0.01; ***p % 0.001.
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induction of differentiation. Figure 3H shows that in both cases
acetate could still block the loss of OCT4 expression and even
rescue the pluripotent phenotype. We then added acetate to
hESCs cultivated with bFGF, without feeder cells. Acetate de-
layed the spontaneous loss of OCT4 in H1 cells after 5 days of
culture (Figure 3I), suggesting that acetate could complement
bFGF in maintaining pluripotency. This effect was still efficient
even after eight passages (Figures S3A and S3B). Finally, we
tested the effect of different concentrations of acetate on plurip-

otency. Acetate significantly and dose-dependently inhibited
loss of Tra1-81+/OCT4+ pluripotent cells in this model (Figures
3J and 3K).While the addition of 1mMof acetate exerted a highly
significant increase in the percentage of pluripotent cells, addi-
tion of citrate showed no effect (Figure S2C).

Acetate Increases Histone Acetylation in ESCs
Histone acetylation plays a critical role in the maintenance of
PSC open chromatin structure (Hezroni et al., 2011; Melcer

(G) PLS-DA loadings reveal lactate was an influential metabolite in the separation of extracellular metabolites (top), while lactate, acetate, and phosphocholine

were the discriminating metabolites in cell extract analysis (bottom).

(H) NMR peaks of secreted lactate (0 versus 48 hr) and intracellular acetate showing decrease of both at early-differentiating (blue) when compared to undif-

ferentiated (red) hESCs.

(I) FACS analysis of SSEA4 in I4 hESCs cultured in SM10Fmedium compared to cells cultured in spontaneous differentiation medium (SpDiff) supplemented with

lactate, acetate, or choline (10mMeach). Acetate supplementation significantly delayed loss of SSEA4 expression. Error bars represent standard deviation. *p%

0.05; **p % 0.01.

Figure 2. Rapid Loss of Glycolysis Produced Ac-CoA during Differentiation
(A–F) Targeted metabolomics corroborated significant changes in energy metabolism in H1 cells already at 24 hr of spontaneous differentiation. (A) Ac-CoA

production was significantly higher in mTeSR than in SpDiff medium. Upon addition of acetate (10 mM) to SpDiff medium, Ac-CoA levels were increased to the

levels found in mTeSR. (B and C) Fatty acid consumption and the production of ketone bodies by hESCs is minor, but upregulated in early-differentiating cells. (D)

Cholesterol is released from H1 cells in mTeSR medium and consumed in SpDiff medium with or without acetate. (E and F) Higher consumption of glucose and

production of lactate by hESCs, as expected in aerobic glycolysis.

(G) 13C Ac-CoA levels were significantly decreased in early-differentiating hESCs following incubation with 13C glucose.

(H) The expression of ACSS2, PDK2, PDHB, and ACLY, responsible for the formation of Ac-CoA, is significantly decreased during early spontaneous differ-

entiation (SpDiff). UCP2 levels showed only mild, although significant, change, and the expression of PDHA1, CPT1A, and SLC16A1 showed no significant

change.

(I) Glycolytic flux decreases upon early differentiation, redirecting from the formation of lactate and Ac-CoA to oxidative phosphorylation.

Error bars represent standard deviation. *p % 0.05; **p % 0.01; ***p % 0.001.
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induction of differentiation. Figure 3H shows that in both cases
acetate could still block the loss of OCT4 expression and even
rescue the pluripotent phenotype. We then added acetate to
hESCs cultivated with bFGF, without feeder cells. Acetate de-
layed the spontaneous loss of OCT4 in H1 cells after 5 days of
culture (Figure 3I), suggesting that acetate could complement
bFGF in maintaining pluripotency. This effect was still efficient
even after eight passages (Figures S3A and S3B). Finally, we
tested the effect of different concentrations of acetate on plurip-

otency. Acetate significantly and dose-dependently inhibited
loss of Tra1-81+/OCT4+ pluripotent cells in this model (Figures
3J and 3K).While the addition of 1mMof acetate exerted a highly
significant increase in the percentage of pluripotent cells, addi-
tion of citrate showed no effect (Figure S2C).

Acetate Increases Histone Acetylation in ESCs
Histone acetylation plays a critical role in the maintenance of
PSC open chromatin structure (Hezroni et al., 2011; Melcer

(G) PLS-DA loadings reveal lactate was an influential metabolite in the separation of extracellular metabolites (top), while lactate, acetate, and phosphocholine

were the discriminating metabolites in cell extract analysis (bottom).

(H) NMR peaks of secreted lactate (0 versus 48 hr) and intracellular acetate showing decrease of both at early-differentiating (blue) when compared to undif-

ferentiated (red) hESCs.

(I) FACS analysis of SSEA4 in I4 hESCs cultured in SM10Fmedium compared to cells cultured in spontaneous differentiation medium (SpDiff) supplemented with

lactate, acetate, or choline (10mMeach). Acetate supplementation significantly delayed loss of SSEA4 expression. Error bars represent standard deviation. *p%

0.05; **p % 0.01.

Figure 2. Rapid Loss of Glycolysis Produced Ac-CoA during Differentiation
(A–F) Targeted metabolomics corroborated significant changes in energy metabolism in H1 cells already at 24 hr of spontaneous differentiation. (A) Ac-CoA

production was significantly higher in mTeSR than in SpDiff medium. Upon addition of acetate (10 mM) to SpDiff medium, Ac-CoA levels were increased to the

levels found in mTeSR. (B and C) Fatty acid consumption and the production of ketone bodies by hESCs is minor, but upregulated in early-differentiating cells. (D)

Cholesterol is released from H1 cells in mTeSR medium and consumed in SpDiff medium with or without acetate. (E and F) Higher consumption of glucose and

production of lactate by hESCs, as expected in aerobic glycolysis.

(G) 13C Ac-CoA levels were significantly decreased in early-differentiating hESCs following incubation with 13C glucose.

(H) The expression of ACSS2, PDK2, PDHB, and ACLY, responsible for the formation of Ac-CoA, is significantly decreased during early spontaneous differ-

entiation (SpDiff). UCP2 levels showed only mild, although significant, change, and the expression of PDHA1, CPT1A, and SLC16A1 showed no significant

change.

(I) Glycolytic flux decreases upon early differentiation, redirecting from the formation of lactate and Ac-CoA to oxidative phosphorylation.

Error bars represent standard deviation. *p % 0.05; **p % 0.01; ***p % 0.001.
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induction of differentiation. Figure 3H shows that in both cases
acetate could still block the loss of OCT4 expression and even
rescue the pluripotent phenotype. We then added acetate to
hESCs cultivated with bFGF, without feeder cells. Acetate de-
layed the spontaneous loss of OCT4 in H1 cells after 5 days of
culture (Figure 3I), suggesting that acetate could complement
bFGF in maintaining pluripotency. This effect was still efficient
even after eight passages (Figures S3A and S3B). Finally, we
tested the effect of different concentrations of acetate on plurip-

otency. Acetate significantly and dose-dependently inhibited
loss of Tra1-81+/OCT4+ pluripotent cells in this model (Figures
3J and 3K).While the addition of 1mMof acetate exerted a highly
significant increase in the percentage of pluripotent cells, addi-
tion of citrate showed no effect (Figure S2C).

Acetate Increases Histone Acetylation in ESCs
Histone acetylation plays a critical role in the maintenance of
PSC open chromatin structure (Hezroni et al., 2011; Melcer

(G) PLS-DA loadings reveal lactate was an influential metabolite in the separation of extracellular metabolites (top), while lactate, acetate, and phosphocholine

were the discriminating metabolites in cell extract analysis (bottom).

(H) NMR peaks of secreted lactate (0 versus 48 hr) and intracellular acetate showing decrease of both at early-differentiating (blue) when compared to undif-

ferentiated (red) hESCs.

(I) FACS analysis of SSEA4 in I4 hESCs cultured in SM10Fmedium compared to cells cultured in spontaneous differentiation medium (SpDiff) supplemented with

lactate, acetate, or choline (10mMeach). Acetate supplementation significantly delayed loss of SSEA4 expression. Error bars represent standard deviation. *p%

0.05; **p % 0.01.

Figure 2. Rapid Loss of Glycolysis Produced Ac-CoA during Differentiation
(A–F) Targeted metabolomics corroborated significant changes in energy metabolism in H1 cells already at 24 hr of spontaneous differentiation. (A) Ac-CoA

production was significantly higher in mTeSR than in SpDiff medium. Upon addition of acetate (10 mM) to SpDiff medium, Ac-CoA levels were increased to the

levels found in mTeSR. (B and C) Fatty acid consumption and the production of ketone bodies by hESCs is minor, but upregulated in early-differentiating cells. (D)

Cholesterol is released from H1 cells in mTeSR medium and consumed in SpDiff medium with or without acetate. (E and F) Higher consumption of glucose and

production of lactate by hESCs, as expected in aerobic glycolysis.

(G) 13C Ac-CoA levels were significantly decreased in early-differentiating hESCs following incubation with 13C glucose.

(H) The expression of ACSS2, PDK2, PDHB, and ACLY, responsible for the formation of Ac-CoA, is significantly decreased during early spontaneous differ-

entiation (SpDiff). UCP2 levels showed only mild, although significant, change, and the expression of PDHA1, CPT1A, and SLC16A1 showed no significant

change.

(I) Glycolytic flux decreases upon early differentiation, redirecting from the formation of lactate and Ac-CoA to oxidative phosphorylation.

Error bars represent standard deviation. *p % 0.05; **p % 0.01; ***p % 0.001.
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induction of differentiation. Figure 3H shows that in both cases
acetate could still block the loss of OCT4 expression and even
rescue the pluripotent phenotype. We then added acetate to
hESCs cultivated with bFGF, without feeder cells. Acetate de-
layed the spontaneous loss of OCT4 in H1 cells after 5 days of
culture (Figure 3I), suggesting that acetate could complement
bFGF in maintaining pluripotency. This effect was still efficient
even after eight passages (Figures S3A and S3B). Finally, we
tested the effect of different concentrations of acetate on plurip-

otency. Acetate significantly and dose-dependently inhibited
loss of Tra1-81+/OCT4+ pluripotent cells in this model (Figures
3J and 3K).While the addition of 1mMof acetate exerted a highly
significant increase in the percentage of pluripotent cells, addi-
tion of citrate showed no effect (Figure S2C).

Acetate Increases Histone Acetylation in ESCs
Histone acetylation plays a critical role in the maintenance of
PSC open chromatin structure (Hezroni et al., 2011; Melcer

(G) PLS-DA loadings reveal lactate was an influential metabolite in the separation of extracellular metabolites (top), while lactate, acetate, and phosphocholine

were the discriminating metabolites in cell extract analysis (bottom).

(H) NMR peaks of secreted lactate (0 versus 48 hr) and intracellular acetate showing decrease of both at early-differentiating (blue) when compared to undif-

ferentiated (red) hESCs.

(I) FACS analysis of SSEA4 in I4 hESCs cultured in SM10Fmedium compared to cells cultured in spontaneous differentiation medium (SpDiff) supplemented with

lactate, acetate, or choline (10mMeach). Acetate supplementation significantly delayed loss of SSEA4 expression. Error bars represent standard deviation. *p%

0.05; **p % 0.01.

Figure 2. Rapid Loss of Glycolysis Produced Ac-CoA during Differentiation
(A–F) Targeted metabolomics corroborated significant changes in energy metabolism in H1 cells already at 24 hr of spontaneous differentiation. (A) Ac-CoA

production was significantly higher in mTeSR than in SpDiff medium. Upon addition of acetate (10 mM) to SpDiff medium, Ac-CoA levels were increased to the

levels found in mTeSR. (B and C) Fatty acid consumption and the production of ketone bodies by hESCs is minor, but upregulated in early-differentiating cells. (D)

Cholesterol is released from H1 cells in mTeSR medium and consumed in SpDiff medium with or without acetate. (E and F) Higher consumption of glucose and

production of lactate by hESCs, as expected in aerobic glycolysis.

(G) 13C Ac-CoA levels were significantly decreased in early-differentiating hESCs following incubation with 13C glucose.

(H) The expression of ACSS2, PDK2, PDHB, and ACLY, responsible for the formation of Ac-CoA, is significantly decreased during early spontaneous differ-

entiation (SpDiff). UCP2 levels showed only mild, although significant, change, and the expression of PDHA1, CPT1A, and SLC16A1 showed no significant

change.

(I) Glycolytic flux decreases upon early differentiation, redirecting from the formation of lactate and Ac-CoA to oxidative phosphorylation.

Error bars represent standard deviation. *p % 0.05; **p % 0.01; ***p % 0.001.
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Acetyl-CoA production is higher in pluripotent naive cells (and rapidly drops upon 
initiation)



What is the impact of 
acetyl-CoA rewiring 
for the epigenome?

And for pluripotency?



et al., 2012; Ware et al., 2009). Ac-CoA is a substrate of acety-
lation, suggesting that acetate level might affect the histone
acetylation state of hESCs. To test this hypothesis, we stained
hESC colonies after 24 hr of spontaneous differentiation against
H3K9/K27ac, a well-known pan-acetylation marker, and H3K27
methylation. Differentiating cells lost H3K9/K27 acetylation at

the edges of the colony, while pluripotent cells did not (Figures
4A and 4B). The addition of acetate blocked the H3K9/K27
acetylation loss. H3K27 methylation was unaffected in all condi-
tions. We repeated the staining of hESCs after 24 hr of sponta-
neous differentiation with H3 and H4 pan-acetylation anti-
bodies, with similar results (Figures 4C and 4D). The addition

Figure 3. Acetate Delays Early Differentiation
(A and B) FACS analyses of I3 hESCs differentiated in suspension for 4 days. Spontaneous differentiation (SpDiff) led to a significant loss of the pluripotency

markers Tra-1-60 and Tra-1-81 compared to cells cultured in SM10F medium, while the addition of 10 mM acetate blocked this change.

(C and D) FACS analyses of H1 hESCs and R1 mESCs expressing OCT4-GFP show that 10 mM acetate significantly inhibited loss of OCT4 expression after

4 days of spontaneous differentiation.

(E) Phase images of R1mESCs show a rapid loss of pluripotent morphology during spontaneous differentiation (SpDiff), an effect that is negated by the addition of

10 mM acetate. mESCs cultured with LIF serve as negative control.

(F) Cell numbers were not affected by the addition of acetate to I3 cell media, similar to all tested lines.

(G) Immunofluorescence analysis shows acetate significantly delayed (p < 0.001) Sox17 expression following 48 hr of endoderm induction (Activin +Wnt3A) in H1

hESCs grown on Matrigel. H1 cells cultured in mTeSR provide a negative control.

(H) FACS analysis of H1 hESCs expressingOCT4-GFP shows that delayed addition of acetate, 24 and 48 hr post-differentiation, can similarly block loss of OCT4

expression.

(I) FACS analysis of H1 hESCs expressingOCT4-GFPmaintained for 5 days with bFGF and acetate shows higher OCT4 expression than those cultured on bFGF

alone. Naive cells grown in mTeSR provide negative controls for (C), (D), (H), and (I).

(J and K) FACS analyses of H1 hESCs expressing OCT4-GFP and stained with Tra-1-81. Left vertical axis and red bars represent the percentage of cells, which

are positive for both pluripotency markers. Right vertical axis and blue bars represent the percentage of cells, which are negative for both pluripotency markers.

The retention of the expression of OCT4 and Tra-1-81 by acetate is dose-dependent. In all histograms, unlabeled cells and isotype controls are represented in

gray. Error bars represent standard deviation. *p % 0.05; **p % 0.01; ***p % 0.001.
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of acetate to cell medium blocked histone deacetylation above
a concentration of 300 mM (Figures 4E and 4F). High doses
of acetate induced hyper-acetylation (p < 0.001). Addition of
anacardic acid (ANAC), a histone acetyltransferase inhibitor,
abolished the acetylation of H3K9/K27 by acetate (Figures 4G
and 4H).
Next, we sought to link the change in histone acetylation to

the shift in glycolysis we identified in early differentiation.
Indeed, inhibition of glycolysis by 2-DG or BrPA decreased
H3K9/K27 acetylation in undifferentiated hESCs (p < 0.05 and
p < 0.001, respectively) (Figures 4I–4L). This deacetylation

was completely reversed by the addition of acetate (p <
0.001) (Figure 4L). Moreover, the addition of DCA, a PDK inhib-
itor that redirects pyruvate toward Ac-CoA, increased histone
acetylation (p < 0.05) (Figures 4I and 4J). These results demon-
strate that glycolytic production of Ac-CoA drives histone acet-
ylation in pluripotent stem cells.

Metabolic Regulation of Ac-CoA Modulates ESC
Pluripotency
TheWarburg effect is thought to drive glucose toward lactate for
the rapid production of ATP and nucleotides. The identification of

Figure 4. Acetate Induces Histone Pan-Acetylation
(A and B) Immunofluorescence staining of H3K9/K27 acetylation (green) and H3K27me3 methylation (red) during early differentiation. (A) Spontaneous differ-

entiation (SpDiff) causes loss of K9/K27ac acetylation in the circumference of the colony at 24 hr. Addition of 10mMacetate blocks this loss of histone acetylation.

Untreated colonies in mTeSR serve as negative control. H3K27me3 methylation was not affected in all cases. (B) Kinetics of K9/K27 acetylation normalized to

K27me3 shows that acetylation is primarily lost during the first 48 hr of differentiation, an effect that is inhibited by 10 mM acetate.

(C and D) Acetate also caused a significant increase in H3 and H4 acetylation, with no effect on H1.4 methylation.

(E–L) Immunofluorescence staining of H3K9/K27 acetylation (green) and H3K27me3 methylation (red) during early differentiation. (E and F) Acetate induces a

dose-dependent increase of K9/K27 histone acetylation in hESCs in SpDiff. Acetylation is pronounced at concentrations above 0.3mM. (G and H) Anacardic acid

(ANAC), a histone acetyl transferase (HAT) inhibitor, abolished acetate-induced histone acetylation in a dose-dependent manner. (I and J) Immunofluorescence

microscopy of I3 hESCs for K9/K27ac (green) and K27me3 (red) showed DCA (5 mM) significantly increased, while 2-DG (1.25 mM) significantly decreased

histone acetylation after 24 hr. (K and L) BrPA (10 mM) significantly decreased histone acetylation after 24 hr. The addition of 10 mM acetate reversed this effect.

Error bars represent standard errors. *p % 0.05; **p % 0.01; ***p % 0.001.
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et al., 2012; Ware et al., 2009). Ac-CoA is a substrate of acety-
lation, suggesting that acetate level might affect the histone
acetylation state of hESCs. To test this hypothesis, we stained
hESC colonies after 24 hr of spontaneous differentiation against
H3K9/K27ac, a well-known pan-acetylation marker, and H3K27
methylation. Differentiating cells lost H3K9/K27 acetylation at

the edges of the colony, while pluripotent cells did not (Figures
4A and 4B). The addition of acetate blocked the H3K9/K27
acetylation loss. H3K27 methylation was unaffected in all condi-
tions. We repeated the staining of hESCs after 24 hr of sponta-
neous differentiation with H3 and H4 pan-acetylation anti-
bodies, with similar results (Figures 4C and 4D). The addition

Figure 3. Acetate Delays Early Differentiation
(A and B) FACS analyses of I3 hESCs differentiated in suspension for 4 days. Spontaneous differentiation (SpDiff) led to a significant loss of the pluripotency

markers Tra-1-60 and Tra-1-81 compared to cells cultured in SM10F medium, while the addition of 10 mM acetate blocked this change.

(C and D) FACS analyses of H1 hESCs and R1 mESCs expressing OCT4-GFP show that 10 mM acetate significantly inhibited loss of OCT4 expression after

4 days of spontaneous differentiation.

(E) Phase images of R1mESCs show a rapid loss of pluripotent morphology during spontaneous differentiation (SpDiff), an effect that is negated by the addition of

10 mM acetate. mESCs cultured with LIF serve as negative control.

(F) Cell numbers were not affected by the addition of acetate to I3 cell media, similar to all tested lines.

(G) Immunofluorescence analysis shows acetate significantly delayed (p < 0.001) Sox17 expression following 48 hr of endoderm induction (Activin +Wnt3A) in H1

hESCs grown on Matrigel. H1 cells cultured in mTeSR provide a negative control.

(H) FACS analysis of H1 hESCs expressingOCT4-GFP shows that delayed addition of acetate, 24 and 48 hr post-differentiation, can similarly block loss of OCT4

expression.

(I) FACS analysis of H1 hESCs expressingOCT4-GFPmaintained for 5 days with bFGF and acetate shows higher OCT4 expression than those cultured on bFGF

alone. Naive cells grown in mTeSR provide negative controls for (C), (D), (H), and (I).

(J and K) FACS analyses of H1 hESCs expressing OCT4-GFP and stained with Tra-1-81. Left vertical axis and red bars represent the percentage of cells, which

are positive for both pluripotency markers. Right vertical axis and blue bars represent the percentage of cells, which are negative for both pluripotency markers.

The retention of the expression of OCT4 and Tra-1-81 by acetate is dose-dependent. In all histograms, unlabeled cells and isotype controls are represented in

gray. Error bars represent standard deviation. *p % 0.05; **p % 0.01; ***p % 0.001.
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of acetate to cell medium blocked histone deacetylation above
a concentration of 300 mM (Figures 4E and 4F). High doses
of acetate induced hyper-acetylation (p < 0.001). Addition of
anacardic acid (ANAC), a histone acetyltransferase inhibitor,
abolished the acetylation of H3K9/K27 by acetate (Figures 4G
and 4H).
Next, we sought to link the change in histone acetylation to

the shift in glycolysis we identified in early differentiation.
Indeed, inhibition of glycolysis by 2-DG or BrPA decreased
H3K9/K27 acetylation in undifferentiated hESCs (p < 0.05 and
p < 0.001, respectively) (Figures 4I–4L). This deacetylation

was completely reversed by the addition of acetate (p <
0.001) (Figure 4L). Moreover, the addition of DCA, a PDK inhib-
itor that redirects pyruvate toward Ac-CoA, increased histone
acetylation (p < 0.05) (Figures 4I and 4J). These results demon-
strate that glycolytic production of Ac-CoA drives histone acet-
ylation in pluripotent stem cells.

Metabolic Regulation of Ac-CoA Modulates ESC
Pluripotency
TheWarburg effect is thought to drive glucose toward lactate for
the rapid production of ATP and nucleotides. The identification of

Figure 4. Acetate Induces Histone Pan-Acetylation
(A and B) Immunofluorescence staining of H3K9/K27 acetylation (green) and H3K27me3 methylation (red) during early differentiation. (A) Spontaneous differ-

entiation (SpDiff) causes loss of K9/K27ac acetylation in the circumference of the colony at 24 hr. Addition of 10mMacetate blocks this loss of histone acetylation.

Untreated colonies in mTeSR serve as negative control. H3K27me3 methylation was not affected in all cases. (B) Kinetics of K9/K27 acetylation normalized to

K27me3 shows that acetylation is primarily lost during the first 48 hr of differentiation, an effect that is inhibited by 10 mM acetate.

(C and D) Acetate also caused a significant increase in H3 and H4 acetylation, with no effect on H1.4 methylation.

(E–L) Immunofluorescence staining of H3K9/K27 acetylation (green) and H3K27me3 methylation (red) during early differentiation. (E and F) Acetate induces a

dose-dependent increase of K9/K27 histone acetylation in hESCs in SpDiff. Acetylation is pronounced at concentrations above 0.3mM. (G and H) Anacardic acid

(ANAC), a histone acetyl transferase (HAT) inhibitor, abolished acetate-induced histone acetylation in a dose-dependent manner. (I and J) Immunofluorescence

microscopy of I3 hESCs for K9/K27ac (green) and K27me3 (red) showed DCA (5 mM) significantly increased, while 2-DG (1.25 mM) significantly decreased

histone acetylation after 24 hr. (K and L) BrPA (10 mM) significantly decreased histone acetylation after 24 hr. The addition of 10 mM acetate reversed this effect.

Error bars represent standard errors. *p % 0.05; **p % 0.01; ***p % 0.001.
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inhibitors used, a TUNEL assay was performed, with no effect
seen for any of the inhibitors used at the specified concentrations
for 4 days (Figures S2B and S2C). Modulation of fatty acid oxida-
tion did not affect pluripotency (Figures S3D and S3E).
Altogether, our results show that redirection of metabolic flux

away from Ac-CoA is a critical factor mediating the loss of
pluripotency.

DISCUSSION

Differentiation of pluripotent stem cells is a complex phenome-
non regulated on multiple levels. In this work we focused on
the earliest events that accompany the gradual loss of pluripo-
tent potential, a time point that is poorly understood (Dejosez
and Zwaka, 2012; Drukker et al., 2012).
To the best of our knowledge, the metabolites identified in the

current study construct the first metabolic profile of early-differ-
entiating cells as well as the first study of the metabolome of
PSCs in suspension. Our findings show that aerobic glycolysis
plays a critical role in maintaining histone acetylation, associated
with the open chromatin structure of PSCs. We show that this
glycolytic switch turns off during the first 24 hr of differentiation,
leading to Ac-CoA deprivation-mediated loss of histone acetyla-
tion and pluripotency markers. These findings mark the earliest
metabolic switch identified to date, linking the Warburg effect
with epigenetic regulation of pluripotent stem cells (Figure 6).
The Warburg effect, defined by the fermentation of glucose to

lactate (Metallo and Vander Heiden, 2013), was first described in
cancer cells by Nobel laureate Otto Heinrich Warburg in 1924
and more recently reported in embryonic and induced pluripo-
tent stem cells (Folmes et al., 2011; Panopoulos et al., 2012;
Zhu et al., 2010). Recent work comparing PSCs to terminally
differentiated cells showed low levels of oxidative phosphoryla-
tion in PSCs and increased aerobic glycolysis due to inactivation
of pyruvate dehydrogenase (PDH) (Varum et al., 2011) or the
expression of uncoupling protein 2 (UCP2) (Zhang et al., 2011).
In contrast, our results, tracking the first steps of differentiation,
show a similar loss of glycolysis, minor difference in UCP2
expression, and an actual increase in PDHB (Figures 2E–2H),
suggesting that a different mechanism might be responsible
for the lack of oxidative phosphorylation in pluripotent cells.
This increase in glycolysis is known to generate ATP at a faster

rate than oxidative phosphorylation, with lower ROS production,
important features for rapidly proliferating cells (Xu et al., 2013).
Glycolysis also shunts into the pentose phosphate pathway, pro-
ducing much-needed nucleotides for proliferation (Vander Hei-
den et al., 2009). However, these advantages do not explain

the increased conversion of glucose to Ac-CoA, which we
observed using high-resolution NMRand 13C glucose tracing us-
ing mass spectrometry (Figures 1 and 2G; Figure S1). Aerobic
glycolysis is thought to direct pyruvate toward lactate rather
than Ac-CoA (Vander Heiden et al., 2009). In fact, inhibiting
PDK in cancer cells redirects pyruvate from lactate to Ac-CoA
and oxidative phosphorylation, effectively killing the cells (Pear-
son, 2007). Surprisingly, the same redirection from lactate to Ac-
CoA actually increases pluripotency in hESCs (Figure 5F) without
affecting their viability. These results suggest an underlying
metabolic difference between cancer cells and PSCs, but also
stand in contrast to the findings of Folmes and colleagues
(Folmes et al., 2011). Folmes and his co-workers showed that
acetate production increased during reprogramming of mouse
cells to iPSC. This observation may be explained by the change
in Ac-CoA levels, as Ac-CoA, the active entity, is in equilibrium
with acetate. As Ac-CoA is not normally secreted from cells, ac-
etatemay serve as a form of paracrine signaling designed to sup-
port the pluripotent state of next-door neighbors in the colony.
However, treatment with DCA blocked reprogramming to
iPSC. Together with the results shown here and previous studies
on cancer cell metabolism (Vander Heiden et al., 2009), these re-
sults may suggest that oxidative phosphorylation is inactive in
the pluripotent state, allowing the cells to push pyruvate to Ac-
CoA through overexpression of ACLY. However, cancer cells
and somatic cells undergoing reprogramming actively seek to
avoid a functional TCA cycle. In that case, DCA treatment reig-
nites oxidative phosphorylation, reducing reprogramming effi-
ciency or outright killing cancer cells.
Interestingly, despite the key role suggested for fatty acids in

mouse ESC differentiation (Yanes et al., 2010) and energy gener-
ation, our data suggest that lipidmetabolism plays aminor role in
early differentiation. We show that Ac-CoA utilization in choles-
terol biosynthesis negatively effects pluripotency. However, fatty
acid oxidation is minor, and its modulation using lipids and phar-
maceutical agents showed no effect on the expression of plurip-
otency markers (Figures S3D and S3E).
In summary, our work reveals a crucial role for glycolysis in the

maintenance of the pluripotent state. We show that human and
mouse ESCs direct pyruvate toward Ac-CoA and histone acety-
lation. Blocking Ac-CoA production causes loss of pluripotency,
while preventing its consumption through pharmaceutical or
metabolic modulation can significantly delay the differentiation
of the cells. The results elucidate an important link between
metabolism, pluripotency, and chromatin regulation and could
be applied to optimize the culture of PSCs or removing tera-
toma-inducing cells from differentiated cultures.

Figure 6. Metabolic Regulation of Histone
Acetylation in Pluripotent Cells and Early
Differentiation
(A) Glycolysis in pluripotent cells is increased, re-

sulting in increased levels of Ac-CoA and histone

acetylation.

(B) Upon early differentiation, Ac-CoA is con-

sumed in the TCA cycle, yielding less histone

acetylation.
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ATP-Citrate Lyase Links Cellular
Metabolism to Histone Acetylation
Kathryn E. Wellen,* Georgia Hatzivassiliou,*† Uma M. Sachdeva, Thi V. Bui,
Justin R. Cross, Craig B. Thompson‡

Histone acetylation in single-cell eukaryotes relies on acetyl coenzyme A (acetyl-CoA) synthetase
enzymes that use acetate to produce acetyl-CoA. Metazoans, however, use glucose as their main carbon
source and have exposure only to low concentrations of extracellular acetate. We have shown that
histone acetylation in mammalian cells is dependent on adenosine triphosphate (ATP)–citrate lyase
(ACL), the enzyme that converts glucose-derived citrate into acetyl-CoA. We found that ACL is
required for increases in histone acetylation in response to growth factor stimulation and during
differentiation, and that glucose availability can affect histone acetylation in an ACL-dependent
manner. Together, these findings suggest that ACL activity is required to link growth factor–induced
increases in nutrient metabolism to the regulation of histone acetylation and gene expression.

The accessibility of DNA in eukaryotic
cells is determined by its organization in a
DNA-protein complex known as chroma-

tin. Chromatin structure is regulated in part
through dynamic modifications of the constituent
proteins, primarily histones. Histone acetylation
has critical roles in regulating global chromatin
architecture and gene transcription (1–3). Acety-
lation of histones can provide binding sites for
proteins containing bromodomains, alter chro-
matin subnuclear localization and structure, and

neutralize histone positive charge, which may
loosen interactions between histones and DNA
(2, 4–6). Histone acetylation can be dynamically
regulated by several classes of histone deacety-
lases (HDACs) and families of histone acetyl-
transferases (HATs), which act both on targeted
regions of chromatin to regulate specific gene
transcription and in amore globalmanner (1, 3, 7).

Studies of the nicotinamide adenine dinucleo-
tide (NAD+)–dependent sirtuins (class III HDACs),
which target both histone and nonhistone proteins,
have demonstrated that deacetylation is responsive
to metabolic cues (8–12). Sirtuins are dependent
on NAD+ hydrolysis for their deacetylase ac-
tivity, and their activity is sensitive to changes in
the intracellular NAD+/NADH ratio. HATs have
not been shown to be regulated by the bioener-
getic status of the cell, but production of acetyl-
CoA by the enzyme acetyl-CoA synthetase

(Acs2p), which generates acetyl-CoA from acetate,
is linked to the regulation of histone acetylation
in the yeast Saccharomyces cerevisiae (13). This
enzyme is itself regulated in a nutrient-responsive
manner, and it is activated by sirtuin-dependent
deacetylation (14). Although mammalian cells
contain a homolog to Acs2p, AceCS1, which
synthesizes acetyl-CoA from acetate and is also
regulated by sirtuins (15), most mammalian cells
do not use acetate as a major bioenergetic sub-
strate. Rather, the major carbon source in mam-
malian cells is glucose. Acetyl-CoA can be
produced from glucose by the enzyme adenosine
triphosphate (ATP)–citrate lyase (ACL), which
generates acetyl-CoA from mitochondria-derived
citrate. ACL-dependent production of acetyl-CoA
for lipogenesis is important for the proliferation of
glycolytically converted tumor cells (16).

In yeast, Acs2p localizes to both the cyto-
plasm and the nucleus, suggesting that acetyl-
CoA is produced in both compartments in this
organism (13). Using deconvolution microscopy
to image enhanced green fluorescent protein
(EGFP)–tagged ACL, we detected EGFP-ACL
in the nucleus, in addition to the cytoplasm, in
two different mammalian cell lines (Fig. 1A and
fig. S1A). Similar results were obtained with
myc-tagged ACL in murine FL5.12 hemato-
poietic cells (fig. S1B). Subcellular fractionation
of HCT116 human colon carcinoma cells con-
firmed the presence of endogenous ACL in the
nucleus as well as the cytoplasm (Fig. 1B).
AceCS1 was largely cytoplasmic in HCT116
cells, with a small but significant amount of
protein detected in the nuclear fractions (Fig. 1B).
Because both citrate and acetate are small
molecules able to diffuse freely through the
nuclear pore complex (17), these data suggest
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Fig. 1. ACL localizes to the nucleus and cytoplasm. (A) Subcellular localization
of EGFP-tagged ACL in LN229 cells imaged by deconvolution microscopy.
EGFP-ACL, visible in both nucleus and cytoplasm, is contrasted to DsRed
mitochondrial marker, which is excluded from the nucleus. DAPI (4´,6´-
diamidino-2-phenylindole) staining of nuclear DNA is restricted to the nucleus.
(B) Western blot analysis of cytoplasmic and nuclear protein extracts from
HCT116 cells. Quantitation represents mean T SD from four (ACL and AceCS1)

or eight [poly(ADP-ribose) polymerase (PARP) and tubulin] nuclear and
cytoplasmic samples. ACL and AceCS1 are both significantly (***, P <
0.0001) enriched in the nuclear fraction as compared with tubulin.
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Fig. S3.  ACL mediates histone acetylation in response to growth factors in 
proliferating cells. (A) Western blot analysis of apoptosis-deficient lymphocytes 
following extended growth factor withdrawal and re-addition. After two-week 
withdrawal from the cytokine IL-3, as previously described (2), IL-3 was reintroduced at 
day 0 and cells harvested each subsequent day. (B)  Western blot analysis of MEFs 
transfected with control or ACL siRNAs cultured in either 25 or 0 mM glucose in the 
presence of either BSA or 450 µM fatty acids (50:50 palmitate: oleate). (C) Growth 
curves of MEFs transfected with control or ACL siRNAs.  At day 0, cells were 
trypsinized and then plated in fresh medium. Cell numbers represent the average of 
triplicate samples, +/- S.D. Total cell extracts were analyzed by Western blot at the 
indicated time points.  C = siCTRL; A = siACL. 
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ATP-Citrate Lyase Links Cellular
Metabolism to Histone Acetylation
Kathryn E. Wellen,* Georgia Hatzivassiliou,*† Uma M. Sachdeva, Thi V. Bui,
Justin R. Cross, Craig B. Thompson‡

Histone acetylation in single-cell eukaryotes relies on acetyl coenzyme A (acetyl-CoA) synthetase
enzymes that use acetate to produce acetyl-CoA. Metazoans, however, use glucose as their main carbon
source and have exposure only to low concentrations of extracellular acetate. We have shown that
histone acetylation in mammalian cells is dependent on adenosine triphosphate (ATP)–citrate lyase
(ACL), the enzyme that converts glucose-derived citrate into acetyl-CoA. We found that ACL is
required for increases in histone acetylation in response to growth factor stimulation and during
differentiation, and that glucose availability can affect histone acetylation in an ACL-dependent
manner. Together, these findings suggest that ACL activity is required to link growth factor–induced
increases in nutrient metabolism to the regulation of histone acetylation and gene expression.

The accessibility of DNA in eukaryotic
cells is determined by its organization in a
DNA-protein complex known as chroma-

tin. Chromatin structure is regulated in part
through dynamic modifications of the constituent
proteins, primarily histones. Histone acetylation
has critical roles in regulating global chromatin
architecture and gene transcription (1–3). Acety-
lation of histones can provide binding sites for
proteins containing bromodomains, alter chro-
matin subnuclear localization and structure, and

neutralize histone positive charge, which may
loosen interactions between histones and DNA
(2, 4–6). Histone acetylation can be dynamically
regulated by several classes of histone deacety-
lases (HDACs) and families of histone acetyl-
transferases (HATs), which act both on targeted
regions of chromatin to regulate specific gene
transcription and in amore globalmanner (1, 3, 7).

Studies of the nicotinamide adenine dinucleo-
tide (NAD+)–dependent sirtuins (class III HDACs),
which target both histone and nonhistone proteins,
have demonstrated that deacetylation is responsive
to metabolic cues (8–12). Sirtuins are dependent
on NAD+ hydrolysis for their deacetylase ac-
tivity, and their activity is sensitive to changes in
the intracellular NAD+/NADH ratio. HATs have
not been shown to be regulated by the bioener-
getic status of the cell, but production of acetyl-
CoA by the enzyme acetyl-CoA synthetase

(Acs2p), which generates acetyl-CoA from acetate,
is linked to the regulation of histone acetylation
in the yeast Saccharomyces cerevisiae (13). This
enzyme is itself regulated in a nutrient-responsive
manner, and it is activated by sirtuin-dependent
deacetylation (14). Although mammalian cells
contain a homolog to Acs2p, AceCS1, which
synthesizes acetyl-CoA from acetate and is also
regulated by sirtuins (15), most mammalian cells
do not use acetate as a major bioenergetic sub-
strate. Rather, the major carbon source in mam-
malian cells is glucose. Acetyl-CoA can be
produced from glucose by the enzyme adenosine
triphosphate (ATP)–citrate lyase (ACL), which
generates acetyl-CoA from mitochondria-derived
citrate. ACL-dependent production of acetyl-CoA
for lipogenesis is important for the proliferation of
glycolytically converted tumor cells (16).

In yeast, Acs2p localizes to both the cyto-
plasm and the nucleus, suggesting that acetyl-
CoA is produced in both compartments in this
organism (13). Using deconvolution microscopy
to image enhanced green fluorescent protein
(EGFP)–tagged ACL, we detected EGFP-ACL
in the nucleus, in addition to the cytoplasm, in
two different mammalian cell lines (Fig. 1A and
fig. S1A). Similar results were obtained with
myc-tagged ACL in murine FL5.12 hemato-
poietic cells (fig. S1B). Subcellular fractionation
of HCT116 human colon carcinoma cells con-
firmed the presence of endogenous ACL in the
nucleus as well as the cytoplasm (Fig. 1B).
AceCS1 was largely cytoplasmic in HCT116
cells, with a small but significant amount of
protein detected in the nuclear fractions (Fig. 1B).
Because both citrate and acetate are small
molecules able to diffuse freely through the
nuclear pore complex (17), these data suggest
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Fig. 1. ACL localizes to the nucleus and cytoplasm. (A) Subcellular localization
of EGFP-tagged ACL in LN229 cells imaged by deconvolution microscopy.
EGFP-ACL, visible in both nucleus and cytoplasm, is contrasted to DsRed
mitochondrial marker, which is excluded from the nucleus. DAPI (4´,6´-
diamidino-2-phenylindole) staining of nuclear DNA is restricted to the nucleus.
(B) Western blot analysis of cytoplasmic and nuclear protein extracts from
HCT116 cells. Quantitation represents mean T SD from four (ACL and AceCS1)

or eight [poly(ADP-ribose) polymerase (PARP) and tubulin] nuclear and
cytoplasmic samples. ACL and AceCS1 are both significantly (***, P <
0.0001) enriched in the nuclear fraction as compared with tubulin.

Department of Cancer Biology, Abramson Family Cancer
Research Institute, University of Pennsylvania, Philadelphia, PA
19104, USA.

*These authors contributed equally to this work.
†Present address: Genentech Inc., South San Francisco, CA
94080, USA.
‡To whom correspondence should be addressed. E-mail:
craig@mail.med.upenn.edu

22 MAY 2009 VOL 324 SCIENCE www.sciencemag.org1076

REPORTS

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversit degli Studi di Padova on M

ay 22, 2024

Wellen et al, Science, 2009

Histone acetylation (and ACLY expression) progressively increase during adipocyte 
differentiation in vitro.  
Is that linked to acetyl-CoA availability??

A. 

   
 
B.   
   

      
 
C. 

Fig. S3.  ACL mediates histone acetylation in response to growth factors in 
proliferating cells. (A) Western blot analysis of apoptosis-deficient lymphocytes 
following extended growth factor withdrawal and re-addition. After two-week 
withdrawal from the cytokine IL-3, as previously described (2), IL-3 was reintroduced at 
day 0 and cells harvested each subsequent day. (B)  Western blot analysis of MEFs 
transfected with control or ACL siRNAs cultured in either 25 or 0 mM glucose in the 
presence of either BSA or 450 µM fatty acids (50:50 palmitate: oleate). (C) Growth 
curves of MEFs transfected with control or ACL siRNAs.  At day 0, cells were 
trypsinized and then plated in fresh medium. Cell numbers represent the average of 
triplicate samples, +/- S.D. Total cell extracts were analyzed by Western blot at the 
indicated time points.  C = siCTRL; A = siACL. 
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that acetyl-CoA production may occur in both the
cytoplasmic and nuclear compartments in mam-
malian cells.

To investigate whether ACL or AceCS1 is
important for the maintenance of global histone
acetylation in mammalian cells, we analyzed
global histone acetylation after small interfering
RNA (siRNA)–mediated silencing of ACL,
AceCS1, or both. Silencing of ACL significant-
ly decreased the amount of histone acetylation
for all core histones assessed (Fig. 2A). In con-
trast, suppression of AceCS1 had less of an
effect on net histone acetylation, and the reduc-
tion failed to reach statistical significance (Fig.
2A). In the absence of physiologic ACL levels,
incubation of cells with supraphysiologic levels
of acetate, the substrate used by AceCS1,
rescued histone acetylation in a dose-dependent
and AceCS1-dependent manner (Fig. 2, A and
B). Thus, ACL is a major source of acetyl-CoA
for global histone acetylation under normal
growth conditions in HCT116 cells, but AceCS1
also participates and can compensate for loss of
ACL function when its substrate is available.

We next sought to determine whether ACL-
dependent production of acetyl-CoA selectively
affects acetylation of histones or has equivalent
effects on the acetylation of other cellular pro-
teins. Upon DNA damage, p53 K382 acetylation
is catalyzed by p300 and may increase the ability
of p53 to bind DNA and perform its functions as a
transactivator (18). We assessed the efficiency of
p53 acetylation in response to treatment with the
DNA-damaging agent doxorubicin and found that
acetylation of p53K382 was unaffected by silencing
of ACL (Fig. 2C). Thus, high ACL activity is not
a general requirement for cellular acetylation events,
and acetylation of histones might be specifically
linked to the pool of citrate-derived acetyl-CoA
produced by ACL. Further investigation will be
required to ascertain the relative contributions of
different acetyl-CoA sources to acetylation of non-
histone cellular proteins.

Net histone acetylation represents a balance
between rates of acetylation and deacetylation
catalyzed by HATs and HDACs, respectively.
We therefore investigated whether the decrease
in global histone acetylation observed upon si-
lencing of ACL could be rescued by inhibition
of HDACs. Treatment of cells with the HDAC
inhibitor trichostatin A (TSA) suppressed the
effects of ACL deficiency on histone acetylation
(Fig. 2D). Thus, in the absence of substantial
histone deacetylation, ACL activity has less im-
pact on the net acetylation of the core histones.

To better evaluate the scale of the histone
acetylation defects observed upon ACL suppres-
sion, we compared the relative decrease in his-
tone acetylation upon siRNA silencing of ACL
to that upon silencing of GCN5, a HAT with an
important role in the maintenance of global his-
tone acetylation (19, 20). Under these condi-
tions, suppression of either ACL or GCN5 led
to a statistically significant reduction in the acet-
ylation of histones H2B, H3, and H4 (Fig. 2E

and fig. S2). Suppression of both ACL and
GCN5 did not lead to additive inhibition of the
acetylation of the histones examined, suggesting
that the two enzymes may function within the
same pathway to regulate chromatin structure.
Differences between the effects of silencing
ACL and GCN5 may reflect the involvement
of other HATs and production of acetyl-CoA by
AceCS1. Acetylation of tubulin was unaffected
by silencing of either GCN5 or ACL, again
emphasizing that production of acetyl-CoA by
ACL is not a general requirement for cellular
protein acetylation (Fig. 2E).

Regulation of histone acetylation levels may
depend on both the cell type and the state of
cellular differentiation or activation (21–26). For
example, we observed that apoptosis-deficient
cells subjected to extended growth factor with-
drawal exhibited low levels of histone acetylation
that progressively increased upon growth factor
add-back, correlating with increasing protein
levels of ACL (fig. S3A). We thus examined
the effect of ACL silencing on two cellular pro-
cesses associated with changes in global histone
acetylation: mitogenic stimulation of quiescent
cells and adipocyte differentiation.
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Fig. 2. ACL is the major source of acetyl-CoA for histone acetylation in
mammalian cells. In all panels, HCT116 cells were used and transfected
with CTRL, ACL, and/or AceCS1 siRNA, as indicated, for 72 hours. (A)
Western blot analysis of total and acid extracts from HCT116 cells
treated with T5mM acetate for 24 hours before lysis. Acid-extracted
histones were visualized by Coomassie staining. Quantitation represents
percentage reduction of acetylated/total histone levels in siACL- and/or
siAceCS1-transfected cells compared with siCTRL-transfected cells in
three independent experiments, mean T SEM (*, P< 0.05; **, P< 0.01).
(B) HCT116 cells were incubated with 0, 1, or 5 mM acetate for 24
hours before lysis. Quantitation of acetylated/total H3 levels represents
triplicate samples run in parallel, mean T SD (*, P < 0.05; ***, P <
0.0005). (C) Western blot analysis of p53 acetylation in HCT116 cells
treated with 0.5 mMdoxorubicin for 24 hours. Phosphorylation of H2AX
confirmed that the DNA damage response was activated by doxorubicin. (D) Western blot analysis of H3
and tubulin acetylation in HCT116 cells treated with 500 nM trichostatin A (TSA) for 24 hours. (E) Western
blot analysis of histone acetylation in total extracts of HCT116 cells transfected for 72 hours with CTRL,
ACL, and/or GCN5 siRNAs. Results are representative of four independent experiments. For quantitation,
see fig. S2.
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that acetyl-CoA production may occur in both the
cytoplasmic and nuclear compartments in mam-
malian cells.

To investigate whether ACL or AceCS1 is
important for the maintenance of global histone
acetylation in mammalian cells, we analyzed
global histone acetylation after small interfering
RNA (siRNA)–mediated silencing of ACL,
AceCS1, or both. Silencing of ACL significant-
ly decreased the amount of histone acetylation
for all core histones assessed (Fig. 2A). In con-
trast, suppression of AceCS1 had less of an
effect on net histone acetylation, and the reduc-
tion failed to reach statistical significance (Fig.
2A). In the absence of physiologic ACL levels,
incubation of cells with supraphysiologic levels
of acetate, the substrate used by AceCS1,
rescued histone acetylation in a dose-dependent
and AceCS1-dependent manner (Fig. 2, A and
B). Thus, ACL is a major source of acetyl-CoA
for global histone acetylation under normal
growth conditions in HCT116 cells, but AceCS1
also participates and can compensate for loss of
ACL function when its substrate is available.

We next sought to determine whether ACL-
dependent production of acetyl-CoA selectively
affects acetylation of histones or has equivalent
effects on the acetylation of other cellular pro-
teins. Upon DNA damage, p53 K382 acetylation
is catalyzed by p300 and may increase the ability
of p53 to bind DNA and perform its functions as a
transactivator (18). We assessed the efficiency of
p53 acetylation in response to treatment with the
DNA-damaging agent doxorubicin and found that
acetylation of p53K382 was unaffected by silencing
of ACL (Fig. 2C). Thus, high ACL activity is not
a general requirement for cellular acetylation events,
and acetylation of histones might be specifically
linked to the pool of citrate-derived acetyl-CoA
produced by ACL. Further investigation will be
required to ascertain the relative contributions of
different acetyl-CoA sources to acetylation of non-
histone cellular proteins.

Net histone acetylation represents a balance
between rates of acetylation and deacetylation
catalyzed by HATs and HDACs, respectively.
We therefore investigated whether the decrease
in global histone acetylation observed upon si-
lencing of ACL could be rescued by inhibition
of HDACs. Treatment of cells with the HDAC
inhibitor trichostatin A (TSA) suppressed the
effects of ACL deficiency on histone acetylation
(Fig. 2D). Thus, in the absence of substantial
histone deacetylation, ACL activity has less im-
pact on the net acetylation of the core histones.

To better evaluate the scale of the histone
acetylation defects observed upon ACL suppres-
sion, we compared the relative decrease in his-
tone acetylation upon siRNA silencing of ACL
to that upon silencing of GCN5, a HAT with an
important role in the maintenance of global his-
tone acetylation (19, 20). Under these condi-
tions, suppression of either ACL or GCN5 led
to a statistically significant reduction in the acet-
ylation of histones H2B, H3, and H4 (Fig. 2E

and fig. S2). Suppression of both ACL and
GCN5 did not lead to additive inhibition of the
acetylation of the histones examined, suggesting
that the two enzymes may function within the
same pathway to regulate chromatin structure.
Differences between the effects of silencing
ACL and GCN5 may reflect the involvement
of other HATs and production of acetyl-CoA by
AceCS1. Acetylation of tubulin was unaffected
by silencing of either GCN5 or ACL, again
emphasizing that production of acetyl-CoA by
ACL is not a general requirement for cellular
protein acetylation (Fig. 2E).

Regulation of histone acetylation levels may
depend on both the cell type and the state of
cellular differentiation or activation (21–26). For
example, we observed that apoptosis-deficient
cells subjected to extended growth factor with-
drawal exhibited low levels of histone acetylation
that progressively increased upon growth factor
add-back, correlating with increasing protein
levels of ACL (fig. S3A). We thus examined
the effect of ACL silencing on two cellular pro-
cesses associated with changes in global histone
acetylation: mitogenic stimulation of quiescent
cells and adipocyte differentiation.
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Fig. 2. ACL is the major source of acetyl-CoA for histone acetylation in
mammalian cells. In all panels, HCT116 cells were used and transfected
with CTRL, ACL, and/or AceCS1 siRNA, as indicated, for 72 hours. (A)
Western blot analysis of total and acid extracts from HCT116 cells
treated with T5mM acetate for 24 hours before lysis. Acid-extracted
histones were visualized by Coomassie staining. Quantitation represents
percentage reduction of acetylated/total histone levels in siACL- and/or
siAceCS1-transfected cells compared with siCTRL-transfected cells in
three independent experiments, mean T SEM (*, P< 0.05; **, P< 0.01).
(B) HCT116 cells were incubated with 0, 1, or 5 mM acetate for 24
hours before lysis. Quantitation of acetylated/total H3 levels represents
triplicate samples run in parallel, mean T SD (*, P < 0.05; ***, P <
0.0005). (C) Western blot analysis of p53 acetylation in HCT116 cells
treated with 0.5 mMdoxorubicin for 24 hours. Phosphorylation of H2AX
confirmed that the DNA damage response was activated by doxorubicin. (D) Western blot analysis of H3
and tubulin acetylation in HCT116 cells treated with 500 nM trichostatin A (TSA) for 24 hours. (E) Western
blot analysis of histone acetylation in total extracts of HCT116 cells transfected for 72 hours with CTRL,
ACL, and/or GCN5 siRNAs. Results are representative of four independent experiments. For quantitation,
see fig. S2.
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Acetylation of histones is regulated in a cell
cycle–dependent manner and can contribute to
normal cell cycle progression (27–29). Serum
starvation followed by reintroduction can syn-
chronize cells within a population by inducing
them to collectively exit and re-enter the cell
cycle (30). This mitogenic stimulation is accom-
panied by a net increase in histone acetylation, as
cells enter and progress through S phase (24). We
assessed the ability of cells to induce histone acet-
ylation in response to mitogenic stimulation in im-
mortalized mouse embryo fibroblasts (MEFs). In
control cells, acetylation of histone H3 increased
after serum stimulation, and silencing of ACL in-
hibited this response (Fig. 3A). Levels of acetylated
tubulin were unaffected by ACL suppression. To
assess whether this ACL-dependent increase in
histone acetylation could be regulated by glucose
availability, serum stimulation was repeated in the
presence or absence of glucose. Indeed, serum-
induced changes in histone acetylation were depen-
dent on glucose and failed to occur in the absence
of ACL (Fig. 3, B and C). Under glucose dep-
rivation conditions, cells can use fatty acid oxida-
tion to support their bioenergetic needs. However,
fatty acid oxidation results in the production of
mitochondrial but not nucleocytoplasmic acetyl-
CoA. Consistent with this, supplementation of
glucose-starved cells with fatty acids failed to
rescue histone acetylation, supporting the model
that only nucleocytoplasmic acetyl-CoA is avail-
able to participate in histone acetylation (fig. S3B).
Reduced histone acetylation after silencing of ACL
was also observed during proliferation of MEFs in

culture (fig. S3C), which suggests that ACL is also
involved in maintaining histone acetylation during
proliferative expansion, even when sufficient acetyl-
CoA is present to support cell growth.

Histone acetylation increases have also been
observed during differentiation of murine 3T3-
L1 preadipocytes into adipocytes (25). Silencing
of ACL reduced histone acetylation in adipo-
cytes, whereas suppression of AceCS1 had little
effect (Fig. 4A). Tubulin acetylation was un-
changed upon silencing of either ACL or
AceCS1 (Fig. 4a). In addition, the increase in
histone acetylation observed during adipocyte
differentiation was almost entirely suppressed
upon ACL silencing and could be rescued by
acetate in a dose-dependent manner, which sug-
gests that AceCS1 can compensate in this model,
depending on acetate availability (Fig. 4B).

We next sought to determine whether ACL
silencing specifically affected differentiation-
induced histone acetylation or whether it more
broadly impaired the ability of the cell to imple-
ment the differentiation program. Using Oil Red
O staining to assess differentiation-induced lipid
accumulation, we observed that cells depleted of
ACL contained visibly less lipid than control
cells, whereas silencing of AceCS1 had minimal
effects on lipid accumulation (Fig. 4C). Lipid
accumulation in ACL-deficient cells, however,
could be partially rescued by incubation of cells
with acetate (fig. S4A), which suggests that the
reduced lipid accumulation was primarily due to
low availability of acetyl-CoA rather than im-
paired differentiation and that, in the absence of

supraphysiological acetate, acetyl-CoA is derived
mainly from citrate in adipocytes.

These observations raised the possibility that
ACL-dependent changes in histone acetylation
are required for adipocytes to take up and me-
tabolize the amounts of glucose needed to engage
in fat storage. Transcriptional profiling in yeast
has previously indicated that a reduction in global
histone acetylation as a result of GCN5 deficien-
cy results in altered expression of multiple carbo-
hydrate metabolism genes (31). Therefore, we
examined whether the expression of genes in-
volved in glucose uptake and metabolism was
affected in cells in which ACL is silenced. We
found that expression of the insulin-responsive
glucose transporter, Glut4, as well as three key
regulators of glycolysis, hexokinase 2 (HK2),
phosphofructokinase-1 (PFK-1), and lactate de-
hydrogenase A (LDH-A), were all significantly
suppressed upon ACL silencing and rescued by
acetate (Fig. 4D). These transcriptional effects
correlated well with cellular glycolytic activity;
ACL silencing resulted in a 32% decrease in
glucose consumption (P < 0.001), which was
reversed by acetate supplementation. In addition,
expression of genes involved in conversion of
glucose into nonessential amino acids and fatty
acids, including soluble glutamate oxaloacetate
transaminase (Got1) and carbohydrate respon-
sive element-building protein (ChREBP), were
similarly regulated (Fig. 4D). These effects on
glucose metabolism genes appeared to be selec-
tive, since the HAT GCN5, as well as markers of
adipocyte differentiation such as aP2, were not
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Fig. 3. Role of ACL and glucose availability in the acetylation of
histones during cellular response to serum stimulation. Immortalized
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stimulation. (A) Western blot analysis of total protein extracts from
siCTRL- or siACL-treated cells at indicated time points after readdition
of serum to the culture (left panel). Ratio of acetylated histone H3 to
total H3 was quantitated at each time point and fitted to a linear
regression (right panel). Comparable results were obtained in each of
three independent experiments. (B) Western blot analysis of total
protein extracts from control cells at indicated times after serum
reintroduction in the presence (+, 25 mM) or absence (–, 0 mM) of
glucose. (C) Western blot analysis of total protein extracts from cells transfected with siCTRL or siACL, as described in (33) and cultured for 48 hours in the presence
or absence of glucose.

22 MAY 2009 VOL 324 SCIENCE www.sciencemag.org1078

REPORTS

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversit degli Studi di Padova on M

ay 22, 2024

Wellen et al, Science, 2009



Acetylation of histones is regulated in a cell
cycle–dependent manner and can contribute to
normal cell cycle progression (27–29). Serum
starvation followed by reintroduction can syn-
chronize cells within a population by inducing
them to collectively exit and re-enter the cell
cycle (30). This mitogenic stimulation is accom-
panied by a net increase in histone acetylation, as
cells enter and progress through S phase (24). We
assessed the ability of cells to induce histone acet-
ylation in response to mitogenic stimulation in im-
mortalized mouse embryo fibroblasts (MEFs). In
control cells, acetylation of histone H3 increased
after serum stimulation, and silencing of ACL in-
hibited this response (Fig. 3A). Levels of acetylated
tubulin were unaffected by ACL suppression. To
assess whether this ACL-dependent increase in
histone acetylation could be regulated by glucose
availability, serum stimulation was repeated in the
presence or absence of glucose. Indeed, serum-
induced changes in histone acetylation were depen-
dent on glucose and failed to occur in the absence
of ACL (Fig. 3, B and C). Under glucose dep-
rivation conditions, cells can use fatty acid oxida-
tion to support their bioenergetic needs. However,
fatty acid oxidation results in the production of
mitochondrial but not nucleocytoplasmic acetyl-
CoA. Consistent with this, supplementation of
glucose-starved cells with fatty acids failed to
rescue histone acetylation, supporting the model
that only nucleocytoplasmic acetyl-CoA is avail-
able to participate in histone acetylation (fig. S3B).
Reduced histone acetylation after silencing of ACL
was also observed during proliferation of MEFs in

culture (fig. S3C), which suggests that ACL is also
involved in maintaining histone acetylation during
proliferative expansion, even when sufficient acetyl-
CoA is present to support cell growth.

Histone acetylation increases have also been
observed during differentiation of murine 3T3-
L1 preadipocytes into adipocytes (25). Silencing
of ACL reduced histone acetylation in adipo-
cytes, whereas suppression of AceCS1 had little
effect (Fig. 4A). Tubulin acetylation was un-
changed upon silencing of either ACL or
AceCS1 (Fig. 4a). In addition, the increase in
histone acetylation observed during adipocyte
differentiation was almost entirely suppressed
upon ACL silencing and could be rescued by
acetate in a dose-dependent manner, which sug-
gests that AceCS1 can compensate in this model,
depending on acetate availability (Fig. 4B).

We next sought to determine whether ACL
silencing specifically affected differentiation-
induced histone acetylation or whether it more
broadly impaired the ability of the cell to imple-
ment the differentiation program. Using Oil Red
O staining to assess differentiation-induced lipid
accumulation, we observed that cells depleted of
ACL contained visibly less lipid than control
cells, whereas silencing of AceCS1 had minimal
effects on lipid accumulation (Fig. 4C). Lipid
accumulation in ACL-deficient cells, however,
could be partially rescued by incubation of cells
with acetate (fig. S4A), which suggests that the
reduced lipid accumulation was primarily due to
low availability of acetyl-CoA rather than im-
paired differentiation and that, in the absence of

supraphysiological acetate, acetyl-CoA is derived
mainly from citrate in adipocytes.

These observations raised the possibility that
ACL-dependent changes in histone acetylation
are required for adipocytes to take up and me-
tabolize the amounts of glucose needed to engage
in fat storage. Transcriptional profiling in yeast
has previously indicated that a reduction in global
histone acetylation as a result of GCN5 deficien-
cy results in altered expression of multiple carbo-
hydrate metabolism genes (31). Therefore, we
examined whether the expression of genes in-
volved in glucose uptake and metabolism was
affected in cells in which ACL is silenced. We
found that expression of the insulin-responsive
glucose transporter, Glut4, as well as three key
regulators of glycolysis, hexokinase 2 (HK2),
phosphofructokinase-1 (PFK-1), and lactate de-
hydrogenase A (LDH-A), were all significantly
suppressed upon ACL silencing and rescued by
acetate (Fig. 4D). These transcriptional effects
correlated well with cellular glycolytic activity;
ACL silencing resulted in a 32% decrease in
glucose consumption (P < 0.001), which was
reversed by acetate supplementation. In addition,
expression of genes involved in conversion of
glucose into nonessential amino acids and fatty
acids, including soluble glutamate oxaloacetate
transaminase (Got1) and carbohydrate respon-
sive element-building protein (ChREBP), were
similarly regulated (Fig. 4D). These effects on
glucose metabolism genes appeared to be selec-
tive, since the HAT GCN5, as well as markers of
adipocyte differentiation such as aP2, were not
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IDH mutation impairs histone demethylation and
results in a block to cell differentiation
Chao Lu1,2, Patrick S. Ward1,2, Gurpreet S. Kapoor3, Dan Rohle4,5, Sevin Turcan4, Omar Abdel-Wahab4,6, Christopher R. Edwards7,
Raya Khanin8, Maria E. Figueroa9, Ari Melnick9, Kathryn E. Wellen2, Donald M. O’Rourke3,10, Shelley L. Berger7,
Timothy A. Chan4, Ross L. Levine4,6, Ingo K. Mellinghoff4,5,11 & Craig B. Thompson1

Recurrent mutations in isocitrate dehydrogenase 1 (IDH1) and
IDH2 have been identified in gliomas, acute myeloid leukaemias
(AML) and chondrosarcomas, and share a novel enzymatic property
of producing 2-hydroxyglutarate (2HG) from a-ketoglutarate1–6.
Here we report that 2HG-producing IDH mutants can prevent
the histone demethylation that is required for lineage-specific
progenitor cells to differentiate into terminally differentiated cells.
In tumour samples from glioma patients, IDH mutations were
associated with a distinct gene expression profile enriched for genes
expressed in neural progenitor cells, and this was associated with
increased histone methylation. To test whether the ability of IDH
mutants to promote histone methylation contributes to a block in
cell differentiation in non-transformed cells, we tested the effect of
neomorphic IDH mutants on adipocyte differentiation in vitro.
Introduction of either mutant IDH or cell-permeable 2HG was
associated with repression of the inducible expression of lineage-
specific differentiation genes and a block to differentiation. This
correlated with a significant increase in repressive histone methyla-
tion marks without observable changes in promoter DNA methyla-
tion. Gliomas were found to have elevated levels of similar histone
repressive marks. Stable transfection of a 2HG-producing mutant
IDH into immortalized astrocytes resulted in progressive accu-
mulation of histone methylation. Of the marks examined, increased
H3K9 methylation reproducibly preceded a rise in DNA methyla-
tion as cells were passaged in culture. Furthermore, we found that
the 2HG-inhibitable H3K9 demethylase KDM4C was induced
during adipocyte differentiation, and that RNA-interference suppres-
sion of KDM4C was sufficient to block differentiation. Together
these data demonstrate that 2HG can inhibit histone demethylation
and that inhibition of histone demethylation can be sufficient to
block the differentiation of non-transformed cells.

The fact that IDH mutations were identified in multiple cancers
with disparate tissues of origin suggests that 2HG-producing mutant
enzymes probably affect some fundamental cellular processes that
facilitate tumour progression. To study the effects of IDH mutations,
we collected and performed gene expression microarray analysis on
tumour specimens from patients with grade II–III oligodendroglioma.
Sequencing results revealed a high frequency of IDH mutations in
oligodendroglioma (33 of the samples had the R132 IDH1 mutation,
2 had the R172 IDH2 mutation and 6 were wild type for IDH1/2).
Supervised analysis found a statistically enriched gene signature in
IDH-mutant samples (q value ,10%, fold change .2; Fig. 1a and Sup-
plementary Table 1) that was independent of tumour grade and recur-
rence status and survived multiple testing corrections. Gene-ontology
analysis identified the regulation of astrocyte and glial differentiation

as the top two functional categories enriched in differentially expressed
genes (Supplementary Table 2). We previously reported that IDH
mutation may promote leukaemogenesis by expanding the haemato-
poietic progenitor cell population and impairing haematopoietic dif-
ferentiation7, and that such a phenotype could be attributed at least in
part to mutant IDH-induced inhibition of TET2, an a-ketoglutarate
(aKG)-dependent enzyme potentially involved in DNA demethyla-
tion7,8. Although DNA hypermethylation has been associated with
IDH mutation in glioma samples9, no mutations in TET family mem-
bers have been found in this disease. We explored the possibility that
IDH mutation may affect additional aKG-dependent enzymes that
contribute to the regulation of cell differentiation.

Histone lysine methylation is an integral part of the post-
translational modifications of histone tails that are important for
chromatin organization and regulation of gene transcription10–13. In
vitro 2HG can competitively inhibit a family of aKG-dependent
Jumonji-C domain histone demethylases (JHDMs)14,15. To determine
whether IDH-associated changes in histone methylation could be
observed in cells, we ectopically expressed wild-type or mutant
IDH1 or IDH2 in 293T cells and found that mutant IDH1 or IDH2
led to a marked increase in histone methylation compared to the wild-
type enzymes. Transient transfection of wild-type IDH2 can also lead
to increased 2HG production7. In all of the samples, the magnitude of
increase in methylation correlated with the intracellular 2HG levels
produced by IDH transfection (Fig. 1b and Supplementary Fig. 1). To
test whether histone lysine methylation was dysregulated in gliomas
with IDH mutation, immunohistochemistry analysis of patient oligo-
dendroglioma samples was performed for several well-characterized
histone marks. Compared to tumours with wild-type IDH, there was a
statistically significant increase in the repressive trimethylation of
H3K9 (H3K9me3) and an increasing trend in trimethylation of
H3K27 (H3K27me3) in tumours with IDH1 mutation (Fig. 1c). No
statistically significant difference was seen in trimethylation of H3K4
(H3K4me3), a mark associated with active transcription (data not
shown). These data suggested that IDH mutations might preferentially
affect the regulation of repressive histone methylation marks in vivo.

As IDH mutations were associated with glial tumours of the ‘pro-
neural’ phenotype16, we sought to determine whether the persistence of
histone repressive marks promoted by mutant IDH was sufficient to
block the differentiation of non-transformed cells. Upon stimulation
with a differentiation cocktail, immortalized murine 3T3-L1 cells
undergo extensive chromatin remodelling, resulting in their matura-
tion into adipocytes17. 3T3-L1 cells transduced with R172K mutant
IDH2 produced 2HG whereas cells transduced with either wild-type
IDH2 or vector alone did not (Fig. 2a). All three cell types were then

1Cancer Biology and Genetics Program, Memorial Sloan-Kettering Cancer Center, New York, New York 10065, USA. 2Department of Cancer Biology, Perelman School of Medicine, University of
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induced to differentiate into adipocytes. After 7 days of differentiation
induction, IDH mutant cells had visibly reduced lipid droplet accu-
mulation compared to vector and IDH wild-type cells, as shown by
Oil-Red-O staining (Fig. 2b). In separate experiments, stable transfec-
tion of R140Q mutant IDH2 also resulted in a block to adipocyte
differentiation (data not shown). To determine whether 2HG was
sufficient to mediate the effect of mutant IDH on cell differentiation,
we synthesized cell-permeable 1-octyl-D-2-hydroxyglutarate (octyl-
2HG; Supplementary Fig. 2). Treatment of 3T3-L1 cells with octyl-
2HG led to a dose-dependent inhibition of lipid accumulation (Fig. 2c).
Gene expression analysis showed that despite exposure to a well-
standardized differentiation protocol18, IDH mutant cells or cells
treated with octyl-2HG exhibited a profound defect in the expression
of transcription factors essential for executing adipogenesis (Cebpa and
Pparg) and an adipocytic lineage-specific gene (Adipoq) (Fig. 2d, e),
suggesting that these cells failed to execute adipocyte differentiation.

Cells were harvested for a chromatin immunoprecipitation (ChIP)
assay using antibodies against H3K9me3 and H3K27me3, before or
after 4 days of differentiation induction. Quantitative polymerase
chain reaction (PCR) with primers targeting promoters of Cebpa
and Adipoq revealed that at day 4 there was a statistically significant
increase in H3K9me3 and H3K27me3 at promoters of both genes in
IDH mutant cells (Fig. 2f). These repressive marks also showed a
modest but significant increase at gene promoters before differenti-
ation induction. In contrast, quantitative assessment of DNA methyla-
tion at promoters of Cebpa and Adipoq by MassARRAY failed to reveal
any significant difference between IDH wild-type and mutant cells
(Supplementary Fig. 3). In addition to gene-specific changes, we
detected a global increase in H3K9 methylation and a reciprocal
decrease in H3 acetylation (Fig. 2g and Supplementary Fig. 4).

To determine whether IDH mutation was sufficient to induce
enhanced repressive histone methylation in central nervous system

(CNS)-derived cells and whether it was associated with altered neural
gene expression, we retrovirally transduced immortalized normal
human astrocytes (NHAs) with either wild-type or R132H mutant
IDH1. Compared to parental cells, late-passage cells expressing
mutant IDH exhibited elevated levels of a variety of histone methyla-
tion marks (Fig. 3a), and this correlated with an enhanced expression
of the neural marker nestin (Fig. 3b). IDH mutations have been asso-
ciated with CpG-island hypermethylation9 and consistent with this we
observed that total CpG methylation was increased in IDH mutant
cells (Supplementary Fig. 5). Because histone repressive marks can
promote DNA methylation and vice versa13, we studied the temporal
relationship of histone and DNA methylation in IDH-expressing
astrocytes (Fig. 3c–e and Supplementary Fig. 5). The first observable
change of the histone marks we examined was H3K9me3. H3K9me3
levels were significantly elevated by passage 12 after cells were infected
with mutant IDH. Changes in other histone methylation marks were
either delayed and of lower magnitude (H3K27me3 and H3K79me2)
or were not observed (H3K4me3). Increases in DNA methylation were
never observed before passage 17 and the difference in DNA methyla-
tion reached statistical significance only at passage 22.

To test whether the IDH1 R132H mutation could interfere with
neural differentiation in the absence of prolonged adaptation in culture,
primary neurosphere cultures established from the brains of p16/
p192/2 mice were infected with a retroviral construct containing
IDH1 R132H mutant, wild-type IDH1 or the vector alone (Supplemen-
tary Fig. 6). After infection the cells were re-plated under conditions that
promote astrocyte differentiation and induced to differentiate further
by treatment with retinoic acid without further passaging. IDH mutant
cells failed to induce expression of the astrocytic marker GFAP and
exhibited expression of the neural marker b3-tubulin (Fig. 3f). When
the differentiation conditions were supplemented with retinoic acid,
enhanced expression of the astrocytic marker GFAP was observed in
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Figure 1 | IDH mutations are associated with dysregulation of glial
differentiation and global histone methylation. a, Heatmap representation of
a two-dimensional hierarchical clustering of genes identified as differentially
expressed between IDH mutant (mut) patient oligodendroglioma samples and
IDH wild-type (WT) samples. Each row represents a gene and each column
represents a specimen. IDH mutational status, tumour grade and recurrence of
each sample are listed. b, 293T cells transfected with empty vector (Vec), wild-
type or R132H mutant IDH1, or wild-type or R172K mutant IDH2 for 3 days
were lysed and assessed for expression levels of IDH1, IDH2 and histone lysine

methylation by western blotting with specific antibodies. Total H3 was used as
loading control. Quantification of band intensities is shown in Supplementary
Fig. 1. Bottom panel provides quantification of intracellular 2HG to glutamate
ratio (2HG/glutamate) as previously reported for these transfectants7.
c, Immunohistochemistry staining with antibodies against H3K9me3 and
H3K27me3 in IDH1/2 wild-type and IDH1 mutant oligodendroglioma samples
(340 magnification). Image quantification was performed using Metamorph
software (see Methods) and shown in bottom panels. Error bars represent
standard deviation (s.d.) of at least three patient samples in each group.
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IDH wild-type and vector cells but GFAP expression remained
repressed in IDH mutant cells.

The enhancement of H3K9 methylation in mutant IDH-expressing
cells from multiple tissues of origin led us to investigate whether this
H3K9 methylation might be sufficient to block the ability of non-
transformed cells to execute differentiation. Support for this hypothesis
came with the discovery that KDM4C (also known as JMJD2C),
an H3K9-specific JHDM, was induced in 3T3-L1 cells during differ-
entiation (Fig. 4a). An in vitro histone demethylase assay with recom-
binant human GST-tagged KDM4C confirmed that KDM4C effec-
tively removed H3K9me2 and H3K9me3 in the presence of aKG.
Importantly, the demethylation reaction was inhibited by 2HG in a
dose-dependent manner (Fig. 4b and Supplementary Fig. 7). Given
the similarities between 2HG and aKG, the inhibition of KDM4C by
2HG would be predicted to be competitive. Consistently, increasing the
concentration ofaKG in the reaction mixture reversed the inhibition of
H3K9 demethylation by 2HG (Fig. 4c).

Finally, to test the possibility that H3K9 demethylation is a required
component of adipocyte differentiation, we examined whether blocking

the induction of KDM4C was sufficient to impair the differentiation of
3T3-L1 cells. Treatment with three independent short interfering
RNAs (siRNAs) against KDM4C reduced its expression and enhanced
H3K9me3 in 3T3-L1 cells (Fig. 4d and Supplementary Fig. 8). After
differentiation induction, cells treated with KDM4C siRNAs exhibited
reduced ability to differentiate into adipocytes. Thus the inability to
erase repressive H3K9 methylation can be sufficient to impair the
differentiation of non-transformed cells.

Biochemical studies suggest that 2HG is a universal inhibitor of
JHDM family members14,15; therefore it was interesting to observe
that H3K9 demethylation seemed to be more sensitive to mutant
IDH-induced suppression than at least some other histone methyla-
tion marks. Future investigation of the sensitivity to 2HG inhibition
among JHDM family members and/or cellular feedback mechanisms
activated after defective histone demethylation will be needed. In addi-
tion to the data presented here, evidence is mounting for a direct role
of histone methylation in stem cell maintenance, differentiation and
tumorigenesis19–23 (see Supplementary Discussion). Our findings
support a role for aKG-dependent demethylases in cell differentiation
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Figure 2 | Differentiation arrest induced by mutant IDH or 2HG is
associated with increased global and promoter-specific H3K9 and H3K27
methylation. a, 3T3-L1 cells stably expressing empty vector, wild-type, or
R172K mutant IDH2 were lysed and assessed for expression levels of IDH2 or
IDH1 by western blotting. Cells were also extracted for intracellular
metabolites, which were then MTBSTFA-derivatized (see Methods) and
analysed by gas chromatography–mass spectrometry (GC–MS). The
quantification of 2HG signal intensity relative to the intrasample glutamate
signal is shown for a representative experiment. b, Cells were induced to
differentiate into mature adipocytes for 7 days. The accumulation of lipid
droplets was assessed by Oil-Red-O staining. Wells from a representative
experiment from a total of four independent experiments are shown. c, 3T3-L1
cells were induced to differentiate for 7 days in the absence or presence of 1 mM
or 2 mM octyl-2HG. Oil-Red-O staining was performed and quantified by
measuring absorbance at 500 nm. DMSO, dimethylsulphoxide. d, Vector, wild-
type or R172K mutant IDH2 transduced 3T3-L1 cells were induced to
differentiate for 4 days. At days 0 and 4 (d0 and d4), RNA was extracted. Relative

expression of adipocyte-specific gene and transcription factors was assessed by
quantitative PCR with reverse transcription (RT–qPCR). e, 3T3-L1 cells were
induced to differentiate for 4 days in the absence or presence of 1 mM or 2 mM
octyl-2HG. RNA was extracted. Relative expression of adipocyte-specific gene
and transcription factors was assessed by RT–qPCR. f, Vector, wild-type or
R172K mutant IDH2 transduced 3T3-L1 cells were induced to differentiate. At
days 0 and 4 (d0 and d4), ChIP analysis was performed using antibodies against
H3K9me3 and H3K27me3. Immunoprecipitated Cebpa and Adipoq promoter
sequences were analysed by qPCR and shown as percentage of input. g, Vector,
wild-type or R172K mutant IDH2 transduced 3T3-L1 cells were induced to
differentiate for 4 days. At days 0 and 4 (d0 and d4), histones were acid-
extracted and levels of H3K9me3, H3K9me2 and acetyl-H3 were assessed by
western blotting with specific antibodies. Total H3 was used as loading control.
Quantification of band intensities is shown in Supplementary Fig. 4. In f, error
bars indicate s.d. from triplicate wells and a representative experiment from a
total of two is shown. For all other experiments, error bars indicate s.d. from
three independent experiments. *P , 0.05; **P , 0.01; NS, not significant.
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IDH wild-type and vector cells but GFAP expression remained
repressed in IDH mutant cells.

The enhancement of H3K9 methylation in mutant IDH-expressing
cells from multiple tissues of origin led us to investigate whether this
H3K9 methylation might be sufficient to block the ability of non-
transformed cells to execute differentiation. Support for this hypothesis
came with the discovery that KDM4C (also known as JMJD2C),
an H3K9-specific JHDM, was induced in 3T3-L1 cells during differ-
entiation (Fig. 4a). An in vitro histone demethylase assay with recom-
binant human GST-tagged KDM4C confirmed that KDM4C effec-
tively removed H3K9me2 and H3K9me3 in the presence of aKG.
Importantly, the demethylation reaction was inhibited by 2HG in a
dose-dependent manner (Fig. 4b and Supplementary Fig. 7). Given
the similarities between 2HG and aKG, the inhibition of KDM4C by
2HG would be predicted to be competitive. Consistently, increasing the
concentration ofaKG in the reaction mixture reversed the inhibition of
H3K9 demethylation by 2HG (Fig. 4c).

Finally, to test the possibility that H3K9 demethylation is a required
component of adipocyte differentiation, we examined whether blocking

the induction of KDM4C was sufficient to impair the differentiation of
3T3-L1 cells. Treatment with three independent short interfering
RNAs (siRNAs) against KDM4C reduced its expression and enhanced
H3K9me3 in 3T3-L1 cells (Fig. 4d and Supplementary Fig. 8). After
differentiation induction, cells treated with KDM4C siRNAs exhibited
reduced ability to differentiate into adipocytes. Thus the inability to
erase repressive H3K9 methylation can be sufficient to impair the
differentiation of non-transformed cells.

Biochemical studies suggest that 2HG is a universal inhibitor of
JHDM family members14,15; therefore it was interesting to observe
that H3K9 demethylation seemed to be more sensitive to mutant
IDH-induced suppression than at least some other histone methyla-
tion marks. Future investigation of the sensitivity to 2HG inhibition
among JHDM family members and/or cellular feedback mechanisms
activated after defective histone demethylation will be needed. In addi-
tion to the data presented here, evidence is mounting for a direct role
of histone methylation in stem cell maintenance, differentiation and
tumorigenesis19–23 (see Supplementary Discussion). Our findings
support a role for aKG-dependent demethylases in cell differentiation
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Figure 2 | Differentiation arrest induced by mutant IDH or 2HG is
associated with increased global and promoter-specific H3K9 and H3K27
methylation. a, 3T3-L1 cells stably expressing empty vector, wild-type, or
R172K mutant IDH2 were lysed and assessed for expression levels of IDH2 or
IDH1 by western blotting. Cells were also extracted for intracellular
metabolites, which were then MTBSTFA-derivatized (see Methods) and
analysed by gas chromatography–mass spectrometry (GC–MS). The
quantification of 2HG signal intensity relative to the intrasample glutamate
signal is shown for a representative experiment. b, Cells were induced to
differentiate into mature adipocytes for 7 days. The accumulation of lipid
droplets was assessed by Oil-Red-O staining. Wells from a representative
experiment from a total of four independent experiments are shown. c, 3T3-L1
cells were induced to differentiate for 7 days in the absence or presence of 1 mM
or 2 mM octyl-2HG. Oil-Red-O staining was performed and quantified by
measuring absorbance at 500 nm. DMSO, dimethylsulphoxide. d, Vector, wild-
type or R172K mutant IDH2 transduced 3T3-L1 cells were induced to
differentiate for 4 days. At days 0 and 4 (d0 and d4), RNA was extracted. Relative

expression of adipocyte-specific gene and transcription factors was assessed by
quantitative PCR with reverse transcription (RT–qPCR). e, 3T3-L1 cells were
induced to differentiate for 4 days in the absence or presence of 1 mM or 2 mM
octyl-2HG. RNA was extracted. Relative expression of adipocyte-specific gene
and transcription factors was assessed by RT–qPCR. f, Vector, wild-type or
R172K mutant IDH2 transduced 3T3-L1 cells were induced to differentiate. At
days 0 and 4 (d0 and d4), ChIP analysis was performed using antibodies against
H3K9me3 and H3K27me3. Immunoprecipitated Cebpa and Adipoq promoter
sequences were analysed by qPCR and shown as percentage of input. g, Vector,
wild-type or R172K mutant IDH2 transduced 3T3-L1 cells were induced to
differentiate for 4 days. At days 0 and 4 (d0 and d4), histones were acid-
extracted and levels of H3K9me3, H3K9me2 and acetyl-H3 were assessed by
western blotting with specific antibodies. Total H3 was used as loading control.
Quantification of band intensities is shown in Supplementary Fig. 4. In f, error
bars indicate s.d. from triplicate wells and a representative experiment from a
total of two is shown. For all other experiments, error bars indicate s.d. from
three independent experiments. *P , 0.05; **P , 0.01; NS, not significant.
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IDH wild-type and vector cells but GFAP expression remained
repressed in IDH mutant cells.

The enhancement of H3K9 methylation in mutant IDH-expressing
cells from multiple tissues of origin led us to investigate whether this
H3K9 methylation might be sufficient to block the ability of non-
transformed cells to execute differentiation. Support for this hypothesis
came with the discovery that KDM4C (also known as JMJD2C),
an H3K9-specific JHDM, was induced in 3T3-L1 cells during differ-
entiation (Fig. 4a). An in vitro histone demethylase assay with recom-
binant human GST-tagged KDM4C confirmed that KDM4C effec-
tively removed H3K9me2 and H3K9me3 in the presence of aKG.
Importantly, the demethylation reaction was inhibited by 2HG in a
dose-dependent manner (Fig. 4b and Supplementary Fig. 7). Given
the similarities between 2HG and aKG, the inhibition of KDM4C by
2HG would be predicted to be competitive. Consistently, increasing the
concentration ofaKG in the reaction mixture reversed the inhibition of
H3K9 demethylation by 2HG (Fig. 4c).

Finally, to test the possibility that H3K9 demethylation is a required
component of adipocyte differentiation, we examined whether blocking

the induction of KDM4C was sufficient to impair the differentiation of
3T3-L1 cells. Treatment with three independent short interfering
RNAs (siRNAs) against KDM4C reduced its expression and enhanced
H3K9me3 in 3T3-L1 cells (Fig. 4d and Supplementary Fig. 8). After
differentiation induction, cells treated with KDM4C siRNAs exhibited
reduced ability to differentiate into adipocytes. Thus the inability to
erase repressive H3K9 methylation can be sufficient to impair the
differentiation of non-transformed cells.

Biochemical studies suggest that 2HG is a universal inhibitor of
JHDM family members14,15; therefore it was interesting to observe
that H3K9 demethylation seemed to be more sensitive to mutant
IDH-induced suppression than at least some other histone methyla-
tion marks. Future investigation of the sensitivity to 2HG inhibition
among JHDM family members and/or cellular feedback mechanisms
activated after defective histone demethylation will be needed. In addi-
tion to the data presented here, evidence is mounting for a direct role
of histone methylation in stem cell maintenance, differentiation and
tumorigenesis19–23 (see Supplementary Discussion). Our findings
support a role for aKG-dependent demethylases in cell differentiation
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Figure 2 | Differentiation arrest induced by mutant IDH or 2HG is
associated with increased global and promoter-specific H3K9 and H3K27
methylation. a, 3T3-L1 cells stably expressing empty vector, wild-type, or
R172K mutant IDH2 were lysed and assessed for expression levels of IDH2 or
IDH1 by western blotting. Cells were also extracted for intracellular
metabolites, which were then MTBSTFA-derivatized (see Methods) and
analysed by gas chromatography–mass spectrometry (GC–MS). The
quantification of 2HG signal intensity relative to the intrasample glutamate
signal is shown for a representative experiment. b, Cells were induced to
differentiate into mature adipocytes for 7 days. The accumulation of lipid
droplets was assessed by Oil-Red-O staining. Wells from a representative
experiment from a total of four independent experiments are shown. c, 3T3-L1
cells were induced to differentiate for 7 days in the absence or presence of 1 mM
or 2 mM octyl-2HG. Oil-Red-O staining was performed and quantified by
measuring absorbance at 500 nm. DMSO, dimethylsulphoxide. d, Vector, wild-
type or R172K mutant IDH2 transduced 3T3-L1 cells were induced to
differentiate for 4 days. At days 0 and 4 (d0 and d4), RNA was extracted. Relative

expression of adipocyte-specific gene and transcription factors was assessed by
quantitative PCR with reverse transcription (RT–qPCR). e, 3T3-L1 cells were
induced to differentiate for 4 days in the absence or presence of 1 mM or 2 mM
octyl-2HG. RNA was extracted. Relative expression of adipocyte-specific gene
and transcription factors was assessed by RT–qPCR. f, Vector, wild-type or
R172K mutant IDH2 transduced 3T3-L1 cells were induced to differentiate. At
days 0 and 4 (d0 and d4), ChIP analysis was performed using antibodies against
H3K9me3 and H3K27me3. Immunoprecipitated Cebpa and Adipoq promoter
sequences were analysed by qPCR and shown as percentage of input. g, Vector,
wild-type or R172K mutant IDH2 transduced 3T3-L1 cells were induced to
differentiate for 4 days. At days 0 and 4 (d0 and d4), histones were acid-
extracted and levels of H3K9me3, H3K9me2 and acetyl-H3 were assessed by
western blotting with specific antibodies. Total H3 was used as loading control.
Quantification of band intensities is shown in Supplementary Fig. 4. In f, error
bars indicate s.d. from triplicate wells and a representative experiment from a
total of two is shown. For all other experiments, error bars indicate s.d. from
three independent experiments. *P , 0.05; **P , 0.01; NS, not significant.
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