
The force is strong with this one: Metabolism (over)powers stem 
cell fate

Peng Wei1, Katja K. Dove1, Claire Bensard1, John C. Schell1, and Jared Rutter1,2,*

1Department of Biochemistry, University of Utah School of Medicine, Salt Lake City, Utah 84112, 
USA

2Howard Hughes Medical Institute, University of Utah School of Medicine, Salt Lake City, Utah 
84112, USA

Abstract

Compared to their differentiated progeny, stem cells are often characterized by distinct metabolic 

landscapes that emphasize anaerobic glycolysis and a lower fraction of mitochondrial 

carbohydrate oxidation. Until recently, the metabolic program of stem cells had been thought to be 

a byproduct of the environment, rather than an intrinsic feature determined by the cell itself. 

However, new studies highlight the impact of metabolic behavior on the maintenance and function 

of intestinal stem cells and hair follicle stem cells. This review summarizes and discusses the 

evidence that metabolism is not a mere consequence of, but rather influential on stem cell fate.
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Stem Cells and Their Metabolism

Most fully developed organs, principally populated with terminally differentiated cells, can 

renew and recover from injury due to the function of tissue-resident adult stem cells. The 

demand for stem cell proliferation in response to injury is widely appreciated, but recent 

studies have demonstrated that adult tissue stem cells also take cues from environmental 

nutrients that impact their homeostatic fate [1, 2]. For example, caloric restriction increases 

the healthspan and lifespan of various organisms and one mechanism is likely to be the 

promotion of tissue stem cell function [3–7]. Recent studies have highlighted the impact of 

metabolic behavior on intestinal stem cells (ISCs) and hair follicle stem cells (HFSCs) and 

this phenomenon is the primary focus of this review [8–10].
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Both quiescent and proliferative adult stem cells appear to have metabolic profiles that are 

distinct from their fully differentiated progeny [11–13]. One common metabolic feature is 

their preference to perform aerobic glycolysis, with a lower fractional mitochondrial 

oxidation of carbohydrate fuels [11–13]. Although this metabolic distinction has been 

known, it has not been widely considered to be a major driving factor in the management of 

stem cell homeostasis and tissue regeneration. Typically, the metabolic program of adult 

stem cells has been viewed to be a product of the environment, rather than being intrinsically 

determined by the cell itself [14]. This view was supported by the observation that 

hematopoietic stem cells (HSCs) homeostasis is augmented by hypoxia within their niche, 

perhaps through promotion of a glycolytic/non-oxidative metabolic program [14–17]. In 

contrast, tissue resident stem cells frequently have active mitochondria and oxidize other 

fuels, such as fatty acids and amino acids [18–20]. This is suggestive of a highly specific 

mode of metabolic control operating in tissue stem cells. Notably, metabolic profiles of 

pluripotent stem cells (PSC) vary with developmental stage and the metabolic regulation of 

PSC cell fate has been reviewed extensively elsewhere [21–23].

Evidence is accumulating that the metabolic program of stem cells is intrinsically 

determined and essential for the maintenance of those cells, perhaps through impacting the 

balance of self-renewal and differentiation [11, 21]. Here, we focus on how the consumption 

and metabolism of different substrates (see Text Box) differentially influences adult stem 

cell homeostasis and function.

Metabolic Signatures of Tissue Stem Cells

Nutrient availability could provide cues that impact stem cell fate decisions [1, 2] and the 

intestinal epithelium is particularly interesting because ISC progeny have intimate access to 

dietary nutrients. Caloric restriction, while maintaining adequate nutrition, leads to increased 

numbers of ISCs in mice and enhances their regeneration capacity [3]. Other studies show 

that different epithelial stem cells in various species prefer to utilize glycolysis and lactate 

production over mitochondrial carbohydrate oxidative [24, 25]. Now, multiple groups have 

set out to understand the regulation and impact of this stem cell metabolism signature across 

different systems and species.

The expression of Mpc1, one of the subunits of the Mitochondrial Pyruvate Carrier (MPC) 

complex, is low in ISCs and high in the differentiated progeny of those ISCs, the intestinal 

epithelium [10]. In both mouse and human proximal small intestine (jejunum), 

immunohistochemistry demonstrated that MPC is nearly absent from the base of the 

intestinal crypt, where ISCs are located, but is much more abundantly expressed as one 

moves up the crypts to the villi, which is populated with differentiated epithelial cells. 

Furthermore, using mice in which EGFP is expressed from the stem cell-specific LGR5 
promoter, it was observed that MPC1 abundance inversely correlated with LGR5 gene 

expression [10]. Together, these data indicate that intestinal stem cells exhibit low MPC1 

expression and presumably low MPC activity.

It is critical to note that the low MPC1 protein level in ISCs is not due to low abundance of 

mitochondria overall. Protein analysis and electron microscopy both show high 
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mitochondrial content in mouse and human ISCs [10, 18]. This implies that the 

mitochondria in ISCs might be directed toward other functions, including biosynthetic 

programs as well as the oxidation of fatty acids or other non-carbohydrate fuels, rather than 

carbohydrate oxidation.

Unlike Lgr5-positive ISCs that appear to divide almost continuously, HFSCs undergo cycles 

of proliferation and quiescence corresponding to the beginning and end of the hair cycle, 

respectively [9]. Parallel to the discovery that pyruvate oxidation is low in ISCs, lactate 

dehydrogenase (LDHA), the cytosolic enzyme that converts pyruvate to lactate, is highly 

expressed and active in HFSCs [9]. Ldha expression is enriched in HFSCs relative to the 

total epidermis [9] and LDH activity assays on skin tissue sections and lysates from sorted 

cells also showed high LDH activity in HFSCs across the hair cycle [9]. Furthermore, Ldha 
expression and activity is induced at the beginning of the hair cycle, which is when HFSCs 

start their rapid proliferation phase[9]. These data are consistent with proliferative HFSCs 

also being highly glycolytic.

The observation of low MPC expression in ISCs and high LDH expression in HFSCs 

suggest that these tissue-resident stem cells might preferentially utilize glucose through 

glycolysis coupled with lactate production rather than with mitochondrial oxidation. Beyond 

these correlations, manipulation of pyruvate metabolism through MPC or LDH modulation 

also profoundly affects stem cell homeostasis and function, suggesting that metabolism is 

not a mere response to, but rather influential on stem cell fate.

Pyruvate oxidation limits stem cell maintenance and proliferation

Using multiple species and multiple stem cell populations, recent studies have demonstrated 

that stem cell number and proliferation is increased when mitochondrial pyruvate entry is 

blocked through MPC deletion or inhibition [10]. These discoveries support the notion that 

the metabolic program of stem cells is not a byproduct of their environments or a passive 

feature of their cell biology, but rather a driving force that influences their fate and function.

Loss of the Drosophila ortholog of MPC1, known as dMPC1 caused overgrowth of the 

intestinal epithelium [10]. ISCs from these mutant flies also exhibited increased 

proliferation, similar to what was observed with RNAi-mediated disruption of dMPC1 or 

dMPC2 in wild-type flies [10]. Drosophila ISC proliferation was also increased when 

pyruvate dehydrogenase (PDH), the mitochondrial enzyme that oxidizes MPC-imported 

pyruvate to acetyl-CoA, was disrupted by RNAi [10]. This collection of phenotypes 

indicates that MPC inhibition promotes stem cell proliferation, almost certainly through 

reducing pyruvate incorporation into the TCA cycle.

Mice that lack MPC1 selectively in Lgr5-positive ISCs also exhibited increased stem cell 

number in the intestinal crypt and these stem cells were hyperproliferative [10]. Moreover, in 

the proximal small intestine where deletion of MPC1 was incomplete, MPC1-deficient cells 

appeared to be positively selected to repopulate the intestinal epithelium over time [10]. In 

spite of these apparently stem cell-intrinsic phenotypes, the intestine was overtly normal, 

with no morphological changes observed in intestinal crypt length, villus height, or total 
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intestinal length [10]. This suggests that although the homeostasis of the stem cell 

compartment is perturbed by MPC deletion, MPC-deficient stem cell progeny are still 

competent to differentiate.

Similar effects have also been observed in intestinal organoid cultures, which are an in vitro 
model that faithfully recapitulates many aspects of the architecture and function of the 

mammalian intestinal epithelium [10, 26]. MPC1 deletion enhanced organoid formation 

from both whole crypts and from sorted Lgr5-positive stem cells [10]. MPC inhibition by 

the well-established MPC inhibitor, UK-5099, had similar effects. UK-5099-treated or 

MPC1-deleted organoids displayed increased expression of stem cell markers (Lgr5, Ascl2, 
Cd44 and Myc) and decreased expression of differentiation markers (Krt20, Villin1, Chga 
and Fabp2) [10]. Metabolomics experiments also confirmed that MPC1-deleted organoids 

exhibited a steady-state increase in pyruvate and decrease in TCA cycle intermediates, such 

as citrate, malate and α-ketoglutarate. In addition, 13C-glucose flux tracing experiments in 

intestinal organoids also showed impaired glucose carbon entry into the mitochondrial TCA 

cycle in response to MPC1 deletion [10]. Together, these observations support the 

hypothesis that impaired mitochondrial pyruvate import enhances stem cell function and 

reinforces the stem cell molecular signature.

Like MPC abundance in ISCs, LDH abundance and activity also appears to affect stem cell 

function. Deletion of Ldha in HFSCs prevented activation and HFSCs failed to enter the 

start of the hair cycle and remained quiescent [9]. Similarly, enforcement of a glycolytic and 

non-oxidative metabolic program by deleting MPC1 accelerated HFSC activation [9], 

providing further evidence that such a program promotes stem cell maintenance and 

proliferation.

As might be expected from the observations described above, overexpression of MPC1 and 

MPC2 is sufficient to reduce stem cell proliferation, consistent with previous reports that 

expression of these two genes together establishes a function MPC complex and increases 

mitochondrial pyruvate uptake [10, 27]. Exogenous MPC expression in mouse ISCs 

decreased expression of the Lgr5 stemness marker [10]. Furthermore, intestines from flies 

overexpressing MPC1 and MPC2 displayed reduced size, consistent with impaired stem cell 

proliferation [10]. Therefore, it appears that MPC overexpression decreases ISC 

proliferation and probably eventually causes defects in tissue homeostasis.

MPC: an important effector of the APC/Wnt/β-catenin pathway?

The Wnt/β-catenin pathway is a highly conserved signaling pathway that regulates cell 

proliferation as well as the fate of many cell populations [28, 29]. In particular, this pathway 

plays a very important role in the development and maintenance of ISCs and HFSCs [30]. 

Due to its preferential expression and function in stem cells, it is not surprising that targets 

of the Wnt/β-catenin pathway are upregulated in MPC-depleted mouse organoids [10]. 

Additionally, HFSC activation, which is associated with high LDH activity, also induced 

expression of Myc, a known target of the Wnt/β-catenin pathway [9]. This suggests that 

these conditions of low pyruvate oxidation in stem cells may stimulate activity of the Wnt/β-

catenin pathway.
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Adenomatous polyposis coli (APC), which acts by suppressing Wnt/β-catenin signaling, is a 

well-known tumor suppressor in the context of colorectal cancer [31]. APC also controls the 

expression of MPC1 and MPC2 during intestinal development in zebrafish [32]. Indeed, 

MPC1 knockdown recapitulated the impaired intestinal differentiation phenotype caused by 

APC mutation. Moreover, the defective intestinal differentiation observed in APC mutant 

zebrafish was rescued by expression of human MPC1. This unexpected finding raises the 

possibility that maintaining low MPC1 expression could be one of the important effectors of 

the Wnt/β-catenin pathway during stem cell maintenance (see Outstanding Questions).

Outstanding Questions

By which mechanisms does decreased pyruvate oxidation promote intestinal stem 

cell (ISC) and hair follicle stem cell (HFSC) function?

What is the role of mitochondrial pyruvate carrier (MPC) in the APC/Wnt/β-

catenin pathway?

Do reduced cytosolic citrate levels (and with that acetyl-CoA) as a result of 

decreased mitochondrial pyruvate oxidation limit histone acetylation?

Lastly, while recent studies suggest that fatty acids regulate ISC function, it 

remains to be seen if this phenomenon is due to increase fatty acid oxidation or 

other mechanisms such as fatty acid-responsive transcription or signal 

transduction.

These disparate observations lead to a hypothetical model wherein APC activity induces 

expression and activity of the MPC complex to limit stemness. In contrast, impaired APC 

activity leads to decreased expression and activity of the MPC complex and this impairs 

differentiation. There appears to also be a feedback mechanism whereby low MPC activity 

also stimulates activation of the Wnt/β-catenin pathway (Figure 1).

Fatty acids promote ISC proliferation and maintenance

As expected, MPC inhibition in mouse intestinal organoids decreased pyruvate flux into the 

mitochondrial TCA cycle and decreased carbohydrate oxidation [10]. Interestingly, in this 

MPC-deficient setting, maximal respiration became highly dependent on fatty acid oxidation 

[10]. This suggests that loss of MPC activity and pyruvate oxidation leads to a compensatory 

increased dependence on fatty acid oxidation. This is particularly intriguing because fatty 

acids have a profound effect on ISC stemness that is opposite that of glucose oxidation 

described above [8]. Indeed, a high-fat diet (HFD), wherein 60% of the calories come from 

fat, impacted ISCs in mice. Mice on a long-term HFD exhibited shorter intestinal villi with a 

decrease in crypt depth, but experienced no change in crypt-villus density [8]. This finding is 

consistent with a block in ISC differentiation. Staining for ISCs and Paneth cells further 

revealed that HFD increased ISC abundance, but decreased Paneth cell abundance [8]. 

Paneth cells intercalate with ISCs and support ISC function in the stem cell niche by 

secreting specific growth factors [33]. Moreover, a HFD not only decreased Paneth cell 

abundance, but also decreased the dependence of ISCs on Paneth cells for organoid 
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formation [8]. In addition, HFD feeding increased ISC proliferation and regeneration in vivo 
as assessed by BrdU incorporation [8]. Recapitulating these in vivo findings, crypts isolated 

from HFD-fed mice showed enhanced primary and secondary organoid formation capacity 

in vitro [8], probably related to the increased frequency of LGR5-positive ISCs compared to 

control organoids. Single ISCs from HFD-fed mice also exhibited increased capacity to form 

new organoids. When mice were switched from a HFD to a standard normal chow diet, the 

enhanced organoid formation from crypts or single ISCs disappeared within four weeks [8]. 

These findings demonstrate that HFD feeding causes profound, reversible and acute effects 

on ISC homeostasis, maintenance and proliferation (see Outstanding Questions).

It appears that this effect of a HFD is likely related to direct effects of fatty acids. Treatment 

with the fatty acid palmitate in vitro was sufficient to increase ISC abundance and decrease 

the stem cell niche dependence of organoids isolated from normal chow fed mice [8]. 

Similar results were obtained when mouse and human intestinal crypts were treated with 

other fatty acids, such as oleic acid or a mixture of fatty acids. It is important to emphasize 

that this phenotype is diet-mediated and is not related to obesity. Leptin receptor deficient 

(db/db) mice, which develop profound obesity, show no increase in ISC proliferation when 

fed a normal chow diet [8]. These data suggest that ISC maintenance and function is affected 

by the diet directly and this is specifically related to fatty acid content. While other 

mechanisms might also be at play, it was demonstrated that fatty acids might stimulate 

PPARδ-driven expression of components of the Wnt/β-catenin pathway to increase stemness 

[8].

Concluding Remarks

While both carbohydrate and fatty acid oxidation generate mitochondrial acetyl-CoA and 

ultimately ATP in mitochondria, the simplest interpretation of these data is that pyruvate and 

fatty acid oxidation have opposing effects on stem cell homeostasis. Enhanced pyruvate 

oxidation decreases stem cell maintenance and proliferation, whereas increased fatty acid 

abundance promotes stem cell function. As noted above, these two metabolic programs are 

highly interlinked as decreased pyruvate oxidation leads to increased fatty acid oxidation, 

likely to compensate for the loss of pyruvate-derived mitochondrial acetyl-CoA. Therefore, 

it becomes important to determine whether elevated fatty acid availability and oxidation 

similarly reduces pyruvate oxidation as part of its effect on stem cell function.

Probably the most important question, however, and one of the most difficult to answer is 

how do these two metabolic pathways, with ostensibly similar outputs, have such different 

effects on cell fate. Is the critical distinction derived from the activity level of the different 

oxidative pathways per se and the generation of products like acetyl-CoA, or is it due to 

differential “side effects”, e.g. lactate production, redox changes, etc.? One thing seems 

clear; eventually this effect has to arrive at the nucleus to impact gene expression, and given 

the molecules involved, this seems likely to be related to epigenetic modification of histones 

and/or DNA. It is, therefore, noteworthy that histone acetylation was decreased in MPC-

deficient organoids [10], which exhibit enhanced ISC proliferation and maintenance. It is 

tempting to speculate that decreased pyruvate-derived acetyl-CoA, due to MPC loss, might 

increase stem cell function through a secondary decrease in cytosolic acetyl-CoA. Cytosolic 
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acetyl-CoA is thought to be primarily derived from either citrate or acetate. Mitochondrial 

citrate is a TCA cycle intermediate that can be exported to the cytosol and converted to 

acetyl-CoA by ATP citrate lyase [34]. However, this process depletes TCA cycle 

intermediates, known as cataplerosis, which need to be replenished through anaplerosis. 

Although pyruvate-derived mitochondrial acetyl-CoA drives the TCA cycle, it is not an 

anaplerotic substrate to restore TCA intermediates. However, besides being decarboxylated 

to acetyl-CoA, mitochondrial pyruvate can also be converted to the TCA cycle intermediate 

oxaloacetate via pyruvate carboxylase, which does replenish the TCA cycle [35]. Therefore, 

in the absence of MPC activity, pyruvate import into mitochondria is lost, which reduces 

production of mitochondrial acetyl-CoA as well as the production of TCA cycle anaplerotic 

substrates. As a result, citrate availability for cytosolic acetyl-CoA production would be 

decreased and this might be predicted to decrease the acetyl-CoA pool that is available for 

histone acetylation (Figure 1, see Outstanding Questions).

While fatty acid oxidation can generate mitochondria acetyl-CoA to compensate for loss of 

pyruvate-derived acetyl-CoA, it does not generate anaplerotic substrates to replenish TCA 

cycle intermediates. Therefore, the impact of these two oxidative pathways on the generation 

of cytosolic acetyl-CoA from mitochondria-derived citrate could be quite different. In the 

setting of elevated fatty acid oxidation, it is possible that mitochondrial pyruvate uptake and 

conversion to acetyl-CoA and oxaloacetate might be limited, which might further decrease 

the availability of cytosolic acetyl-CoA for histone acetylation.

It is also possible that altered redox state might be a key intermediate in the effects of 

metabolic program on stem cell function (Figure 1). Complete glucose oxidation produces 

NADH from NAD+ in the cytosol (via glycolysis) as well as in the mitochondrial matrix. In 

mitochondria, the electron transport chain recycles NADH to NAD+ by passing those 

electrons to oxygen, while LDH recycles NAD+ in the cytosol by converting pyruvate to 

lactate. Compared to differentiated cells, stem cells use a reduced fraction of their pyruvate 

for mitochondrial oxidation, which leads to predictable and differential effects on the 

cytosolic and mitochondrial NADH/NAD+ ratio. Different redox states might affect nuclear 

epigenetics and gene expression through altering the activity of NAD+ dependent 

deacetylases (sirtuins), or through any of a number of other redox-dependent mechanisms, 

including the mTOR or EGFR pathways [36]. This type of differential compartmentalization 

of reducing equivalents between glycolysis, glucose oxidation and fatty acid oxidation could 

constitute part of the mechanistic foundation underlying the differential effects on stemness 

[37]. At this point, it is critical to note that although high fatty acid abundance has been 

shown to promote ISC function, it remains to be determined whether this phenomenon 

depends primarily on elevated fatty acid oxidation or on other mechanisms like fatty acid-

responsive transcription or signal transduction.

In summary, although the narrative still must be expanded to tell the full story, several recent 

studies have demonstrated that metabolism is not a mere signature of, but instead is highly 

influential on tissue-resident stem cell fate. Metabolic modulations that decrease the 

fractional oxidation of pyruvate or increase fatty acid abundance enhance epithelial stem cell 

maintenance and function, potentially through epigenetic modifications and/or changes in 

redox balance.
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Metabolism Fundamentals

Glucose and fatty acids are two major fuels that drive ATP production (Figure I). Fatty 

acids are activated in the cytosol and then transported into mitochondria via the carnitine 

shuttle system. Once in the matrix, β-oxidation of fatty acids yields acetyl-CoA, which 

can then be further oxidized in the tricarboxylic acid (TCA) cycle to liberate reducing 

equivalents that fuel the electron transport chain and oxidative phosphorylation 

(OXPHOS) to eventually power the production of ATP. However, mitochondrial acetyl-

CoA can also be derived from glucose. First, glucose is converted to pyruvate in the 

cytosol via glycolysis, which generates limited quantities of ATP and NADH. From there 

pyruvate has two major fates: Pyruvate imported into mitochondria can be 

decarboxylated to acetyl-CoA and enter the TCA cycle to ultimately produce NADH, 

which can fuel ATP synthesis through OXPHOS. Alternatively, pyruvate that remains in 

the cytosol can either be reduced to lactate or it (and/or its precursors) can be used in 

biosynthetic processes. Therefore, a major determinant of the fate of pyruvate is whether 

it enters the mitochondrial compartment or remains in the cytosol. The protein complex 

responsible for transporting pyruvate into mitochondria is known as the Mitochondria 

Pyruvate Carrier (MPC) [38, 39]. The yeast, fly and mammalian MPC is composed of 

two types of subunits, MPC1 and MPC2, and deletion of either one is sufficient to disrupt 

the formation of a functional MPC complex [27, 38, 39], thereby impairing the direct 

transport of pyruvate into mitochondria and reducing pyruvate oxidation. This places the 

MPC at an important position in determining the mode of carbohydrate metabolism and 

raises the possibility that its expression and activity could impact stem cell homeostasis.
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Figure I. Overview of glucose and fatty acid metabolism pathways
TOP. As the end product of glycolysis, pyruvate has two major fates. In the cytosol, it 

can either be reduced to lactate by lactate dehydrogenase (LDH) or it (and/or its 

precursors) can be used for biosynthesis. Alternatively, the mitochondrial pyruvate carrier 

(MPC) can import pyruvate into mitochondria where it can be converted to acetyl-CoA 

by pyruvate dehydrogenase (PDH). In the cytosol, fatty acyl-CoA synthases (ACS) 

activate fatty acids by converting them to fatty acyl-CoAs. Transport of fatty acyl-CoA 

across the mitochondrial membrane requires carnitine palmitoyltransferase 1 (CPT1), 

carnitine translocase (CAT) and carnitine palmitoyltransferase 2 (CPT2). In the 

mitochondrial matrix, fatty acyl-CoA is oxidized to acetyl-CoA through β-oxidation. 

Acetyl-CoA, whether derived from carbohydrates, fatty acids or other fuels, enters the 

tricarboxylic acid (TCA) cycle to generate NADH and FADH2, which ultimately fuel the 

electron transport chain (ETC) to produce ATP. The TCA cycle intermediate citrate can 

be transported to the cytosol, where it can be converted to cytosolic acetyl-CoA by ATP 

citrate lyase (ACLY). While this process depletes TCA cycle intermediates, they can be 

replenished through the conversion of pyruvate to oxaloacetate by pyruvate carboxylase 

(PC). BOTTOM. Decreased pyruvate oxidation caused by low MPC function and high 

LDH activity or potentially by high fatty acid oxidation can promote stem cell 

maintenance and function. Similarly, enhanced pyruvate oxidation by high MPC activity 

or low LDH activity reduces stem cell maintenance and function. Transporters/enzymes 
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are shown in boxes; major metabolic pathways are shown in italics; metabolites are 

shown in regular type.
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Highlights

• Reduced pyruvate oxidation enhances stem cell function and reinforces the 

stem cell molecular signature.

• Expression of the mitochondrial pyruvate carrier (MPC) is low in intestinal 

stem cells (ISCs), but high in their differentiated progeny.

• Lactate dehydrogenase (LDHA) is highly expressed and active in hair follicle 

stem cells (HFSCs).

• Deletion of MPC leads to increased function of ISCs, while deletion of Ldha 
prevents activation of HFSCs and promotes their quiescence.

• Altered levels of pyruvate oxidation might be transduced through the Wnt/β-

catenin pathway.

• High levels of fatty acids also promote ISC proliferation and maintenance.
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Figure 1. Potential mechanisms by which glucose and fatty acid metabolism might affect stem 
cell homeostasis
The Wnt/β-Catenin pathway is important in development and in the maintenance and 

proliferation of epithelial stem cells. In this review, we propose a model wherein 

Adenomatous polyposis coli (APC), most likely through the Wnt/β-catenin pathway, 

modulates the expression of MPC1 and MPC2 to alter the cellular metabolic program. This 

metabolic program then profoundly impacts cell fate, perhaps through feedback regulation 

on the Wnt/β-Catenin pathway itself. Targets of the Wnt/β-Catenin pathway are also up-

regulated in response to fatty acids, possibly through PPARδ-driven gene expression.

Potential mechanisms underlying the effects of metabolic program on gene expression and 

stemness are depicted. Differential redox balance in the cytosol and mitochondria is 

influenced by the flux of glycolysis, lactate production, pyruvate oxidation and fatty acid 

oxidation. Redox balance could act through various pathways to modulate gene expression 

related to stem cell homeostasis. Finally, MPC inhibition also could impair differentiation 

through epigenetic modifications as MPC deletion decreased H3K4, H3K9 and H3K27 

histone acetylation marks. This observation could be explained by a depleted cytosolic 

acetyl-CoA pool through the reduction of its precursor, citrate, as a result of limited 

mitochondrial pyruvate. Transporters and enzymes are shown in rounded boxes; 

transcriptional regulation is depicted by blue arrows; possible relationships are shown in 

dashed lines; metabolites and histone modifications are shown in regular type.
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