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SUMMARY

Self-renewing embryonic stem cells (ESCs) respond to environmental cues by exiting pluripotency
or entering a quiescent state. The molecular basis underlying this fate choice remains unclear.
Here, we show that histone acetyltransferase MOF plays a critical role in this process through
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directly activating fatty acid oxidation (FAQ) in the ground-state ESCs. We further show that the
ground-state ESCs particularly rely on elevated FAO for oxidative phosphorylation (OXPHQOS)
and energy production. Mofdeletion or FAQO inhibition induces bona fide quiescent ground-state
ESCs with an intact core pluripotency network and transcriptome signatures akin to the diapaused
epiblasts /n vivo. Mechanistically, MOF/FAQ inhibition acts through reducing mitochondrial
respiration (i.e., OXPHOS), which in turn triggers reversible pluripotent quiescence specifically in
the ground-state ESCs. The inhibition of FAO/OXPHOS also induces quiescence in naive human
ESCs. Our study suggests a general function of the MOF/FAO/OXPHOS axis in regulating cell
fate determination in stem cells.
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In Brief

Khoa et al. find that ground-state embryonic stem cells (ESCs) readily use fatty acid oxidation
(FAQ) as the carbon source for mitochondrial oxidative phosphorylation (OXPHOS), which is
directly regulated by histone acetyltransferase MOF. ESCs lacking the MOF/FAO/OXPHOS axis
reside in a reversible pluripotent quiescence, mimicking embryonic diapause in mammals.

INTRODUCTION

Pluripotency is a transient state /7 vivo that first arises in the inner cell mass cells within the
blastocyst and is defined as the ability of a single cell to give rise to all somatic cell lineages
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and the germline (Hackett and Surani, 2014; Nichols and Smith, 2012). Mouse embryonic
stem cells (MESCs) are the first pluripotent stem cells directly derived from the blastocyst
(Evans and Kaufman, 1981; Martin, 1981). Conventional embryonic stem cells (ESCs)
grown in serum and leukemia inhibitory factor (LIF) (i.e., S/L ESCs) exhibit the
heterogeneous expression of pluripotency markers, and only a small population of these
cells exhibits a transcriptional landscape of pre-implantation epiblast (Chambers et al., 2007,
Marks et al., 2012). The combined inhibition of mitogen-activated protein kinase/
extracellular-signal-regulated kinase (MAPK/ERK) and glycogen synthase kinase 3 (GSK3)
(hereafter called 2i) plus LIF promotes a robust pluripotent state (i.e., ground-state ESCs)
that displays the molecular signatures of epiblast cells in embryonic day 4.5 (E4.5)
blastocysts (Boroviak et al., 2014; Ying et al., 2008). As such, the ground-state ESCs have
become a foundation for studying how pluripotency is established, maintained, and
progressed during development.

A delicate balance of ESC self-renewal and differentiation is tightly regulated by the
interconnected networks of transcription factors, environmental cues, and epigenetic
regulators (Li and Belmonte, 2017; Niwa, 2007). ESC self-renewal is associated with high
levels of histone acetylation, high chromatin accessibility (Atlasi et al., 2019; Finley et al.,
2018), and the hyperactive core pluripotency transcription network (Kim et al., 2015; Li et
al., 2012; Moris et al., 2018). Consistent with the importance of histone acetylation in ESC
self-renewal, the reduction of glycolysis and glycolysis-derived acetyl coenzyme A (Ac-
CoA) in ESCs leads to pluripotency exit and lineage differentiation (Moussaieff et al., 2015;
Shyh-Chang and Ng, 2017). It is generally believed that reduction of the intermediate
metabolite Ac-CoA is able to influence histone acetylation, which in turn alters chromatin
dynamics and epigenomics in an instructive manner. In support, the deletion of histone
acetyltransferases (HATS) often leads to the loss of self-renewal in S/L ESCs (Chen et al.,
2008; Fazzio et al., 2008; Li et al., 2012; Lin et al., 2007; Zhong and Jin, 2009).

HAT MOF (males absent on the first, also known as KAT8 or MYST1) is a member of the
highly conserved MYST family HATs. MOF acetylates histone H4 lysine 16 (H4K16ac) on
chromatin and non-histone substrates (Li et al., 2009b; Luo et al., 2016; Morales et al.,
2004). MOF plays vital roles in DNA damage repair, autophagy, lamin organization, and
female fertility (Dou et al., 2005; Fullgrabe et al., 2013; Karoutas et al., 2019; Sharma et al.,
2010; Yin et al., 2017). Mice with Mofdeficiency die at the peri-implantation stage, with
severe disruption of chromatin architecture and widespread apoptosis (Gupta et al., 2008;
Thomas et al., 2008). Tissue-specific deletion of Mofin hematopoietic stem cells and
cardiomyocyte leads to hematopoietic failure and cardiomyopathy, respectively (Chatterjee
etal., 2016; Valerio et al., 2017). We and others previously showed that Mofdeletion in S/L
ESCs results in rapid ESC differentiation, followed by apoptosis of the differentiated cells
(Chelmicki et al., 2014; Li et al., 2012). However, the function of MOF in ground-state
ESCs, which have distinct glucose and glutamine metabolism (Carey et al., 2015; Hwang et
al., 2016; Schvartzman et al., 2018; Vardhana et al., 2019), has not been tested.

Fatty acid oxidation (FAO) is an essential energy source to fuel the tricarboxylic acid (TCA)
cycle in energy-demanding tissues (e.g., heart, liver), producing Ac-CoA and reducing
equivalents (nicotinamide adenine dinucleotide [NADH], flavin adenine dinucleotide
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[FADH,]) for ATP generation (Carracedo et al., 2013; Qu et al., 2016). A high level of FAO
activity is required for sustaining the self-renewal of quiescent adult stem cells (Ito et al.,
2012; Knobloch et al., 2017; Mihaylova et al., 2018; Stoll et al., 2015). It also plays a role in
the self-renewal of breast cancer stem cells (Wang et al., 2018) and supports the survival of a
variety of tumors under metabolic stress conditions (Carracedo et al., 2013). Recently, it has
been reported that the proliferating naive human ESCs (hESCs) have elevated FAO levels,
along with other metabolic differences (e.g., high oxidative phosphorylation [OXPHQOS],
glycolysis, and amino acid metabolism), as compared to the primed hESCs (Gu et al., 2016;
Sperber et al., 2015; Zhang et al., 2016). It remains unclear whether high FAO activity is a
conserved feature in ground-state mESCs. The causal function of FAO metabolism in naive
hESCs and ground-state mESCs, especially its role as the main carbon fuel source for
mitochondrial respiration, is unknown. The upstream transcriptional regulator for FAO/
OXPHOS axis in ground-state ESCs is also unclear.

Here, we report that the deletion of Mofin ground-state ESCs leads to pluripotent
quiescence with an intact core transcription network. This is due to direct activation of the
FAO pathway by MOF and specific reliance of ground-state ESCs on FAO activity as the
major carbon fuel source for OXPHOS and cell proliferation. The role of the FAO/OXPHOS
axis in restricting quiescence is conserved in naive hESCs. Inhibiting FAO or OXPHOS also
induces pluripotent quiescence in naive and ground-state ESCs, distinct from their
previously characterized roles in adult or cancer stem cells.

Deletion of Mof Induces a Pluripotent Quiescence in Ground-State ESCs

Consistent with our previous study (Li et al., 2012), 4-hydroxyta-moxifen (4-OHT)-induced
deletion of Mofin Mof"f!: Cre-ER™M S/LL ESCs resulted in pluripotency exit, including loss
of self-renewal, decreased expression of ESC core transcription factors, and increased
expression of lineage-specific markers (Figures S1A, S1B, S1D, and S1E). It had no effects
on Moff ESCs that expressed no Cre recombinase (Figure S1C). Mofdeletion led to an
increase in MAPK/ERK signaling and a concurrent decrease in WNT signaling in ESCs
grown under S/L conditions (Figures S1F and S1G) (Li et al., 2012; Taylor et al., 2013). We
were interested to find that 2i treatment blocked the differentiation of Mofnull S/L ESCs
(Figure S1H). Despite similar levels of MOF and H4K16ac in S/L and ground-state ESCs
(Figure S1A; data not shown), Mofdeletion in the ground-state Mof": Cre-ER™ ESCs
(hereafter referred to as Mofnull 2i ESCs) did not alter the expression of pluripotency
markers such as KLF4, TFCP2L1, and OCT3/4 (Figure 1A). Quantitative mass spectrometry
revealed that among >200 histone post-translational modifications (PTMs), H4K16ac was
the only histone mark significantly decreased upon Mofdeletion (Figure 1B, left; Table S1),
which was validated by immunoblot (Figure 1B, right). Mofnull 2i ESCs formed much
smaller but typical dome-shaped colonies that had homogeneous expression of OCT3/4 and
NANOG (Figure 1C). Mofnull 2i ESCs showed slow proliferation (Figure 1D), a significant
reduction of cells in G1 (16%) and S (12%) phases (Figure 1E), and a concomitant increase
(~4-fold) in quiescent cells in GO phase (Figure 1E). Notably, the increase in GO cells in
Mof-KO (knockout) cells quantitatively corresponded to a decrease in G1 cells (Figure 1E,

Cell Stem Cell. Author manuscript; available in PMC 2020 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Khoa et al.

Page 5

bottom). ESCs with Mofdeletion underwent a sharp reduction in total RNA amounts per
cell (Figure 1F), a characteristic of quiescent adult stem cells (Cheung and Rando, 2013). It
also resulted in a significant reduction in new DNA and protein synthesis (Figures 1G and
1H). These results indicated that the deletion of Mofin ground-state ESCs induces a bona
fide quiescent state without affecting the core pluripotency network.

MOF Represses the Gene Program Reflective of Pluripotent Quiescence

Illumina-based RNA sequencing (RNA-seq) showed that MoFfKO caused a significant
downregulation of 775 genes and an upregulation of 1,245 genes (false discovery rate [FDR]
< 0.05) (Figure S2A; Table S2). There were no significant changes in the transcripts of
pluripotency genes such as Pou5f1 (Oct3/4), KIf4, Nanog, Tfcp2l1, Sox2, and Esrrbupon
Mofdeletion (Figure S2B). Likewise, the expression levels of lineage-specific genes
associated with ectoderm (e.g., Krt18, Nes, Tcfl5), mesoderm (e.g., Srf, Runx1, Bmp4) and
endoderm (e.g., Gata4, Gata6, Sox17) differentiation were also unaltered (Figure S2C),
confirming that the quiescent Mofnull 2i ESCs exhibited no precocious differentiation.
Gene set enrichment analysis (GSEA) showed that genes upregulated upon Mofdeletion
were significantly enriched in the negative regulation of multiple pathways such as cell
proliferation, cell-cycle process, transcription, and translation (Figures 2A and S2D; Table
S2). Conversely, mitochondrion and lipid metabolism processes were overrepresented
among genes downregulated in Mofnull 2i ESCs (Figure 2B).

MOF Directly Activates the FAO Pathway in Ground-State ESCs

To explore the mechanism by which Mofdeletion induces cellular quiescence in 2i ESCs,
we compared H4K16ac chromatin immunoprecipitation sequencing (ChlP-seq) data in S/L
and 2i ESCs (Taylor et al., 2013; Valsecchi et al., 2018). As shown in Figure S1l, the global
H4K16ac profiles were highly correlated in these two conditions. Cross-reference of the
RNA-seq and ChlP-seq datasets for MOF (L.i et al., 2012) and H4K16ac (Taylor et al., 2013)
identified 442 and 532 downregulated genes that were directly regulated by MOF or
H4K16ac, respectively (Figures 2C and 2D; Table S3). Significant overlap for the
downregulated gene pathways was found for MOF- and H4K16ac-enriched targets (Figure
2E), many of which were associated with metabolic processes (Table S3). Among them, B-
oxidation of fatty acids was the most enriched Gene Ontology (GO) term (Figure 2E; Table
S3). The expression levels of FAO-related genes (Acs/l6, Acad9, Mlycad, Acatl, Cryll,
Cptla, and Acaal) were significantly reduced in Mofnull 2i ESCs, as shown by RNA-seq
and gRT-PCR validation (Figures 2F and 2G).

Mof Deletion Significantly Alters the Metabolic State in Ground-State ESCs

To determine metabolomic profile of the quiescent Mofnull 2i ESCs, we performed liquid
chromatography-coupled tandem mass spectrometry (LC-MS/MS)-based metabolomics.
Mofdeletion led to 41 downregulated and 58 upregulated metabolites (Figure 3A; Table S4).
In agreement with the decrease in DNA synthesis, RNA content and protein synthesis in
Mofnull 2i ESCs (Figures 1E-1H and 2A-2E), metabolites for purine metabolism,
glycolysis, glycine and serine metabolism, glycerol phosphate shuttle, and de novo
triacylglycerol biosynthesis were significantly downregulated upon Mofdeletion (Figure
3B). Some metabolites in purine metabolism were also upregulated (Figures 3B and S2E).
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No other pathways were enriched for the elevated metabolites in Mofnull 2i ESCs (Figure
3B, blue). Consistent with gene expression changes (Figure 2E), B-oxidation of long-chain
fatty acids (i.e., FAO) was one of the significantly downregulated pathways in Mofnull 2i
ESCs (Figure 3B). The levels of metabolites in the FAO pathway (i.e., L-carnitine, O-acetyl-
L-carnitine, CoA, and 5-aminoimidazole-4-carboxamide-1-B-p-ribofurano-side [AICAR])
were shown in Figure 3C. The supplementation of L-carnitine was able to rescue the
quiescent phenotype of Mofnull 2i ESCs in a dose-dependent manner (Figure 3D). L-
carnitine treatment (3 mM) led to a significant decrease in GO quiescent cells (Figure 3E). It
is worth noting that the addition of the metabolite cocktail, including L-carnitine, C-acetyl-L-
carnitine, CoA, and AICAR, did not further increase cell proliferation as compared to L-
carnitine alone (Figures 3D and S2F). This is probably due to L-carnitine transportation as a
rate-limiting step in the FAO pathway (see Discussion). Nonetheless, the dose-dependent
rescue of Mofdeletion by L-carnitine suggests that Mof deletion probably induces
pluripotent quiescence by downregulating FAO activity in ground-state ESCs.

Mouse Ground-State ESCs Have Elevated FAO Activity

Because Mofdeletion-induced quiescence was only observed in 2i ESCs, we hypothesized
that 2i ESCs may have distinct FAO activity as compared to S/L ESCs. In support, FAO-
related genes were expressed at higher levels in 2i ESCs (Figures 4A and 4B). Moreover,
principal-component analysis (PCA) showed distinct metabolic states for 2i and S/L ESCs.
There were 106 metabolites that were significantly increased (51) or decreased (55) in
ground-state ESCs as compared S/L ESCs (Figures 4C and 4D; Table S4). Metabolites for
glutamate metabolism were significantly upregulated in 2i ESCs (Figure 4E), consistent with
a previous study (Carey et al., 2015). In contrast, metabolites in pathways such as glycine
and serine metabolism, arginine and proline metabolism, and methionine metabolism were
significantly downregulated in 2i ESCs (Figure 4E; Table S4). Notably, metabolites
associated with carnitine synthesis were significantly upregulated in 2i ESCs (Figures 4E
and 4F). Moreover, AICAR, a stimulator of FAO activity (Herms et al., 2015; Valsangkar
and Downs, 2013), was also dramatically elevated in 2i ESCs (Figure 4G). Consistent with
elevated FAO activity, palmitate oxidation was significantly higher in 2i ESCs (Figure 4H).

Inhibition of FAO Induces a Reversible Pluripotent Quiescence in Ground-State ESCs

We next tested whether inactivating FAO leads to quiescence, similar to Mofdeletion. To
this end, we used two independent FAQ inhibitors, etomoxir (ETO) and trimetazidine (TMZ)
that target the first (CPT1) and the last (ACAAZ2) enzymes of the FAO pathway, respectively
(Figure 41) (see Method Details). We used ETO at a final concentration of 100 uM, which
was commonly used in cell and mouse embryo cultures (Dunning et al., 2010; Knobloch et
al., 2017; Paczkowski et al., 2014; Wang et al., 2018). At this concentration, ETO did not
affect CoA homeostasis (Figures S3A and S3B; Table S4), indicating no apparent off-target
effects. Remarkably, while FAQO inhibition (FAOIi) had moderate effects on S/L ESC
proliferation (Figures S3C-S3H) or histone acetylation in general (Figure S3J), FAQi (i.e.,
ETO and TMZ)-treated 2i ESCs ceased proliferation and formed tiny dome-shaped colonies
that maintained the expression of pluripotency markers (AP, OCT3/4, and TFCP2L1)
(Figures 4J, 4K, S3K, and S3L). Switching 2i to the S/L condition in the presence of FAOI
was sufficient to partially restore cell proliferation (Figure S31). FAQI treatment led to a
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marked increase in cells in GO phase (Figures 4L and S3L). The cells rapidly exited
quiescence and resumed normal proliferation upon release from FAQi (referred to as
released cells) (Figures 4J-4L, S4A, and S4B). The released cells were able to differentiate
into primed epiblast-like cells (EpiLCs) (Brons et al., 2007; Tesar et al., 2007) with typical
EpiSC characteristics (Figures S4C and S4D), as well as ectoderm (TUJ1), mesoderm
(SMA), and endoderm (SOX17) lineages (Figure S4E) in embryoid body (EB) formation.
These results demonstrate that FAOI is sufficient to induce a reversible pluripotent
quiescence in ground-state ESCs, recapitulating Mofdeletion-induced pluripotent
quiescence.

Transcriptional changes in ETO-induced quiescent cells and the released cells showed that
ETO treatment led to the significant downregulation of 2,720 genes (FDR < 0.05; Figure
5A; Table S5). The expression of 75% of these genes (2,044) was restored in the released
cells (Figure 5A). GO term analysis revealed that these genes were mostly associated with
cell proliferation (e.g., cell cycle, DNA replication), metabolism (e.g., mitochondrial
respiratory chain, nucleotide synthesis), and cellular growth processes (e.g., ribosome
biosynthesis, translation) (Figure 5B; Table S5). Genes upregulated by FAQi were enriched
in negative regulation of cell proliferation and transcription (Figure S4F), similar to that of
Mof deletion (Figures 2A and S2D).

FAOi Promotes a Blastocyst Pausing Ex Vivo

The observation that FAOI induced a reversible pluripotent quiescence in ground-state ESCs
is reminiscent of embryonic diapause, a naturally occurring dormant state at the blastocyst
stage in many invertebrates and mammals (Fenelon et al., 2014; Renfree and Fenelon, 2017).
By comparing gene expression profiles, we found that FAO pathway genes such as AcaaZ,
Acads, Eci2, Hadha, and Hadhb were expressed at lower levels in diapaused epiblasts
relative to E4.5 epiblasts (Figure S5A). More importantly, transcriptome from ETO-induced
quiescent cells and diapaused epiblasts (Boroviak et al., 2015) were correlated (Figures 5C—
5E). Pathways upregulated in ETO-induced quiescent cells and diapaused epiblasts
comprised Toll-like receptor, interleukin-17 (IL-17), and tumor necrosis factor (TNF)
signaling pathways, whereas downregulated pathways were involved in nucleotide synthesis,
cell cycle, and energy metabolism (Figure 5E). Unsupervised hierarchical clustering also
confirmed the close correlation of ETO-induced quiescence and diapaused epiblasts at the
transcription level (Figure S5B). FAQi-induced quiescence transcriptionally resembled that
of mammalian target of rapamycin (mTOR) inhibition-mediated paused pluripotency (Figure
S5C) (Bulut-Karslioglu et al., 2016). We speculated that FAOi might trigger changes in
cellular energy homeostasis, which leads to the activation of AMP-activated protein kinase
(AMPK) signaling, a known negative regulator of mTOR signaling (Inoki et al., 2012). To
test this hypothesis, we examined AMPK phosphorylation in 2i ESCs treated with ETO,
oligomycin, or mTOR inhibitor INK128. As shown in Figure S5D, while total AMPK
remained unchanged across the treatments, AMPK phosphorylation was elevated in ETO-,
oligomycin-, and mTOR inhibitor (mTORI)-treated cells. Consistent with AMPK activation,
phosphorylation of S6K1 (mTORC1 signaling) and AKT (mTORC2 signaling) decreased in
these cells. Thus, there is a potential functional interplay between FAO and mTOR inhibition
in pluripotent quiescence (see Discussion).
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To explore whether ETO treatment induces embryonic diapause ex vivo, E3.5 blastocysts
derived from either pregnant mice or /n vitro cultured one-cell embryos were used (Figure
5F). In line with previous studies (Naeslund, 1979), H,O-treated E3.5 blastocysts were
collapsed after 24-48 h in culture (Figure 5G). Remarkably, blastocysts treated with ETO
exhibited a significantly higher rate of viable embryos, and these blastocysts could be
suspended in culture for up to 5 days (Figures 5G and S5E). ETO-treated blastocysts showed
a striking decrease in DNA synthesis (Figure 5H). However, they maintained OCT3/4
expression in the intact inner cell mass (Figure 51) and were able to give rise to stable ESC
lines with high efficiency (90.3%) upon the withdrawal of ETO (Figure 5J). These results
indicated that transient inhibition of FAO by ETO is sufficient to promote a reversible
blastocyst dormancy ex vivo.

FAOQi Induces Pluripotent Quiescence in Naive Human ESCs

Since naive hESCs have elevated FAO activity and can efficiently use fatty acid as a source
of energy (Sperber et al., 2015), we tested whether FAOI induces pluripotent quiescence in
naive hESCs. To this end, we used transgene-independent naive hESCs generated by the
transient inhibition of histone deacetylase in combination with 2i/LIF and protein kinase C
(PKC) inhibitor G66983 (Guo et al., 2017; Takashima et al., 2014). To eliminate the
potential effects of ETO on cell attachment and viability, primed and naive hESCs were
treated with ETO at day 2 or 3 after plating (Figure 6A). Inhibition of FAO by ETO in naive
hESCs resulted in a rapid cessation of cell proliferation without affecting cell viability
(Figures 6B and 6C). In comparison, ETO had no such effects on primed hESCs (Figure
6E). The expression of pluripotency markers (e.g., OCT3/4) was not affected by FAQI in
both naive and primed hESCs (Figures 6D, 6E, S6A, and S6B). Cell-cycle analysis revealed
that ETO treatment caused a modest but significant increase in cells in GO phase for naive
hESCs (Figure S6C). Cells in S, G2, and M phases were slightly decreased in ETO-treated
naive hESCs (Figure S6C). ETO-treated naive hESCs exhibited a higher retention of pulse-
labeled 5-ethynyl-2”-deoxyuridine (EdU) signals in comparison to untreated cells (Figure
S6D). Quiescent naive hESCs maintained typical dome-shaped colony morphology and
expression of naive pluripotency marker TFCP2L1 (Figures 6D and S6B). Upon release
from ETO, the quiescent cells resumed their growth (Figures 6A and 6B) and underwent
normal differentiation into three-germ layers in vitro (Figures 6F and 6G). Our data
indicated that the inhibition of FAO by ETO induces reversible pluripotent quiescence in
naive hESCs.

Mof Deletion and FAOi Converge on Reduced Mitochondrial Respiration

Given that Mofdeletion and FAOI phenocopy each other in promoting pluripotent
quiescence in ground-state ESCs, we sought to investigate the major downstream effectors in
this process. The intersection of transcriptome changes upon Mofdeletion and FAQi
identified 164 common genes that were significantly decreased in both Mofdeletion and
ETO treatment (Figure 7A, top). These commonly downregulated genes were mainly
involved in mitochondrial function and structures (Figure 7A, bottom; Table S6).
Consistently, Mofdeletion resulted in a significant reduction in mitochondrial membrane
potential (AY ) (Figure S7A), as well as in basal and maximal respiration (Figure 7B).
Mitochondrial mass in Mofnull and ETO-induced quiescent cells was also strongly
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inhibited and rapidly recovered in the released cells (Figure 7C). The 2i ESCs treated with
oligomycin, a wellcharacterized inhibitor of mitochondrial complex V (Raud et al., 2018;
Zhang et al., 2011), entered pluripotent quiescence (Figures 7D, S7B, and S7C), similar to
MOF/FAO-depleted 2i ESCs. Upon the withdrawal of oligomycin, the cells were able to
differentiate into ectoderm, mesoderm, and endoderm lineages (Figure S7D). In contrast,
S/L ESCs treated with oligomycin lost cell-to-cell contact and pluripotency marker OCT3/4
(Figure S7E). Our results support an essential role of the MOF/FAO/mitochondria axis in the
regulation of ground-state quiescence (Figures 3, 4, and 7A-7D). The induction of
pluripotent quiescence by oligomycin was also observed in naive hESCs (Figures S7F and
S7G). In comparison, primed hESCs treated with oligomycin rapidly lost proliferation and
pluripotency even at low concentrations (Figure S7H). These data indicated that reduced
mitochondrial respiration is a major driving force in the induction of pluripotent quiescence
in mouse ground-state and human naive pluripotency.

Low Mitochondrial Activity Is a Hallmark of Quiescence in Ground-State ESCs

To explore whether reduced mitochondrial activity, or OXPHOS, is an inherent feature of the
quiescent ground-state ESCs, we isolated cells with intrinsically high A, (top 5%) or low
AY, (bottom 5%) levels by fluorescence-activated cell sorting (FACS) after staining cells
with tetramethylrhodamine methyl ester (TMRM) (Figure 7E) (Schieke et al., 2008). As
shown in Figure 7F, low AY¥, cells had significantly lower amounts of total RNAs per cell
and slower proliferation rates as compared to high A, cells (Figure 7G). These low AY
cells were able to increase their growth at 10-12 days post-FACS (Figure 7H), coinciding
with regaining the heterogeneity of mitochondrial activities (Figure 71). These results
suggest that reduced mitochondrial activity is a hallmark of reversible pluripotent quiescence
in 2i ESCs.

DISCUSSION

Previous studies show that the loss of function of MOF or H4K16ac eventually leads to cell
death via apoptosis or autophagy (Flllgrabe et al., 2013; Thomas et al., 2008). Here, we
show that Mofdeletion in ground-state ESCs leads to a quiescent state that maintains the
pluripotent characteristics. This is in contrast to the function of MOF in the maintenance of
S/L ESC self-renewal (Chelmicki et al., 2014; Li et al., 2012). The specific function of MOF
in ground-state ESCs is not due to differences in the levels of MOF and global distribution
of H4K16ac (Figures S1A and S1I). Instead, MOF regulation of FAO activity is the main
contributor to the distinct cell fate choices. Notably, while the regulation of FAO-related
genes by MOF has been observed in other contexts such as cardiomyocytes (Chatterjee et
al., 2016), Mofdeletion-mediated quiescence is only observed in ground-state ESCs,
probably due to the ground-state-specific metabolic state.

It has been reported that MOF directly regulates the expression of respiratory genes in the
mitochondria of HeLa cells (Chatterjee et al., 2016). Although we cannot completely rule
out the direct role of MOF in regulating the mitochondrial genome in ESCs, our data suggest
that MOF probably acts indirectly through the regulation of the nuclear FAO pathway in
ground-state ESCs. The inhibition of Cptlaor AcaaZ, two nuclear FAO pathway genes,
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phenocopies Mofdeletion (Figures 41-4L, S3K, and S3L). Furthermore, FAO metabolite
(e.g., L-carnitine) is able to partially rescue Mofdeletion-induced quiescence (Figures 3D
and 3E). The partial rescue by L-carnitine or the metabolite cocktail is not entirely
surprising, given that MOF regulates multiple rate-limiting steps of the FAO pathway
(Figure 2G). The function of MOF in regulating FAO metabolites implies that it may also be
involved in balancing the content of saturated and unsaturated fatty acids, an important
feature for highly proliferating cells (Zhu and Thompson, 2019), which warrants future
investigations. Although FAQ is one of the potential sources for Ac-CoA production
(Carracedo et al., 2013), FAQOI does not significantly change global histone acetylation,
including H4K16ac (Figure S3J). It suggests that pluripotent quiescence is probably not
induced by alterations in the nuclear pool of Ac-CoA. Whether FAQi affects protein
acetylome and the epigenomic landscape remains to be determined.

Our study shows that the FAO pathway plays an essential role in cell fate decisions in
ground-state ESCs and naive hESCs. Unlike FAO functions in adult stem cells (Ito et al.,
2012; Knobloch et al., 2017), the inhibition of FAO does not affect self-renewal or
pluripotency in ground-state or naive ESCs. Instead, these cells enter a reversible pluripotent
quiescence that is differentiation competent. We find that FAQ is likely a carbon fuel source
for mitochondrial respiration (i.e., OXPHOS) in naive and ground-state ESCs. We show that
this function is conserved in naive hESCs, which have a higher mitochondrial oxygen
consumption relative to primed hESCs and require mitochondrial respiration for maximal
proliferation (Carbognin et al., 2016; Sperber et al., 2015; Takashima et al., 2014;
Theunissen et al., 2014). Our study shows that MOF and FAO are critical upstream
regulators of OXPHOS (Figures 7A-7C). It highlights a specific role of FAO-dependent
OXPHOQOS activities in establishing quiescence in naive and ground-state ESCs, which is
consistent with the preference for mitochondrial OXPHOS in pre-implantation embryos
(Zhang et al., 2018a). We find that ground-state ESCs harboring low AY ,, exhibit defined
features of quiescence without compromising the self-renewal or differentiation potential
(Figures 7E-7G and S7B-S7D). These cells are able to re-enter the proliferation phase
based on the OXPHOS flux (Figures 7H, 71 and S7F). In comparison, inhibiting OXPHOS
in S/L ESCs or primed hESCs leads to a distinct cell fate (Figures S7E and S7H). It will be
of future interest to dissect the underlying mechanism for the OXPHOS flux and unveil the
role of mitochondrial retrograde signaling (Butow and Avadhani, 2004; Xu et al., 2013) in
the regulation of pluripotency.

Implantation is a critical event in mammalian development and results from a functional
coordination between the blastocyst and the receptive uterus (Wang and Dey, 2006). The
process of implantation is temporarily suspended at the blastocyst stage under unfavorable
environments (e.g., temperature change, limited nutrients), protecting the fetus from stress
during pregnancy in >130 mammalian species (Fenelon et al., 2014; Renfree and Fenelon,
2017). Transcriptome analysis in mouse and human pre-implantation embryos reveals a
significant upregulation of OXPHOS-related genes, which are inactivated after implantation
(Zhang et al., 2018a). Furthermore, a metabolic switch from OXPHOS to glycolysis occurs
right after implantation (Barbehenn et al., 1978; Brinster and Troike, 1979), suggesting that
metabolic plasticity at the onset of implantation acts as a rheostat to enable the
spatiotemporal control of implantation. While no significant change in Mofexpression is
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documented in diapaused epiblasts (Boroviak et al., 2015), the downregulation of H4K16ac
has been reported in rodent embryonic diapause (Bulut-Karslioglu et al., 2016; Hussein et
al., 2020). Furthermore, we show that diapaused epiblasts exhibit a lower expression of
FAO-related genes relative to E4.5 epiblasts (Figure S5A), and the pharmacological
inhibition of FAQ activity by ETO induces a blastocyst pausing ex vivo (Figures 5F-5J and
S5E). FAOi-induced transcriptional changes share key features with developmental diapause
(Figures 5C-5E and S5B). Future studies on whether FAQI induces embryonic diapause /n
vivowill be important to understand how the FAO pathway regulates blastocysts to enter and
exit from embryonic diapause. The dynamic regulation of MOF, H4K16ac, and FAO during
embryonic diapause also merits further investigations. In comparing our study to previous
Mye deletion- and mTORi-induced pluripotent quiescence (Bulut-Karslioglu et al., 2016;
Scognamiglio et al., 2016), we found that FAOi-induced transcriptome changes are more
similar to those of MTOR inhibition (Figure S5C). It is likely that FAOi modulates mTOR
signaling through AMPK activation (Figure S5D). However, since mTORi also induces
paused pluripotency in S/L ESCs (Bulut-Karslioglu et al., 2016), the interplay between
mTOR and FAO may be context dependent, which warrants future studies.

Limitations of Study

Our study provides mechanistic insights into how MOF rewires cellular metabolism for cell
fate determination. However, there are limitations that need to be recognized. Due to the lack
of a high-quality inhibitor of MOF, we are unable to test whether MOF inhibition induces a
reversible pluripotent quiescence. In addition, it remains unclear what factors contribute to
sustaining the self-renewal of Mofnull 2i ESCs. Further investigations on the types of fatty
acids and lipid constituents affected by MOF depletion will be important to supplement our
findings. Finally, we have not yet determined whether FAOi induces embryonic diapause in
human blastocysts, which have distinct developmental windows as compared to mouse
blastocysts. A further understanding of this will provide potential therapeutic opportunities
for reproductive health.

STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Yali Dou (yalidou@usc.edu).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability—The published article includes all datasets/code generated
or analyzed during this study. The accession numbers for previously published RNA-seq and
ChlP-seq datasets are provided in the “Other” section of the Key Resources Table. The
accession number for the RNA-seq data files reported in this paper is NCBI GEO:
GSE137138: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE137138
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—3-4-week-old female and 2-6-month-old male C57BL/6 mice were used for all
experiments. Mice were maintained on 12 hr light/dark cycle in the Transgenic Animal
Model Core, University of Michigan. All animal procedures were reviewed and approved by
the University of Michigan Institutional Animal Care and Use Committee. All animal
experiments were conducted in accordance with “The Guide for the Care and Use of
Laboratory Animals” Revised 2011. ULAM is accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care, International (AAALAC, Intl).

Mouse and human cell lines—Mof"f!: Cre-ER™ ESCs were derived from C57BL/6
mouse strain, and maintained as previously described (Li et al., 2012). E14tg2a (E14)
(ATCC, #CRL-1821™) and Oct4-GiP ESC lines (from Dr. Austin Smith, University of
Cambridge, United Kingdom) were used for all pharmacological experiments. Human (h)
female ESC line H9 was purchased from WiCell (#WAe009-A). Naive hESCs (from Dr.
Austin Smith, University of Cambridge, United Kingdom) were derived from H9 hESCs via
transient inhibition of histone deacetylase and maintained as previously described (Guo et
al., 2017; Takashima et al., 2014). E13.5-derived mouse embryonic fibroblasts (MEFs) were
isolated from FVB triple transgenic mice developed at the University of Michigan
Transgenic Animal Model Core, carrying resistance cassettes for Neomycin, Hygromycin
and Puromycin. Mitomycin-C-treated MEFs were maintained in KnockOut DMEM medium
(Thermo Fisher Scientific, #10829018) containing 15% Fetal Bovine Serum (FBS, Atlas
Biologicals, #F-0500-D), 2 mM Glutamine (Thermo Fisher Scientific, #25030-024), 1X
Non-essential amino acids (Thermo Fisher Scientific, #11140050) and 0.055 mM 2-
mercaptoethanol (Thermo Fisher Scientific, #21985023). Unless otherwise indicated, the
sexes of commercial and requested cell lines have not originally been reported.

METHOD DETAILS

ESC culture and drug treatment—All mouse ESC lines were maintained on dishes
coated with Geltrex (Thermo Fisher Scientific, #A1413202, 1:100) at 37°C and 5%CO> in
2i/LIF culture condition. 2i/LIF medium contains N2B27 or Ndiff227 (Clontech, #Y40002)
supplemented with PD0325901 (SIGMA ALDRICH, #PZ0162, 1 uM), CHIR99021
(SIGMA ALDRICH, #SML1046, 3 pM) and LIF (Millipore, #£5G1107, 1000 U/ml).
N2B27 basal medium consists of a 1:1 mix of DMEM/F12 (Thermo Fisher Scientific,
#11320-033) and Neurobasal (Thermo Fisher Scientific, #21103-049), N2 (Thermo Fisher
Scientific, #17502001, 1:100), B27 (Thermo Fisher Scientific, #17504-044, 1:100), 2 mM
Glutamine and 0.055 mM 2-mercaptoethanol. Medium change was performed every other
day, and cells were passaged every two days by dissociation with StemPro Accutase
(GIBCO, #A1110501). To delete Mof. the Mof": Cre-ER™™ ESCs were treated with 4-
OHT (SIGMA ALDRICH, #H7904, 0.1 uM) for 3 days. Deletion of Mofwas confirmed by
genotyping and western blotting. Mouse S/L ESC lines were grown in the KnockOut
DMEM medium containing 15% FBS or 15% KnockOut Serum Replacement (Thermo
Fisher Scientific, #10828028) plus 5% FBS, 2 mM Glutamine, 1X Non-essential amino
acids, 0.055 mM 2-mercaptoethanol and 1000 U/ml LIF. E14 and Mof": Cre-ERT ESC
lines were routinely tested for negative mycoplasma contamination using the LookOut®
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Mycoplasma PCR Detection Kit (SIGMA ALDRICH, #MP0035) according to the
manufacturer’s instructions.

Primed H9 hESCs (WiCell) were grown on Geltrex (Thermo Fisher Scientific, #A1413302)
coated tissue culture dishes according to manufacturer’s recommendation, and maintained in
mTeSR1 media (StemCell Technologies, Inc., #85850) at 37°C and 5% CO,. Medium
change was performed daily. Differentiating cells were cleaned daily and healthy cells were
passaged every 4-5 days using the chemical dissociation method with Versene (Thermo
Fisher Scientific, #15040066). To promote cell survival, 1 pM of ROCK inhibitor Y-27632
(Tocris, #1254) was added in the media for the first day after each passaging. Transgene-
independent naive hESCs derived from H9 hESCs were generously provided by the Austin
Smith lab, and maintained as described (Guo et al., 2017; Takashima et al., 2014). Briefly,
naive hESCs were routinely propagated on top of MEF feeders in N2B27+t2iLG6 media
consisting of 1 pM PD0325901, 1 uM CHIR99021, 10 ng/ml human LIF (SIGMA
ALDRICH, #L.5283) and 2 pM G066983 (SIGMA ALDRICH, #G1918). Naive hESCs were
adapted to feeder-free condition for at least 2 passages prior to experiments and maintained
in media described above except that CHIR99021 was used at a final concentration of 0.3
UM (also known as N2B27+tt2iLG0). Geltrex was added at the time of plating. Naive hESCs
were maintained at 37°C, 5% CO, and 5% O,, and passaged every 3-5 days by dissociation
with StemPro Accutase at 37°C for 5 min. ROCKi was added at the time of re-plating and
removed after 24 hr. No mycoplasma contamination test was conducted for hESC lines.

To inhibit fatty acid oxidation (FAO), Etomoxir (SIGMA ALDRICH, #E1905, 100 uM) or
Trimetazidine (SIGMA ALDRICH, #653322, 200 uM) was added at the time of plating (for
mouse ESCs) or 2-3 days after plating (for hESCs). To rule out potential off-target effects of
Etomoxir (Divakaruni et al., 2018; Raud et al., 2018), we used Etomoxir at a final
concentration of 100 uM. This concentration has also been used for mouse embryo culture
(Dunning et al., 2010; Paczkowski et al., 2014). Oligomycin A (Cayman, #11342) was used
to inhibit mitochondrial respiration at indicated concentrations. INK128 (Medchem Express,
HY-13328) was used at a final concentration of 200 nM to inhibit mTOR activity (Bulut-
Karslioglu et al., 2016). To rescue the quiescent phenotypes of Mofnull 2i ESCs, the
following FAO-related metabolites were used: L-Carnitine (SIGMA ALDRICH, #C0158, 1
or 3 mM), O-Acetyl-L-Carnitine (SIGMA ALDRICH, #A6706, 0.5 mM), AICAR (Cayman,
#10010241, 0.1 mM) and Coenzyme A (SIGMA ALDRICH, #C4780, 0.1 mM). Cells were
subjected to alkaline phosphatase (AP) staining using VectorR Red Alkaline Phosphatase
Substrate Kit (VECTOR Laboratories, #SK-5100) according to the manufacturer’s
instructions. Images were captured by the 1X73 microscope system (Olympus).

Induction of epiblast-like cells (EpiLCs)—ESC-derived EpiLCs were performed as
described (Buecker et al., 2014) with minor modifications. Specifically, 2x103 ground-state
ESCs were seeded on top of MEF in 24-well plates. 24 hr later, cells were washed once with
PBS and maintained in EpiLC medium containing Ndiff227, 1% KnockOut Serum
Replacement, 20 ng/ml Activin A (R & D Systems, #338-AC) and 10 ng/ml bFGF (R & D
Systems, #233-FB) for 5 days. Cells were then subjected to AP staining and
immunofluorescence as described below.
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ES cell derivation—Derivation of ESC lines was performed using N2B27+2i/LIF media
as previously described (Mulas et al., 2019) with minor modifications. Briefly, E3.5
blastocysts cultured in the presence of H,O or Etomoxir were gently washed in M2 medium
for 5 times, and each blastocyst was immediately placed on a layer of MEF feeders in pre-
equilibrated N2B27+2i/LIF media. After 5-6 days in culture, each inner cell mass (ICM)
was picked under a dissection microscope, dissociated into single cells with 20 pl drop of
0.25% Trypsin-EDTA, and seeded onto a new culture dish containing MEF feeders. ESCs
were routinely cultured in N2B27+2i/LIF till establishing the cell lines.

Embryo culture—The blastocysts were obtained from (C57BL/6J x DBA/2J) F1 females
(Jackson Laboratory, #100006) mated with (C57BL/6J x DBA/2J) F1 males (Jackson
Laboratory, #100006). E3.5 blastocysts were directly flushed in M2 medium from super-
ovulated pregnant females. Alternatively, super-ovulated C57BL/6NCrl female (Charles
River Laboratory, #493) treated with PMSG and HCG (Van Keuren et al., 2009) were mated
with (C57BL/6J x SJL/J) F1 males (Jackson Laboratory, #100012). One-cell embryos were
collected approximately 12 hr after fertilization by flushing oviducts in M2 medium
supplemented with penicillin and streptomycin (SIGMA ALDRICH). Embryos were
subsequently cultured in KSOMaa EvolveR medium (Zenith Biotech, #ZEKS-050)
supplemented with 4 mg/ml bovine serum albumin (BSA) in a 37°C, 5% CO, humidified
incubator until they reached to blastocyst stage. To inhibit FAO, the blastocysts were
incubated with Etomoxir at a final concentration of 100 pM. The same volume of H,O was
used as a vehicle. mTOR inhibitor INK128 (200 nM) was used for embryo culture as
described above.

Immunofluorescence—Embryos were fixed in 4% paraformaldehyde (PFA, Ted Pella
Inc. #18505)/PBS for 2 hr at 4°C. Fixed embryos were then washed with 0.1% Triton X-100
(SIGMA ALDRICH, #93443)/PBS twice, permeabilized in 0.25% Triton X-100/PBS
(PBST) for 30 min at 4°C and blocked in blocking solution (10% Goat serum (Cell
Signaling Technology, #5425) or 10% Donkey serum (SIGMA ALDRICH, #D9663), 0.1%
BSA and 0.01% Tween20 in PBS) for 1 hr at 4°C. Incubation of primary antibodies diluted
in blocking solution was performed at 4°C overnight. The next day, embryos were washed
with 0.25% PBST three times and incubated with appropriate secondary antibodies at room
temperature for 1 hr. Embryos were then washed with 0.25% PBST three times, and nuclei
were stained with DAPI (Thermo Fisher Scientific, #62248) diluted in 0.25% PBST at room
temperature for 15 min. After washing with 0.25% PBST three times, embryos were
mounted on glass slides in Vectashield solution (Vector Laboratories, #H-1200) for imaging.
Images were captured by a Leica SP5 upright 2-photon confocal microscope (Leica
Microsystems). Fluorescence was excited with a 405 nm UV laser (DAPI), a 488 nm laser
(Alexa Fluor488), a 561 nm laser (Alexa Fluor555) and a 633 nm laser (Alexa Fluor647).
All confocal images were acquired using HC PL APO CS2 40X/1.25 oil immersion
objective lens, with an optical section thickness of 0.5 pm. Image data were further
processed by either Leica software or ImageJ software (Schneider et al., 2012).
Immunofluorescence for ESCs was performed as described above, except that the fixation
with 4% PFA/PBS was performed at 4°C for 30 min. Images were captured by a Leica SP5
upright 2-photon confocal microscope or the 1X73 microscope system (Olympus). The
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primary antibodies and dilution were: Mouse anti-OCT3/4 (Santa Cruz Biotechnology,
#sc-5279, 1:50), Goat anti-NANOG (Novus Biologicals, #AF2729, 1:100), Goat anti-OTX2
(R & D Systems, #AF1979, 1:50), Goat anti-TFCP2L1 (R & D Systems, #AF5726, 1:100),
Mouse anti-SMA (SIGMA ALDRICH, #A2547, 1:200), Mouse anti-TUJ1 (Biolegend,
#801201, 1:200), Goat anti-SOX17 (R & D Systems, #AF1924, 1:200). The secondary
antibodies used were: Goat anti-Rabbit 1gG Alexa Fluor Plus 647 (Thermo Fisher Scientific,
#A32733, 1:1000), Goat anti-Mouse 1gG FITC-conjugated (Thermo Fisher Scientific,
#62-6511, 1:50), Goat anti-Mouse 1gG Alexa FluorR 555 (Abcam, #ab150114, 1:1000),
Donkey anti-Goat 1gG AlexaFluor 488 (Thermo Fisher Scientific, #A-11055, 1:1000),
Donkey anti-Goat IgG AlexaFluorR 555 (Abcam, #ab150130, 1:1000) and Donkey anti-
Mouse Alexa Fluor 647 (Thermo Fisher Scientific, #A-31571, 1:1000).

Cell proliferation assay—1x10* cells were plated on 12-well tissue culture dishes with
or without Etomoxir. At day 3, Etomoxir-treated cells with or without releasing from
Etomoxir were cultured for another 3 days. Cells were then dissociated by StemPro
Accutase, stained with Trypan Blue (Thermo Fisher Scientific, #15250061) and counted
every 24 hr for 6 consecutive days. For mitochondrial respiration inhibition, 2x10* cells
were seeded in a 6-well tissue culture dish with or without Oligomycin A, and counted every
24 hr for 3 consecutive days.

Three-germ layer differentiation—Embryoid body (EB) formation was performed by
seeding 2x10% mouse ESCs onto 10 cm Petri-dish containing 12 mL of EB medium (the
KnockOut DMEM, 15% FBS, 2 mM Glutamine, 1X Non-essential amino acids and 0.055
mM 2-mercaptoethanol) for 5 days. EBs were transferred to gelatin-coated dishes and
cultured for 5 days prior to immunofluorescence. EB formation from naive hESCs was
conducted as follows: Feeder-free undifferentiated naive hESC colonies were mechanically
scrapped and cultured in suspension for 10 days in a modified FGF2-free hESC media
(Thomson et al., 1998) containing 20% KnockOut Serum Replacement, 1X GlutaMAX
(Thermo Fisher Scientific, #35050061) and 1X Non-essential amino acid in DMEM/F12.
EBs were then plated and further differentiated on gelatin-coated dishes for one week.
Differentiated cells were fixed with 4% PFA/PBS and stained for ectoderm (TUJ1),
mesoderm (SMA) and endoderm (SOX17) markers as described above. EB suspension from
naive hESCs at day 3, 6 and 9 were harvested for RT-gPCR analyses.

Mitotracker staining—Cells were grown on Lab-Tek 1l Chamber Coverglass (Thermo
Fisher Scientific, #155382) and incubated with 250 nM MitoTracker Red CMXRos (Thermo
Fisher Scientific, # M7512) under routine culture condition for 30 min. Cells were then
washed twice with PBS, fixed in 4% PFA/PBS and stained with DAPI at room temperature.
Mitochondrial morphology was visualized by the Leica SP5 upright 2-photon confocal
microscope. Relative intensities of Mitotracker were quantified in each cell using ImageJ as
previously described (Ma et al., 2019). Briefly, confocal images were converted into binary
images, and threshold was set to remove the cytosolic or background signals. Fluorescence
intensity per cell was then corrected by subtracting the background signals. Unpaired two-
tailed Student’s # festwas used for statistical analyses.
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Mitochondrial membrane potential (A¥,) staining and FACS sorting—AY, was
stained using the dye tetramethylrhodamine methyl ester (TMRM) (Thermo Fisher
Scientific, #T668) as described (Schieke et al., 2008). Briefly, cells were dissociated into
single cells by StemPro Accutase, resuspended in FACS buffer (Phenol red-free HBSS 1X,
10 mM HEPES and 2% FBS) containing 25 nM TMRM and incubated at 37°C, 5% CO,, for
15 min. Cells were then washed and resuspended in FACS buffer with SYTOX™ Blue
(Thermo Fisher Scientific, #534857). Cells of top and bottom 5% of TMRM fluorescence
intensity were sorted on the MoFlo Astrios cell Sorter (BECKMAN COULTER Life
Sciences).

Cell cycle analysis—To distinguish resting cells at GO phase from other phases of the cell
cycle, we measured DNA and RNA contents by double staining live cells with Hoechst
33342 (Thermo Fisher Scientific, #62249) and Pyronin Y (SIGMA ALDRICH, #213519),
respectively (Eddaoudi et al., 2018). Staining solution containing culture media and 25 mM
HEPES (Thermo Fisher Scientific, #15630080) was pre-warmed at 37°C, and used to
resuspend single cells at a final concentration of 1x106 cells/ml. Cells were stained with 5
ug Hoechst 33342 at 37°C for 30 min in dark, followed by an incubation with 1 ug Pyronin
Y at 37°C for 10 min in dark. Cells were then collected by centrifugation at 2500 rpm at 4°C
for 10 min and resuspended in ice-cold staining solution. Labeled cells were subjected to
flow cytometry analysis within 1 hr using the MoFlo Astrios cell Sorter.

Analysis of apoptosis—Single cell suspension was washed once with cold PBS, and
resuspended in 100 pl of 1X Binding Buffer diluted from 10X Binding Buffer (0.1 M
HEPES pH 7.4, 1.4 M NaCl and 25 mM CacCl,). 5 ul of FITC-Annexin V (Bioscience,
#556419) was added and cells were incubated at room temperature for 15 min in dark. Cells
were then resuspended in 400 pl of 1X Binding Buffer with Propidium lodide (Thermo
Fisher Scientific, #00-6990-50). Cells were left on ice and subjected to flow cytometry
analysis within 1 hr on the MoFlo Astrios cell Sorter.

EdU incorporation assay—ESCs or embryos were incubated with 10 uM EdU under
routine culture condition for 90 min. For EdU tracing experiments, naive hESCs were first
incubated with 10 uM EdU for 2 hr (day 0). After washing once with PBS, cells were
cultured and harvested at day 2 and 4 for subsequent analyses. EdU-labeled samples were
fixed and stained using the Click-iT™ Plus EdU Flow Cytometry Assay Kits (Thermo Fisher
Scientific, #C10632 or #C10634) according to manufacturer’s instructions. Samples were
analyzed by flow cytometry analysis (for cells) or a Leica SP5 upright 2-photon confocal
microscope (for embryos). EAU incorporation was quantified by median fluorescence
intensity using FlowJo v10.0.7r2 software or mean fluorescence intensity using ImageJ.

Measurement of protein synthesis—Newly synthesized proteins in cells were
determined by O-Propargyl Puromycin labeling (OP-Puro) (Jena Bioscience, #NU-931-05),
a cell-permeable alkyne analog of Puromycin capable of incorporating into the C terminus
of translating polypeptide chains. ESCs were incubated with 50 uM OP-Puro for 1 hr. Cells
were then dissociated into single cells, fixed for 15 min at room temperature with 4% PFA/
PBS, and permeabilized with PBS containing 1% BSA and 0.1% Saponin for 10 min at
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room temperature. Alexa 647-azide was then added together with Click-iT Cell Reaction
Buffer Kit (Thermo Fisher Scientific, #C10269) according to the manufacturer’s
instructions. Data were analyzed by flow cytometry using the MoFlo Astrios cell Sorter.
Median OP-Puro fluorescence intensity was determined using FlowJo v10.0.7r2 software.

RNA sequencing—Total RNAs were extracted using the RNeasy mini kit (QIAGEN) in
accordance to manufacturer’s instructions. Any residual genomic DNAs were removed on-
column by treating with RNA-free DNase | (Thermo Fisher Scientific) for 15 min at room
temperature. Ten nanogram of total extracted RNAs were used for library preparation. In all
samples, duplicates were sequenced on lllumina Hi-Seq2500 High-Output with v4 single
end 50 cycle at the University of Michigan core facility.

Quantitative reverse transcription PCR (RT-qPCR)—Total RNAs were extracted by
the RNeasy mini kit (QIAGEN). cDNA was synthesized using Superscript 111 (Thermo
Fisher Scientific) and oligoT primer (Thermo Fisher Scientific). gPCR was performed with
Radiant Green Lo-ROX gPCR Kit (Alkali Scientific Inc.) in triplicate wells per sample.
Results were analyzed by the comparative cycling threshold (AA#) method and normalized
against B-actin or GAPDH genes. Primers were obtained from PrimerBank (https://
pga.mgh.harvard.edu/primerbank/) or designed by Primer3 (http://primer3.ut.ee), and
included in Table S7.

Determination of total RNAs per cell—Single cell suspension was filtered through 40
um sterile cell strainer and incubated with either propidium iodide (Thermo Fisher
Scientific, #P3566) or SYTOX™ Blue for 10 min on ice to exclude dead cells. Equal cell
numbers from different conditions were sorted with MoFlo Astrios cell Sorter. Total RNAs
were extracted by the RNeasy mini kit (QIAGEN) as described above. Total RNA amounts
were quantified using Qubit™ RNA HS assay kit (Thermo Fisher Scientific, #Q32855) and
normalized against the cell numbers.

Western blotting—Cells were washed twice in ice-cold PBS with protease inhibitor
cocktail (SIGMA ALDRICH, #11836153001), lysed in RIPA buffer (SIGMA ALDRICH,
#R0278) and chilled on ice for 5 min. The extracts were then centrifuged at 15000 rpm for 5
min at 4°C. The suspension was collected and resuspended in SDS-sample buffer. 10-20 pg
of proteins or histones were separated on a 10%-15% Protogel (National Diagnostics,
#EC-890) and transferred onto polyvinylidene difluoride membrane (Millipore). The
membrane was blocked in blocking solution (5% milk/PBS), followed by incubation at 4°C
overnight with primary antibody in blocking solution. Membranes were washed 3 times in
0.1% tween20/TBS 1X (TBST) and incubated with the HRP-conjugated anti-Mouse/Rabbit/
Goat secondary antibodies at room temperature for 1 hr. The membrane was developed
using by Pierce™ ECL Western Blotting Substrate (Thermo Fisher Scientific, #32106), and
images were captured by ChemiDoc™ Touch Imaging System (Bio-rad). The primary and
secondary antibodies included: Anti-B-ACTIN (Santa Cruz Biotechnology, #sc47778,
1:2000), Mouse anti-OCT3/4 (Santa Cruz Biotechnology, #sc-5279, 1:100), Mouse anti-
KLF4 (Santa Cruz Biotechnology, #sc-166238, 1:100), Goat anti-TFCP2L1 (R & D
Systems, #AF5726, 1:100), Rabbit anti-MOF (Bethyl Laboratories, #A300-992A, 1:1000),
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Rabbit anti-H4K16ac (Millipore, #07-329, 1:2000), Rabbit anti-H3K27ac (Abcam, #ab4729,
1:1000), Rabbit anti-H3K9ac (Abcam, #ab4441, 1:1000), Rabbit anti-Histone H3 (Abcam,
#ab1791, 1:2000), Rabbit anti-Histone H4 (Active Motif, #39269, 1:2000), Rabbit anti-H4ac
(Millipore, #06-866, 1:2000), Rabbit anti-H3K56ac (Abcam, #ab76307, 1:2000), anti-mouse
1gG Horseradish Peroxidase-linked whole antibody from Sheep (GE Healthcare, #NX931V,
1:3000), anti-Rabbit 1gG Horseradish Peroxidase-linked whole antibody (GE Healthcare,
#NA934, 1:3000) and Donkey anti-Goat 1gG H&L HRP (Abcam, #ab6885, 1:2000).

Detection of phosphorylated proteins was performed as previously described (Kazyken et
al., 2019). 2% BSA diluted in PBS were used for blocking reaction. Antibodies included:
Rabbit-anti-AMPKa. (Cell signaling, #2532, 1:3000), Rabbit anti-Phospho-AMP-Ka.-Thrl72
(Cell signaling, #4188, 1:5000), Rabbit anti-S6K1 (Santa Cruz Biotechnology, #sc-230,
1:7000), Rabbit anti-Phospho-S6K1-Thr389 (Cell signaling, #9234, 1:3000), Rabbit anti-
AKT (Cell signaling, #9272, 1:2000) and Rabbit anti-Phospho-AKT-Ser473 (Cell signaling,
#4060, 1:5000).

Histone extraction—Acid extraction of histones was performed as previously described
(Shechter et al., 2007; Sidoli et al., 2016) with modifications. Briefly, approximately 7x10°
cells were washed twice in ice-cold PBS followed by centrifugation at 700 rpm for 10 min at
4°C. Cell pellets were then resuspended in the hypotonic lysis buffer (10 mM Tris-Cl pH
8.0, 1 mM KCI, 1.5 mM MgCl,, 1 mM DTT, 200 mM AEBSF and 2.5 uM Microcystin) and
incubated for 30 min at 4°C. The intact nuclei were collected by centrifugation at 10,000
rpm for 10 min at 4°C, followed by incubation with 0.4 N H,SO4 for 2 hr. Acid-extracted
proteins were precipitated overnight with Trichloroacetic acid at a final concentration of
33%. Pellets were collected by spinning in cooled tabletop centrifuge at 15,000 rpm for 10
min at 4°C, washed with ice-cold acetone, air-dried and resuspended in double distilled
H,0.

Quantitative mass spectrometry analysis of histone—To prepare the histones for
mass spectrometry (MS), three biological replicates of acid-extracted histones were
chemically derivatized at the unmodified lysine residues and digested with trypsin, as
described (Sidoli et al., 2016). These peptides were desalted and eluted by 70% acetonitrile/
0.1% formic acid and injected directly for mass spectrometry with liquid chromatography.
Briefly, samples were queued in a TriVersa NanoMate (Advion) and acquired by a contact
closure in the Orbitrap Fusion Tribrid (Thermo Fisher Scientific) with a spray voltage of 1.7
kV and a gas pressure of 0.5 psi in the Nanomate. All scans were acquired in the orbitrap, at
240,000 resolution for the full MS and at 120,000 resolution for MS/MS. The AGC target
for the tSIM-MSX scans was set to 10E6. The full description of the DI-MS acquisition
method was previously described (Sidoli et al., 2019). For histone peptide quantification,
raw files were searched using software EpiProfileLite (Sidoli et al., 2019). Intensities of
histone peptides were analyzed in MS scans, and those of isobaric peptides were collected in
targeted pre-set MS/MS scans. Intensities from MS scans were used to calculate the
percentage of all peptides with the same amino acid sequence. Unique fragment ions in the
MS/MS scans were extracted to discriminate isobaric peptide intensities from the MS scans.
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Unlabeled targeted metabolomics—Metabolomics analyses were performed as
previously described (Lee et al., 2019). For all metabolomics experiments, cells were seeded
in 10 cm plates under the indicated conditions. The medium was aspirated, and cells were
lysed using 80% cold methanol. The extracts were incubated at —80°C for 10 min and
centrifugated at 14,000 rpm for 10 min at 4°C. Protein concentration was determined by
processing a parallel 10 cm dish for each sample and used to normalize metabolite fractions
across samples. Aliquots of the supernatants were then transferred to a fresh microcentrifuge
tube and dried. Metabolite extracts were then re-suspended in 35 pl 50:50 MeOH:H,0
mixture for LC-MS analysis. LC-MS analysis was performed using an Agilent 1290
UHPLC-6490 Triple Quadrupole MS system ran in negative and/or positive ion acquisition
modes. For negative ion acquisition, a Waters Acquity UPLC BEH amide column (2.1 x 100
mm, 1.7 pum) with the mobile phase (A) consisting of 20 mM ammonium acetate, pH 9.6 in
water, and mobile phase (B) consisting of acetonitrile was used. Gradient program was:
mobile phase (B) was held at 85% for 1 min, increased to 65% in 12 min, then to 40% in 15
min and held for 5 min before going to initial condition and held for 10 min. For positive ion
acquisition, a Waters Acquity UPLC BEH TSS C18 column (2.1 x 100 mm, 1.7 um) was
used with mobile phase (A) consisting of 0.5 mM NH4F and 0.1% formic acid in water and
a mobile phase (B) consisting of 0.1% formic acid in acetonitrile. Gradient program was:
mobile phase (B) was held at 1% for 1.5 min, increased to 80% in 15 min, then to 99% in 17
min and held for 2 min before going back to initial condition for 10 min. The column was
kept at 40°C and 3 pL of sample were injected into the LC-MS/MS with a flow rate of 0.2
ml/min. Key parameters utilized by positive acquisition modes of AJS ESI were: Gas temp
250°C, Gas Flow 14 I/min, Nebulizer at 20 psi, Sheath Gas Heater 250°C, Sheath Gas Flow
11 L/min, Capillary 3000 V, Delta EMV was 350 V. For negative mode, Gas temp 250°C,
Gas Flow 14 I/min, Nebulizer at 20 psi, Sheath Gas Heater 250°C, Sheath Gas Flow 11 L/
min, Capillary 3000 V MS, Delta EMV was 350 V, Cell accelerator voltage was 4 V.
Metabolomics data analysis was performed as follows: all targeted compounds were
optimized with authentic standards for optimal detection by MS/MS conditions including
collision energies and greatest abundant fragment ion, either manually or by Agilent
optimization software tool. Retention times of listed compounds were measured by the LC-
MRMs methods, and the final LC-dynamic MRMs methods were created with delta
retention time windows of 1.4 to 3.4 min. Initial data processing was performed by Agilent
MassHunter Quantitative Analysis (for QQQ) Version B.07. Integration of peak areas of
detected compounds was performed by software analysis and validated by manually
inspection. Metabolite counts were then normalized by the total intensity of all metabolites
to reflect equal sample loading. Finally, each metabolite abundance in the sample was
divided by the median of all abundance levels across all samples for statistical analyses and
visualizations. The significance test was done by the two-tailed Student’s ¢ festwith a
significant threshold level of 0.05. The p values were not adjusted in favor of downstream
visual inspection of the data and a more flexible biological interpretation. Additional
statistical analyses were carried out for further quality control in program R. Metabolite
pathway enrichment analysis was performed using MetaboAnalyst 4.0 (Chong et al., 2018).
The software is available at: https://www.metaboanalyst.ca
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Determination of fatty acid oxidation (FAO) rate—FAQ rate determination was
measured as described (Zhang et al., 2018b). Briefly, cells with 70%-80% confluency were
incubated in 250 L of FAO reaction buffer (0.1 uL of 9,10-3H palmitate (1.0 mCi/ml), 3 pL
of 10 mM cold palmitate in 10% BSA and 247 L of serum-free Williams Medium E) at
37°C for 3 hr. FAO reaction buffer was collected and mixed with 96 puL of 1.3 M perchloric
acid for protein precipitation. Total of 62.4 puL of 2 M KOH/0.6 M MOPS was added to
neutralize pH. Cells left in each well were lysed using 200 uL of 0.1 M HCI. 2 uL of each
lysate were used for protein concentration measurement using BCA method (BioRad). The
FAQ reaction buffer was loaded into equilibrated anion-exchange Dower 1x8-200 resin
column and the effluent was collected. The column was washed with 2 mL of ddH,0 and
collected in vials. 500 pL of the mixed effluent were added into a scintillation vial for
radioactivity measurement. Water (500 plI) alone or with 10 uL of FAO reaction buffer were
used as the negative control and standard, respectively. FAO rate (nmol/mg/h) was calculated
after normalization against total protein level for each sample.

Determination of oxygen consumption rate (OCR)—OCR was determined using the
XF®96 extracellular flux analyzer (Seahorse Bioscience) in accordance with manufacturer’s
instructions. WT and Mofnull ESCs were seeded at 4x10% and 5x10% cells per well,
respectively, onto Geltrex-coated XF96 cell culture microplates (Agilent Technologies,
#102601-100). The plate was incubated overnight at 37°C, 5% CO,. Culture medium was
exchanged to Seahorse XF base medium (Agilent Technologies, #102353-100)
supplemented with 25 mM glucose and 1 mM sodium pyruvate for 1 hr prior to the assay.
Mitochondrial stress was induced by sequential injection of 1 uM Oligomycin A, 0.25 uM
FCCP (Cayman, #15218) and 2.5 uM Antimycin A (SIGMA ALDRICH, #A8674) plus 2.5
UM Rotenone (SIGMA ALDRICH, #R8875). OCR (pmol/min) values were normalized
against protein concentration in each well. Average values of the first three measurements
(min 1-14) were presented as the basal OCR, whereas the maximal OCR was determined by
differences in OCR values after FCCP injection (min 40-53) and Antimycin A/Rotenone
injection (min 60-73).

RNA-seq data analysis—For base calling and data cleaning, Fastq generation was
performed using lllumina’s bcl2fastq2 software (v2.17). The cutadapt (https:/
cutadapt.readthedocs.io/en/stable/) and FastQC (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) tools wrapped in Trim Galore (https://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/) were used to trim low quality bases (Q < 20) and adaptor for raw
sequences. For RNA-seq read mapping and signal normalization, RNA-seq data were
mapped to the mm10 genome of mouse using Tophat2 (2.1.1) (Kim et al., 2013). Duplicated
reads for paired-end data from public datasets were removed, but not for single-end data by
SAMtools (v1.5) (Li et al., 2009a). The bigwig files for visualization in Integrative
Genomics Viewer (IGV) (Thorvaldsdattir et al., 2013) were generated from BAM files by
using “bamCoverage” from deepTools (v3.2.1) (Ramirez et al., 2016) with parameters “-
normalizeUsingRPKM-minMappingQuality 30-binSize 50.” To perform peak calling and
gene annotation, BAM files of mapping results were merged for the same sample using
SAMtools and converted to BED format using BEDTools (Quinlan and Hall, 2010). Peaks
of regulatory regions were called for each sample using MACS (v 1.4) (Zhang et al., 2008)
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with parameters “-w -S -p 0.00001.” The input signal was used as the control to call peaks
for the ChIP-seq datasets (see also below). The heatmap plot of signals centered on peaks
and gene promoters was performed by deepTools2 (v3.2.1) (Ramirez et al., 2016). Gene
annotation of peaks was performed by using HOMER (v4.10) (http://homer.ucsd.edu/
homer/) with default parameters (Heinz et al., 2010). For RNA-seq quantification and
differential expression analysis, aligned reads were assembled using Cufflinks (v2.2.1)
(Trapnell et al., 2012) and assembled transcriptome catalog was used as input for Cuffdiff2
to determine expression levels (FPKM, Fragments Per Kilobase per Million mapped reads)
and differential expression between conditions using default options. CummeR-bund v2.1
(http://compbio.mit.edu/cummeRbund/) was used to process, index and visualize the output
of the Cuffdiff2 analyses. Genes with FDR < 0.05 were considered to be significant. For
Pearson correlation coefficients, Logyq transformed FPKM values of all the selected genes
were used as input, and Pearson correlation coefficients between each two samples were
calculated using function cor() in R. The matrix of Pearson correlation coefficients was used
to generate heatmap using R package pheatmap.

For suppressing batch effects and hierarchical clustering, we followed the “batch mean-
centering” approach for batch effect removal (Lazar et al., 2013) in order to compare our
RNA-seq data with public RNA-seq datasets. Briefly, we have separately mean-centered the
Logy(FPKM+1) value of each gene by subtracting the mean Log,(FPKM+1) across all
samples and across each RNA-seq samples. We used “1 - Spearman” correlation coefficient
as the distance in the hierarchical clustering since numerical values of the mean-centered
expression may have different dynamic ranges in different batches (Bulut-Karslioglu et al.,
2016). We computed the dissimilarity values with “as.dist” function in R and then fed these
values into hclust with “average” algorithm to do the agglomeration. Finally, we plotted the
dendrogram by R.

ChlP-seq data analysis—ChlP-seq data were mapped to the mm10 genome of mouse by
using Bowtie2 (v2-2.2.4) (Langmead and Salzberg, 2012). Any duplicated reads were
removed using SAMtools (v1.5) (Li et al., 2009a). The fold enrichments of IP to input for
IGV visualization were implemented by deepTools2 subcommands bamCompare with
parameters “-ignoreDuplicates-minMappingQuality 30-normali-zeUsingRPKM-binSize 1-
ratio ratio” (Thorvaldsdottir et al., 2013).

H4K16ac ChiP-seq data of S/L and 2i ESCs were downloaded from GEO accession number
GSE47761 and GSE109897, respectively. Raw reads were cleaned and mapped to mouse
mmZ10 genome using Bowtie2. Genome-wide RPKM value with 20 bp resolution was
calculated from mapping results by using deepTools subcommand “bamCoverage” with
parameters “-outFileFormat bigwig-normalizeUsing RPKM-minMappingQuality 30-binSize
20-smoothLength 60-ignoreDuplicates-ignoreForNormalization chrM chrX chrY-
blackListFileName blacklist.” We filtered artifact regions that tend to show artificially high
signals by using the annotations from Mouse ENCODE Consortium (Amemiya et al., 2019;
ENCODE Project Consortium et al., 2012) (https://sites.google.com/site/anshulkundaje/
projects/blacklists). DeepTools subcommand “multiBigwigSummary” was used to compute
the average RPKM scores for each sample in 100 kb resolution genomic windows.
Spearman correlation and scatterplot were performed by ggplot2.
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Graphical abstract generation—The graphical abstract of this study was generated
using the web-based tool BioRender (https://biorender.com).

QUANTIFICIATION AND STATISTICAL ANALYSIS

Statistical analyses were performed by the two-tailed Student’s t test using GraphPad Prism
7.0 software. Data were presented as standard error of the mean (SEM). Details of individual
tests including number and type of replication were highlighted within each figure legend. p
values of less than 0.05 were considered statistically significant. All statistics are *p < 0.05,
**p < 0.01, ***p < 0.001.

GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway
enrichment analysis was performed using Cytoscape (version 3.7.1) (Shannon et al., 2003)
plugin ClueGO (version 2.5.0) (Bindea et al., 2009). p values were calculated by
hypergeometric test and corrected to g values by Benjamini-Hochberg procedure that
reduces the false discovery rate of multiple hypothesis testing. Dot plots of GO enrichment
were implemented by R package clusterProfiler (version 1.4.0) (Yu et al., 2012).
Alternatively, GO analysis was conducted using Panther Classification System Version 13.1
(http://pantherdb.org/). Statistical overrepresentation test was performed with “default
settings.” We employed “Fisher’s Exact with FDR multiple test correction” for further
analyses. GO terms with FDR < 0.05 or 0.01 and fold change > 2 were considered as
significant enrichment.

Gene set enrichment analysis of certain GO terms was performed by GSEA (version 3.0)
(Subramanian et al., 2005). A detailed description of GSEA methodology and interpretation
is available at http://software.broadinstitute.org/gsea/doc/GSEAUserGuideFrame.html.
Significance of gene sets from the GSEA was based on normalized enrichment score (NES)
and p value or false discovery rate g value (FDR g-val), which determines the probability
that a gene set with a given NES represents a false-positive finding.

For cross-reference of RNA-seq with ChlP-seq data, the fold enrichment (FE) of MOF and
H4K16Ac peaks was calculated by map function in BEDTools (Quinlan and Hall, 2010).
Starburst plot was performed as previously described (Wang et al., 2014) to show association
between FE (Logo[FC] > 1) of H4K16Ac or MOF ChlP-seq peaks and expression changes
([FC] > 1.2 and [FDR] < 0.05) of corresponding genes after Mof deletion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. MOF blocks acquisition of the quiescent state in ground-state ESCs
. MOF directly activates the fatty acid oxidation (FAO) pathway
. MOF/FAO axis provides the carbon source for fueling mitochondrial
respiration
. FAO/OXPHOS axis-mediated blocking of quiescence is conserved in naive
human ESCs
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Figure 1. Deletion of Mof Induces a Pluripotent Quiescence in Ground-State ESCs
(A) Western blot analysis in wild-type (WT) and Mofnull 2i ESCs. p-Actin was included as

a loading control.
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(B) Left, volcano plot of mass spectrometry for 231 histone PTMs and unmodified peptides

ranked by log, fold change (KO/WT) (x axis) and the (=) log1g p value (y axis). Right,

western blot validation of selected histone PTMs.

(C) Representative images of bright-field (BF), alkaline phosphatase (AP) staining, or

immunofluorescence (IF) of OCT3/4 and NANOG for WT and Mofnull 2i ESCs. Nuclei

were co-stained with DAPI. Scale bar, 100 pm.
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(D) Qualifications of cell numbers (top) and AP-positive colonies (bottom) from (C). Cells
were plated at the same numbers and scored after 4 days. Data are shown as means + SEMs
from six biological replicates.

(E) Cell-cycle analysis. FACS plots (top) and quantifications (bottom) of six biological
replicates are shown as means + SEMs.

(F) Total RNA amounts per cell for WT and Mofnull 2i ESCs. Data are presented as means
+ SEMs from three independent experiments.

(G) Measurement of DNA synthesis. Quantifications of three biological replicates are shown
as means + SEMs.

(H) Measurement of new protein synthesis. Data are presented as means £ SEMs from three
biological replicates.

For (D)-(H), *p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant.

See also Figure S1 and Table S1.
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Figure 2. MOF Directly Activates the FAO Pathway in Ground-State ESCs
(A and B) GSEA plots for upregulated (A) and downregulated (B) genes in Mofnull 2i

ESCs. NES, normalized enrichment score.
(C and D) Intersection of RNA-seq (y axis) with ChlP-seq datasets (x axis) for MOF (C) and
H4K16ac (D). See also Method Details.
(E) Top, Venn diagram for top 13 overrepresented GO terms for MOF or H4K16ac direct
targets that were downregulated upon Mofdeletion. Ten common metabolic pathways are
shown at bottom.
(F) Heatmap (Zscore) for the expression levels of FAO-related genes in WT and Mofnull 2i
ESCs. Heatmap key is shown at right.
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(G) gRT-PCR validation for FAO-related genes. Relative expression from two biological
replicates was normalized against the expression levels in WT ESCs, which was arbitrarily
set as 1, and presented as means + SEMs. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S2 and Tables S2 and S3.
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Figure 3. Mof Deletion Significantly Alters the Metabolic State in Ground-State ESCs
(A) Heatmap for metabolites that were significantly changed in Mofnull 2i ESCs (p < 0.05).

Zscore values range from -2 to 2. FAO-related metabolites were highlighted in red and
noted with arrows.

(B) Pathway analysis for metabolites that were changed in Mofnull 2i ESCs. p < 0.05 serves
as the cutoff for significantly enriched pathways. FAs, fatty acids.

(C) Levels of selected FAO metabolites. Data are shown as means + SEMs, n = 4 biological
replicates. a.u., arbitrary unit.

(D) L-Carnitine supplementation rescues proliferation defects in Mofnull 2i ESCs. Left, AP
staining of WT; KO and KO cells cultured with L-carnitine at a final concentration of 1 or 3
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mM. Scale bar, 100 um. Right, cell proliferation is shown as means + SEMs, n = 4
biological replicates.

(E) Cell-cycle analysis. FACS plots (top) and quantifications (bottom) of three biological
replicates are shown as mean + SEM.

For (C)-(E), *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S2 and Table S4.
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Figure 4. Inhibition of FAO Induces a Reversible Pluripotent Quiescence in Ground-State ESCs
(A) GSEA for FAO genes in S/L versus 2i ESCs. RNA-seq data are from Marks et al.

(2012).

(B) qRT-PCR validation for representative FAO genes. Relative expression from 3 technical
replicates was normalized against the expression levels in S/L ESCs, which was arbitrarily
set as 1. Data are presented as means + SEMs.
(C) PCA plot for metabolites in S/L and 2i ESCs. Dashed lines indicate a clear separation of
metabolome profiles in S/L and 2i ESCs. Colored dots indicate biological replicates.

(D) Heatmap (Zscore) for significantly upregulated and downregulated metabolites in S/L
and 2i ESCs. Metabolites associated with carnitine synthesis are highlighted at right.
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(E) Pathway enrichment analysis for significantly up- and downregulated metabolites in 2i
ESCs as shown in (D). p < 0.05 serves as the cutoff for significantly enriched pathways.

(F and G) Levels of metabolites associated with carnitine synthesis (F) and FAO (G). Data
are presented as means £ SEMSs, n = 4 biological replicates.

(H) Rate of FAO using [3H]-labeled palmitate. Data from two independent experiments are
shown as means + SEMs.

(1) Schematic overview of ETO and TMZ targets in the FAO pathway.

(J) Representative images of BF and AP staining for Oct4-GiP 2i ESCs with or without ETO
treatment and after ETO release. Scale bar, 100 um.

(K) Growth curves of 2i ESCs under indicated conditions. Data are presented as means +
SEMs of quadruplicate wells from a representative experiment.

(L) Quantifications of cell-cycle analysis. Data from two independent experiments are
shown as means + SEMs.

For (F)-(H) and (L), *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figures S3 and S4 and Table S4.
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Figure 5. Inhibition of FAO Promotes a Blastocyst Pausing Ex Vivo
(A) Left, Venn diagram comparing ETO-downregulated genes and upregulated genes upon

ETO release (FDR < 0.05). Right, heatmap (Z score) for 2,044 overlapping genes.

(B) GO term analysis for 2,044 genes identified in (A).

(C-E) Scatterplots for the correlation of gene expression (C), the GO term (D), and pathway
expression (E) between the ETO-induced quiescent state (y axis) and diapaused epiblast (x
axis). Selected pathways are shown at bottom (E).

(F) Experimental scheme for testing ETO in stimulating a reversible blastocyst pausing ex
vivo.

(G) Survival rate of blastocysts cultured in the presence of H,O or ETO. Data are presented
as means £ SEMs. n, number of blastocysts. ***p < 0.001. D2, day 2.
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(H) Top, confocal images of EAU incorporation (green). Nuclei were co-stained with DAPI.
Scale bar, 20 um. Bottom, quantifications of EdU incorporation. Data are presented as
means + SEMSs. n, number of blastocysts; MFI, mean fluorescence intensity. ***p < 0.001.
(1) Confocal images of OCT3/4 IF for E3.5 blastocysts, H,O control, and ETO-treated
blastocysts. Nuclei were co-stained with DAPI. Scale bar, 20 ym. n, number of blastocysts.
(J) Derivation of ESC lines from H,0O control and ETO-treated blastocysts. Top, BF and AP
staining from 1 representative ESC line derived from an ETO-treated blastocyst. Scale bar,
50 um. Bottom, quantifications for the efficiency of ESC derivation. Percentage of success
was calculated by the number of successfully derived ESC lines from total blastocysts.

See also Figure S5 and Table S5.
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Figure 6. Inhibition of FAO Induces Reversible Pluripotent Quiescence in Naive Human ESCs
(A) BF images of naive hESCs after ETO treatment. Treatment time is shown at top. Scale

bar, 100 um.

(B) Qualifications of cell numbers at day 6 of ETO treatment and 5 days after ETO release.
Data are presented as mean = SEMs, n = 4 biological replicates. ***p < 0.001.

(C) Percentage of cell viability. Data are shown as means + SEMs, n = 4 biological
replicates.

(D and E) Representative images of BF and IF of OCT3/4 for naive (D) and primed (E)
hESCs cultured with or without ETO. Nuclei were co-stained with DAPI. Scale bar, 2,000
pum for BF and 50 um for IF in (D); 1,000 um for BF and 100 um for IF in (E).
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(F) gRT-PCR analysis for representative genes of 3-germ layer differentiation from control
and ETO-released naive hESCs. Data are presented as means + SEMs, n = 3 biological
replicates. EB, embryoid body.

(G) EB differentiation in control and ETO-released naive hESCs. Representative images of
BF for EB and IF for 3-germ layer markers in EB outgrowth. Scale bar, 1,000 um for BF and
50 pm for IF.

See also Figure S6.
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Figure 7. Mof Deletion and FAOIi Converge on Reduced Mitochondrial Respiration
(A) Top, Venn diagram showing 164 genes commonly downregulated in MofKO and ETO-

treated 2i ESCs. Bottom, GO terms for 164 genes. Dashed box denotes GO terms with
significant enrichment (fold enrichment > 2).

(B) Top, oxygen consumption rate (OCR) for WT and Mo£KO 2i ESCs. Arrows indicate
MitoStress conditions. Bottom, quantifications of basal and maximal OCR. Data are
presented as means + SEMSs, n = 4 biological replicates.

(C) Top, MitoTracker staining (red) at indicated conditions. Nuclei were co-stained with
DAPI. Scale bar, 10 um. Representative confocal images from three independent
experiments. Bottom, quantifications of MitoTracker intensity in each cell by ImageJ.
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(D) Left, BF and IF confocal images of OCT3/4 and NANOG for EtOH control,
Oligomycin-treated and released 2i ESCs. Nuclei were co-stained with DAPI. Scale bar, 100
pum for BF and 50 pm for IF. Right, quantifications of cell-cycle analysis. Data are presented
as means + SEMs, n = 3 biological replicates.

(E) FACS plots showing mitochondrial labeling with TMRM (AY ;).

(F) Total RNA amounts per cell for high and low AY, 2i ESCs. Data are shown as means *
SEMs from five independent experiments.

(G) Left, growth curves of high and low AY,, 2i ESCs. Data are presented as means +
SEMSs, n = 6 biological replicates. Right, representative images of BF and AP staining for
high and low AY, cells at day 4. Scale bar, 100 um.

(H) Representative images of BF (top) and qualifications of cell numbers (bottom) at
passages #2 (left) and #3 (right) of high and low AY¥, cells. Data are shown as means +
SEMSs, n = 3 technical replicates. Scale bar, 100 pm.

(1) FACS plots showing TMRM profiles for parental, sorted high, and low AY¥,, 2i ESCs at
days 0 and 12.

For (B), (D), (F), and (G), **p < 0.01, ***p < 0.001.

p values are calculated by the unpaired two-tailed Student’s t-test. Data are presented as
mean + SEMs. n, number of cells.

See also Figure S7 and Table S6.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Anti-MOF

Anti-OCT3/4

Anti-NANOG

Anti-OTX2

Anti-SMA

Anti-TUJ1

Anti-SOX17

Anti-KLF4

Anti-TFCP2L1
Anti-B-ACTIN
Anti-AMPKa
Anti-Phospho-AMPKa (Thrt7?)
Anti-S6K1
Anti-Phospho-S6K1 (Thr38%)
Anti-AKT
Anti-Phospho-AKT (Ser473)
Anti-H4K16ac
Anti-H3K27ac
Anti-H3K9%ac
Anti-H3K56ac

Anti-H4ac

Anti-Histone H3
Anti-Histone H4

Goat anti-Mouse IgG Alexa FluorR 555

Goat anti-Rabbit 1gG Alexa Fluor Plus 647

Goat anti-Mouse 1gG FITC-conjugated
Donkey anti-Mouse Alexa Fluor 647

Donkey anti-Goat IgG AlexaFluorR 555

Donkey anti-Goat 1gG AlexaFluor 488

Bethyl Laboratories
Santa Cruz Biotechnology
Novus Biologicals

R & D Systems

SIGMA ALDRICH
Biolegend

R & D Systems

Santa Cruz Biotechnology
R & D Systems

Santa Cruz Biotechnology
Cell signaling

Cell signaling

Santa Cruz Biotechnology
Cell signaling

Cell signaling

Cell signaling

Millipore

Abcam

Abcam

Abcam

Millipore

Abcam

Active Motif

Abcam

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Abcam

Thermo Fisher Scientific

Cat#A300-992A; RRID:AB_805802
Cat#sc-5279; RRID:AB_628051
Cat#AF2729; RRID:AB_2150103
Cat#AF1979; RRID:AB_2157172
Cat#A2547; RRID:AB_476701
Cat#801201; RRID:AB_2313773
Cat#AF1924; RRID:AB_355060
Cat#sc-166238; RRID:AB_2130234
Cat#AF5726; RRID:AB_2202564
Cat#sc47778; RRID:AB_2714189
Cat#2532; RRID:AB_330331
Cat#4188; RRID:AB_2169396
Cat#sc-230; RRID:AB_632156
Cat#9234; RRID:AB_2269803
Cat#9272; RRID:AB_329827
Cat#4060; RRID:AB_2315049
Cat#07-329; RRID:AB_310525
Cat#ab4729; RRID:AB_2118291
Cat#ab4441; RRID:AB_2118292
Cat#ah76307; RRID:AB_1523762
Cat# 06-866; RRID:AB_310270
Cat#ab1791; RRID:AB_302613
Cat#39269; RRID:AB_2636967
Cat#ab150114; RRID:AB_2687594
Cat#A32733; RRID:AB_2633282
Cat#62-6511; RRID:AB_2533946
Cat#A-31571; RRID:AB_162542
Cat#ab150130; RRID:AB_10894526
Cat#A-11055; RRID:AB_2534102

Chemicals, Peptides, and Recombinant Proteins

ESGRO® leukemia inhibitory factor (LIF)

human LIF
PD0325901
CHIR99021
Geltrex
Ndiff227 media
Activin A
bFGF

EMD Millipore

SIGMA ALDRICH
SIGMA ALDRICH
SIGMA ALDRICH
Thermo Fisher Scientific
Clontech

R & D Systems

R & D Systems

Cat#ESG1107

Cat#L.5283

Cat#PZ0162

Cat#SML1046

Cat#A1413202 Cat#A1413302
Cat#Y40002

Cat#338-AC

Cat#233-FB
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

N2 supplement 100X

B27 supplement 50X

mTeSR1 media

G06983

L-Carnitine
O-Acetyl-L-Carnitine

AICAR

Coenzyme A

Etomoxir

Trimetazidine

INK128

Oligomycin A

FCCP

Antimycin A

Rotenone

KSOMaa EvolveR medium
Bovine Serum Albumin solution
MitoTracker Red CMXRos
Tetramethylrhodamine methyl ester
Hoechst 33342

Pyronin Y

Propidium lodide
FITC-Annexin V

O-Propargyl Puromycin (OP-Puro)

Thermo Fisher Scientific
Thermo Fisher Scientific
STEMCELL Technologies
SIGMA ALDRICH
SIGMA ALDRICH
SIGMA ALDRICH
Cayman

SIGMA ALDRICH
SIGMA ALDRICH
SIGMA ALDRICH
Medchem Express
Cayman

Cayman

SIGMA ALDRICH
SIGMA ALDRICH
Zenith Biotech

SIGMA ALDRICH
SIGMA ALDRICH
Thermo Fisher Scientific
Thermo Fisher Scientific
SIGMA ALDRICH
SIGMA ALDRICH
Bioscience

Jena Bioscience

Cat#17502001
Cat#17504-044
Cat#85850
Cat#G1918
Cat#C0158
Cat#A6706
Cat#10010241
Cat#C4780
Cat#E1905
Cat#653322
Cat#HY-13328
Cat#11342
Cat#15218
Cat#A8674
Cat#R8875
Cat#ZEKS-050
Cat#A8412
Cat#M7512
Cat#T668
Cat#62249
Cat#213519
Cat#00-6990-50
Cat#556419
Cat#NU-931-05

Critical Commercial Assays

VECTOR® Red Alkaline Phosphatase Kit
LookOut® Mycoplasma PCR Detection Kit
Click-iT™ Plus EdU Flow Cytometry Assay Kits
Click-iT Cell Reaction Buffer Kit

Qubit™ RNA HS assay kit

Seahorse XF Base Medium

Vector Laboratories
SIGMA ALDRICH
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Agilent Technologies

Cat#SK-5100
Cat#MP0035
Cat#C10632 Cat#C10634
Cat#C10269

Cat#Q32855
Cat#102353-100

Deposited Data

RNA-seq This paper GSE137138

Experimental Models: Cell Lines

Mouse ES cells: E14tg2a ATCC Cat#CRL-1821™

Mouse ES cells; Mof"fi: Cre-ER™ Y. Dou Lietal., 2012

Mouse ES cells: Oct4-GiP Austin Smith Ying et al., 2008

MEFs This paper N/A

Human ES cells: Primed H9 WiCell Cat#WAe009-A

Human ES cells: Naive H9 Austin Smith Guo et al., 2017 Takashima et al., 2014

Experimental Models: Organisms/Strains
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REAGENT or RESOURCE SOURCE IDENTIFIER
(C57BL/6J x DBA/2J)F1 females Jackson Laboratory Cat#100006

(C57BL/6J x DBA/2J)F1 males Jackson Laboratory Cat#100006
C57BL/6NCrl female Charles River Laboratory Cat#493

(C57BL/6J x SJL/J)F1 males Jackson Laboratory Cat#100012
Oligonucleotides

Primers for RT-gPCR (see Table S7) This paper N/A

Software and Algorithms

ImageJ Schneider et al., 2012 https://imagej.nih.gov/ij/

Tophat2, v2.1.1

Integrative Genomics Viewer (IGV), v2.3
Cufflinks, v2.2.1
CummeRbund, v2.1

Bowtie2, v2-2.2.4

MACS, v1.4

HOMER v4.10

DeepTools, v3.2.1

Panther Classification System, v13.0

Mouse ENCODE Consortium

GraphPad Prism, v7
FlowJo, v10.0.7r2
bcl2fastq2 software (v2.17)
Cutadapt

FastQC

Trim Galore

EpiProfileLite
MetaboAnalyst 4.0

Agilent MassHunter Quantitative Analysis (for
QQQ) Version B.07

Kim et al., 2013

Thorvaldsdottir et al., 2013
Trapnell et al., 2012
N/A

Langmead and Salzberg, 2012

Zhang et al., 2008
Salk Institute
Ramirez et al., 2016
N/A

Amemiya et al., 2019; ENCODE
Project Consortium et al., 2012

GraphPad
FlowJo LLC
Illumina LLC
Martin, 2011

Babraham institute

Babraham institute

Sidoli et al., 2019
Chong et al., 2018

Agilent Technologies

https://cch.jhu.edu/software/tophat/
manual.shtml

http://software.broadinstitute.org/software/igv/
http://cole-trapnell-lab.github.io/cuffiinks/
http://compbio.mit.edu/cummeRbund/

http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml

http://liulab.dfci.harvard.edu/MACS/
http://homer.ucsd.edu/homer/
https://github.com/deeptools/deepTools
http://pantherdb.org/

https://sites.google.com/site/anshulkundaje/
projects/blacklists

https://www.graphpad.com/scientific-software/
prism/

https://docs.fiowjo.com:443

https://support.illumina.com/sequencing/
conversion-software.html

https://cutadapt.readthedocs.io/en/stable/

http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/

https://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/

https://github.com/zfyuan/EpiProfileLite
https://www.metaboanalyst.ca

https://www.agilent.com/en/support/software-
informatics/qual-b-0700-sp1

Other

RNA-seq for early embryonic stages

RNA-seq for dormant state by Myc deletion
RNA-seq for paused state by mTOR inhibition
ChIP-seq for MOF

ChlIP-seq for H4K16ac

ChlP-seq for H4K16ac

Boroviak et al., 2015
Scognamiglio et al., 2016
Bulut-Karslioglu et al., 2016
Lietal., 2012

Valsecchi et al., 2018
Taylor et al., 2013

E-MTAB-2958
E-MTAB-3386
GSE81285
GSE37268
GSE109897
GSE47761
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http://cole-trapnell-lab.github.io/cufflinks/
http://compbio.mit.edu/cummeRbund/
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
https://anaconda.org/auto/macs/1.4.3/download/linux-64/macs-1.4.3-py27_0.tar.bz2
http://homer.ucsd.edu/homer/
https://github.com/deeptools/deepTools
http://pantherdb.org/
https://sites.google.com/site/anshulkundaje/projects/blacklists
https://sites.google.com/site/anshulkundaje/projects/blacklists
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://docs.flowjo.com/
https://support.illumina.com/sequencing/sequencing_software/bcl2fastq-conversion-software.html
https://support.illumina.com/sequencing/sequencing_software/bcl2fastq-conversion-software.html
https://cutadapt.readthedocs.io/en/stable/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://github.com/zfyuan/EpiProfileLite
https://www.metaboanalyst.ca
https://www.agilent.com/en/products/software-informatics/mass-spectrometry-software/data-analysis/quantitative-analysis
https://www.agilent.com/en/products/software-informatics/mass-spectrometry-software/data-analysis/quantitative-analysis
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