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SUMMARY

The role of lipid metabolism in human pluripotent stem cells (hPSCs) is poorly un-
derstood. We have used large-scale targeted proteomics to demonstrate that
undifferentiated hPSCs express different fatty acid (FA) biosynthesis-related en-
zymes, including ATP citrate lyase and FA synthase (FASN), than those expressed
in hPSC-derived cardiomyocytes (hPSC-CMs). Detailed lipid profiling revealed
that inhibition of FASN resulted in significant reduction of sphingolipids and
phosphatidylcholine (PC); moreover, we found that PC was the key metabolite
for cell survival in hPSCs. Inhibition of FASN induced cell death in undifferentiated
hPSCs via mitochondria-mediated apoptosis; however, it did not affect cell sur-
vival in hPSC-CMs, neurons, or hepatocytes as there was no significant reduction
of PC. Furthermore, we did not observe tumor formation following transplanta-
tion of FASN inhibitor-treated cells. Our findings demonstrate the importance of
de novo FA synthesis in the survival of undifferentiated hPSCs and suggest appli-
cations for FASN inhibition in regenerative medicine.

INTRODUCTION

Human pluripotent stem cells (hPSCs), including human embryonic stem cells (hnESCs) and human induced
pluripotent stem cells (hiPSCs), are capable of self-renewing, proliferating, and differentiating into cells of
the three germ layers (Takahashi et al., 2007; Thomson et al., 1998). Regenerative therapy using hPSCs
holds promise for many diseases resistant to conventional medical therapies, including progressive heart
failure, retinal diseases, and central nervous system diseases (Mandai et al., 2017; Nakamura and Okano,
2013; Yoshida and Yamanaka, 2017). However, to provide safe and effective regenerative therapy, it is
essential to obtain highly qualified target cells from hPSCs.

As metabolism plays a key role in the pluripotency, self-renewal, and survival of hPSCs, metabolic regu-
lation enables several efficient and cost-effective techniques, including generation of hiPSCs, differenti-
ation into required cell types, and elimination of residual undifferentiated stem cells (Ben-David et al.,
2013; Cornacchia et al., 2019; Shiraki et al., 2014; Sone et al., 2017; Tohyama et al., 2013, 2016; Yanes
et al., 2010). Similar to cancer cells, hPSCs show activated glycolysis even under sufficiently aerobic con-
ditions, a phenomenon referred to as the Warburg effect. However, recent studies have raised questions
on this classical dogma in cancer cells, in that specific amino acids and fatty acids (FAs) are essential for
maintenance of cancer stemness and progression. In hPSCs, the importance of amino acids (e.g., gluta-
mine, methionine, and kynurenine) has also been reported (Shiraki et al., 2014; Tohyama et al., 201¢;
Yamamoto et al., 2019). In contrast to glucose and amino acid metabolism, little is known about the
role of lipid metabolism in hPSCs.

We screened expression profiles of metabolic enzymes in hiPSCs and hiPSC-derived differentiated car-
diomyocytes (hiPSC-CMs) by large-scale targeted proteomics, the results from which demonstrated that
FA synthase (FASN) is expressed at the highest levels in hiPSCs but not in hiPSC-CMs. FASN is the final
enzyme in the de novo FA synthesis pathway and is upregulated in cancer cells that originate in multiple
tissues, including mammary glands, prostate, and lungs (Al et al., 2018; De Schrijver et al., 2003; Pizer
et al., 2000).
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Lipids play a wide variety of roles in cell physiology, as energy sources, signaling molecules, protein modi-
fication, and cellular components, although these roles vary between cell types. Specifically in hESCs, a
mixture of lipids stimulates their self-renewal (Garcia-Gonzalo and Izpisua Belmonte, 2008). Also, it has
been reported that FA synthesis activation is critical for the maintenance of pluripotency by promoting
mitochondrial fission (Wang et al., 2017). Meanwhile, during the reprogramming of embryonic fibroblasts
into induced pluripotent stem cells, the gene expression profiles as well as the metabolic profiles become
dramatically altered (Folmes et al., 2011; Meissen et al., 2012; Wu et al., 2019). In regard to lipids, the cyti-
dine diphosphate-ethanolamine pathway contributes to reprogramming mouse embryonic fibroblasts into
mouse induced pluripotent stem cells (Wu et al., 2019). A recent report also showed that de novo FA
synthesis skewed hPSCs toward a naive-to-primed intermediate state by inhibiting endogenous ERK (Cor-
nacchia et al., 2019). Despite the importance of FA synthesis, detailed lipid profiles and their roles in hPSC
survival remain unknown. Therefore, in this study, we determined metabolic features, lipid profiles, and the
role of FA synthesis in hPSCs relative to their derivatives. We then applied our findings to the improvement
of regenerative medicine.

RESULTS
FASN Is Upregulated in Undifferentiated hPSCs

To identify unique metabolic features of hPSCs, we performed large-scale targeted proteomics with a
focus on metabolism-related enzymes in hiPSCs and hiPSC-CMs as representative differentiated cells.
The proteomic data revealed distinct differences between the two cell types (Figures 1A and 1B). The
differentially expressed proteins included ATP citrate lyase (ACLY) and FASN, both involved in de novo
FA synthesis (Figures 1B and 1C). Moreover, undifferentiated hiPSCs showed higher levels of enzymes
involved in the pentose phosphate and serine synthesis pathways (Figures STA and S1B); meanwhile,
hiPSC-CMs had higher concentrations of enzymes involved in the tricarboxylic acid (TCA) cycle, FA oxida-
tion, and oxidative phosphorylation (Figures 1C and S1C-S1E).

These differences suggest that hiPSC-CMs are highly catabolic, whereas undifferentiated hiPSCs are highly
anabolic, likely reflecting the differences between non-proliferating and proliferating states, respectively.
We also confirmed the difference in FASN expression by immunocytochemistry and western blotting (Fig-
ures 1D-1F). These data suggest that undifferentiated hiPSCs express higher amounts of enzymes in
anabolic pathways, particularly those involved in de novo FA synthesis, compared with hiPSC-CMs. There-
fore, we focused on FASN, which generates palmitic acid (Pal) from acetyl-CoA, malonyl-CoA, and NADPH,
and sought to investigate its significance in hPSCs.

Pal Is Required for the Survival of Undifferentiated hPSCs

To investigate the role of FASN in hPSC proliferation and survival, FASN expression was knocked down us-
ing small interfering RNA (siRNA) (Figures 2A and 2B). The knockdown significantly inhibited hiPSC prolif-
eration, whereas supplementation with Pal, the product of FASN, restored proliferation (Figures 2C
and 2D).

In addition to knockdown by siRNA, we also utilized a pharmacological approach to inhibit FASN. Orlistat,
an anti-obesity drug approved by the US Food and Drug Administration in the United States and other
countries, inhibits FASN and suppresses the proliferation of cancer cells expressing high levels of FASN
(Kridel et al., 2004). Expectedly, orlistat induced cell death in hESCs and hiPSCs (Figure 2E). This effect
was greatly attenuated by Pal supplementation, suggesting that the cytotoxic effect was mediated by a
decrease in Pal, and not by any off-target effect (Figures 2F and 2G). Furthermore, two FASN inhibitors,
FASN-IN-2 and FT-113, were found to induce cell death in hiPSCs (Figure S2A). Similarly, an ACLY inhibitor,
SB204990, induced cell death of undifferentiated hiPSCs (Figure S2B). However, although the effect of the
FASN inhibitors were attenuated by supplementation of external Pal, that of the ACLY inhibitor was not.
This difference likely arose from the wide range of applications assigned to acetyl-CoA, as it is used not
only for de novo FA synthesis but also for other reactions, including acetylation of various proteins (e.g.,
histones) (Wellen et al., 2009).

Next, to determine the mechanism of cell death induced by orlistat, we performed time-lapse imaging of
orlistat-treated cells and observed activation of caspase 3/7 within 12 h of initiation of treatment, suggest-
ing apoptosis (Figure 2H). As FASN links glycolysis, TCA cycle, and glutaminolysis with lipid metabolism, its
inhibition would theoretically cause dramatic alterations in these processes (Figure 2I). Hence, to
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Figure 1. FASN Is Highly Expressed in Undifferentiated hPSCs

(A) Heatmap of proteomic analysis of undifferentiated hiPSCs (253G4) and hiPSC (253G4)-CMs (n = 3).

(B) Volcano plot of proteomic analysis of undifferentiated hiPSCs (253G4) and hiPSC (253G4)-CMs. Protein levels were
transformed to log10 scale. Student’s t test was performed for each protein (n = 3).

(C) Relative abundance of enzymes involved in glycolysis, TCA cycle, and de novo FA synthesis compared with hiPSC
(253G4)-CMs in proteomic analysis. Student's t test was performed for each protein (n = 3).

(D and E) (D) and (E) Representative image of immunocytochemistry of cocultured hiPSCs (253G4) and hiPSC (253G4)-
CMs. Scale bars, 100 pm.

(F) Representative image of western blot of hiPSCs (253G4) and hiPSC (253G4)-CMs.

Data are presented as means + SD; *p < 0.05.
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determine the effects of pharmacological FASN inhibition on metabolism, we performed capillary electro-
phoresis and mass spectrometry (CE-MS)-based metabolomics. Inhibition of FASN by orlistat resulted in
significant accumulation of citrate and malonyl-CoA, which is one of the upstream metabolites in de
novo FA synthesis, confirming successful inhibition of FASN (Figure 2J). However, the increase observed
for citrate was dramatically higher than that for malonyl-CoA. Hence, to exclude the possibility of alteration
in activities of ACLY and ACC under orlistat treatment, we performed western blotting, which did not show
significant change in phosphorylation of ACLY or ACC, suggesting activation and inhibition, respectively
(Figure S2C). Citrate can be synthesized from glucose and glutamine. Glutamine-derived citrate is synthe-
sized via two pathways: oxidative TCA cycle (forward) and reductive carboxylation via cytosolic isocitrate
dehydrogenase 1 (IDH1) (reverse), which produces citrate from glutamine by consuming NADPH (Fig-
ure 2K). To evaluate the pathway from which the observed increase in citrate was derived, we performed
metabolic flux analysis with either [U-"3C]-glucose ('3C¢ Glc) or [U-"3C]-glutamine ("3Cs GlIn) in orlistat-un-
treated or orlistat-treated hiPSCs (Figure 2K). A dramatic increase was observed in citrate derived from
both glucose and glutamine (Figures 2L, 2M, and S2D). Focusing on the citrate derived from 3C, Gle,
a large proportion of the labeled form was determined to be m+2, which is derived from glycolytic
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Figure 2. Palmitic Acid Is Essential for the Survival of Undifferentiated hPSCs

(A) Representative western blot image for FASN and GAPDH of hiPSCs (253G4) after treatment with Scr or FASN siRNAs.
(B) Quantification of relative FASN content compared with GAPDH by western blot. Student’s t test, n = 3.

(C) Growth of hiPSCs (253G4) treated with Scr RNA or FASN siRNAs. Holm-Sidak test was performed for each time point
(n=3).

(D) Confluence at 72 h after introduction of either Scr RNA or FASN siRNA to hiPSCs (253G4) with or without 50 uM Pal 24 h
after introduction of RNAs. The same concentration of BSA (8.3 uM) was used as control. One-way ANOVA with Dunnett's
test was performed with Scr RNA without Pal as control (n = 3).

(E) Alkaline phosphatase (AP) staining of hESCs (H9) and hiPSCs (253G4 and Ffl14) treated with orlistat of the indicated
concentrations for 72 h.

(F) Representative images of hiPSCs (253G4) cultured in 12-well plates stained with calcein AM after treatment with orlistat
at the indicated concentrations for 24 h with or without 50 uM Pal. The same concentration of BSA (8.3 uM) was used as
control for Pal.

(G) Quantification of hiPSC (253G4) relative cell area after treatment with orlistat at the indicated concentrations for 24 h,
with or without 50 uM Pal. The same concentration of BSA (8.3 uM) was used as a control for Pal. Student's t test was
performed to compare the presence and absence of Pal at each concentration of orlistat (n = 3).

(H) Detection of apoptosis by IncuCyte Caspase-3/7 Green Reagent staining following orlistat treatment. Scale bar,
200 pm.

(I) Metabolic pathway from glucose to Pal via glycolysis, glutaminolysis, TCA cycle, and de novo lipogenesis.

(J) CE-MS of intermediate metabolites in de novo FA synthesis from glucose after 3 h of 6 uM orlistat treatment. Data are
normalized to controls. Student’s t test was performed for each metabolite (n = 3). G6P, glucose é-phosphate; F6P,
fructose 6-phosphate, F1,6BP, fructose 1,6-bisphosphate; G3P, glyceraldehyde 3-phosphate; PEP,
phosphoenolpyruvate; Pyr, pyruvate; Gln, glutamine, aKG, a-ketoglutarate; AcCoA, acetyl-CoA; MaCoA, malonyl-CoA,;
ACLY, ATP citrate lyase; ACC, acetyl-CoA carboxylase; IDH1, isocitrate dehydrogenase 1.

(K) Metabolic pathway from glucose and glutamine to citrate via glycolysis, TCA cycle, and glutaminolysis. The major
labeled form of citrate produced from "*C,-glucose, *Cs-glutamine via oxidative pathway, and glutamine via reductive
pathway are m+2, m+4, and m+5, respectively.

(L) Percentage of labeled citrate formed after 1 h of orlistat treatment with 13C6—g|ucose4 Student'’s t test was performed
for each labeled form of citrate (n = 3).

(M) Percentage of labeled citrate formed after 1 h of orlistat treatment with 13Cs-glutamine. Student’s t test was
performed for each labeled form of citrate (n = 3).

Data are presented as means + SD; *p < 0.05.

acetyl-CoA and oxaloacetate (Figures 2L and 52D). Meanwhile, the labeled form of citrate derived from
13Cs GIn was m+4 citrate, which is derived from glutamine via the forward TCA cycle and glycolytic
acetyl-CoA (Figures 2M and S2D). Cumulatively, these data indicate that the major contributor to the
observed citrate increase was glucose-derived acetyl-CoA and forward TCA cycle-derived oxaloacetate,
which are converted to citrate in the mitochondrial matrix. Therefore, although we cannot distinguish
the localization of citrate in our CE-MS-based metabolome analysis, considering that citrate must be trans-
ported from the mitochondrial matrix to the cytosol for de novo FA synthesis, the dramatic increase in
citrate may suggest accumulation of citrate in the mitochondrial matrix. Hence, as the biosynthesis of
acetyl-CoA and malonyl-CoA takes place in the cytosol, we postulated that this is the mechanism respon-
sible for the observed discrepancy in the increase in citrate and malonyl-CoA.

In the metabolic flux analysis using '*Cs Gln, we found that the percentage of m+5 citrate was significantly
increased, suggesting that the reductive pathway was also activated (Figures 2M and S2D). Citrate gener-
ated from glutamine via reductive carboxylation can be utilized for de novo FA synthesis depending on the
cell type and culture conditions (Jiang et al., 2016; Metallo et al., 2011; Yoo et al., 2008). The increase in the
reductive pathway may suggest a possible role for IDH1-mediated citrate biosynthesis as an NADP" recy-
cling mechanism to compensate for the reduced NADPH consumption caused by FASN inhibition. Mean-
while, in rapidly growing cancer cells with defective mitochondria, this reductive pathway contributes to de
novo FA synthesis (Mullen et al., 2011). Therefore, activation of the reductive pathway may suggest that
FASN inhibition causes mitochondrial dysfunction.

Next, considering that citrate reportedly inhibits tumor growth (Newsholme et al., 1985; Ren et al., 2017), to
exclude the possibility of citrate-induced growth inhibition and cell death, we supplemented external cit-
rate and quantified the intracellular citrate level. We then confirmed that the increase in intracellular citrate
was not associated with cell proliferation or survival in hPSCs (Figures S2E and S2F). We also quantified the
intracellular citrate level when Pal was supplemented with orlistat and confirmed that the citrate level
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remained elevated despite Pal supplementation (Figure S2G). These data suggest that accumulation of cit-
rate is not the mechanism responsible for inducing cell death following FASN inhibition.

Regarding the relationship between metabolism, epigenetics, and pluripotency in hPSCs, Moussaieff et al.
reported that glucose-derived cytosolic acetyl-CoA supports the maintenance of pluripotent status
through histone acetylation, whereas decreased acetyl-CoA levels induce differentiation (Moussaieff
et al., 2015). To evaluate the acetylation status of orlistat-treated hPSCs, we examined the acetylation of
histone H3 lysine 27 by western blotting and confirmed that it was not significantly changed (Figure S2H).
In addition, no significant change was observed in the expression of pluripotent markers OCT4, NANOG,
and TRA1-60, as assessed by immunocytochemistry and flow cytometry (Figures S21 and S2J). Cumulatively,
these results indicate that orlistat does not affect the pluripotent status of hPSCs.

Previous studies suggested that inhibition of carnitine palmitoyl transferase 1, via accumulation of malonyl-
CoA, is the mechanism by which orlistat induces cell death (Thupari et al., 2001). To determine whether
hiPSCs utilize FA oxidation, we supplemented the hPSC maintenance medium with albumin-bound
[U-"3C]-labeled palmitic acid ('3Cq-Pal) for 72 h and quantified "3Cy4-Pal-derived metabolites by CE-MS.
We did not detect significant levels of '3C in TCA cycle metabolites irrespective of orlistat treatment, indi-
cating that hiPSCs did not utilize FA oxidation (data not shown), consistent with a previous report (Zhang
et al.,, 2016). These data suggest that Pal is an indispensable metabolite for the proliferation and survival of
hiPSCs, in a manner that is independent of its utilization as a fuel source.

Inhibition of FASN Leads to Decreased Phosphatidylcholine

As Palis utilized in a broad range of lipid metabolism, we performed liquid chromatography-MS-based lip-
idomics to evaluate changes in downstream metabolites caused by FASN inhibition (Figures 3A and 3B).
Previous studies reported that the accumulation of ceramides (Cers), which are regarded as proapoptotic
lipids in some cell lines, following FASN inhibition contributes to cell death, because inhibition of FASN
could be rescued by coadministration of the Cer synthase inhibitor fumonisin B1 (FB1) or the serine palmi-
toyltransferase inhibitor myriocin (Alwarawrah et al., 2016; Bandyopadhyay et al., 2006; Obeid et al., 1993;
Pizer et al., 2000; Thupari et al., 2001). Surprisingly, we did not observe accumulation of Cers, rather we
observed significant reduction in their levels (Figure 3B). Ceramide-1-phosphate (Cer1P), formed from
Cer by ceramide kinase, is associated with survival and proliferation and was found to be concomitantly
decreased (Figure 3B). To ascertain the significance of the decrease in these two sphingolipids (SLs), we
supplemented the medium with them. However, SL supplementation did not attenuate the effect of orlistat
(Figure S3A). In addition, inhibition of de novo Cer synthesis by FB1 alone did not induce cell death in
hiPSCs (Figure S3B). Thus, we concluded that the decrease in Cer or Cer1P does not mediate cell death
caused by FASN inhibition.

Among glycerophospholipids, we observed a significant decrease in phosphatidylcholine (PC) and lyso-
phosphatidylcholine (Figure 3B). In contrast, the levels of phosphatidylethanolamine, phosphatidylinositol,
and phosphatidylserine were not significantly changed (Figure S3C). PC is a major component of lipid bi-
layers, including cellular membranes; its production via de novo FA synthesis increases during cytokinesis
(Scaglia et al., 2014). It is worth noting that 3 h of FASN inhibition caused a significant decrease in PC,
because cells contain abundant PC. To determine the physiological significance of this distinct decrease
in PC among glycerophospholipids, we supplemented PC with orlistat and confirmed that exogenous
PC attenuated the effect of FASN inhibition (Figures 3C and 3D), suggesting that the decrease in PC plays
akey role in cell death induced by FASN inhibition. Moreover, PC with relatively short fatty acyl chains were
decreased by orlistat treatment, presumably reflecting a decreased flow of FAs synthesized de novo to PC
metabolism. Concordant with this hypothesis, unlike the lipid profiles of hiPSCs, PC was not significantly
changed in hiPSC-CMs following 3 h of orlistat treatment, suggesting that its reduction in undifferentiated
hPSCs is due to its dependency on de novo FA synthesis for proliferation (Figure S3D). This finding is consis-
tent with the previous study described earlier that demonstrated the importance of PC production via de
novo FA synthesis in cytokinesis (Scaglia et al., 2014).

FASN Inhibition Induces Cytochrome c Release and Caspase-3 Activation

The initiation of apoptosis is primarily regulated by intrinsic and extrinsic pathways. To identify the pathway
critical in the cell death induced following FASN inhibition, we measured the levels of cytochrome ¢ and
observed significant increases in cytoplasmic fractions (Figures 3E, 3F, and S3E). Next, moving upstream
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Figure 3. Metabolomic Analysis under FASN Inhibition and Mechanism of Cell Death

(A) Metabolic pathway from TCA cycle to various lipids. FFA, free fatty acid; FA-CoA, fatty acyl-CoA; LPA,
lysophosphatidic acid; PA, phosphatidic acid; DAG, diacylglycerol; PC, phosphatidylcholine; PS, phosphatidylserine; PI,
phosphatidylinositol; PS, phosphatidylserine; SM, sphingomyelin; S1P, sphingosine-1-phosphate.

(B) Liquid chromatography-MS of glycerolipids and SLs after 3 h of 6 uM orlistat treatment with or without 50 pM Pal. Data
are normalized to controls without orlistat or Pal. Numbers indicate carbon chain lengths followed by degrees of
desaturation. One-way ANOVA with Dunnett’s test was performed with orlistat (—) Pal (=) as control (n = 3).

(C) Representative image of AP staining of hiPSCs (253G4) after 24 h of orlistat and chicken egg PC treatment.

(D) Quantification of relative AP-positive cell area in hiPSCs (253G4) after 24 h of orlistat and chicken egg PC treatment.
Student'’s t test was performed for each concentration of orlistat (n = 3).
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Figure 3. Continued

(E) Representative western blot image of cytochrome ¢ subcellular localization in hiPSCs (253G4) 12 h after orlistat
treatment. Cyto C, cytochrome c.

(F) Cytosolic fraction of cytochrome ¢ of hiPSCs (253G4) 12 h after orlistat treatment quantified by western blotting.
Student’s t test, n = 3.

(G) Representative western blotting image of hiPSCs (253G4) 48 h after transfection with either Scr RNA or FASN siRNA.
Pal (50 uM) was supplemented 24 h after transfection.

(H) Relative amount of cleaved caspase 3 in hiPSCs (253G4) 48 h after transfection with either Scr RNA or FASN siRNA
quantified by western blotting. Pal (50 uM) was supplemented 24 h after transfection. Signal strengths were standardized
using those of GAPDH. One-way ANOVA with Dunnett’s test was performed with Scr RNA and without Pal as a control (n =
3).

(1) Schematic of metabolic features of undifferentiated hPSCs and consequences of FASN inhibition.

Data are presented as means + SD; *p < 0.05.

from cytochrome ¢, we measured levels of Noxa and Bid. We found that Noxa was increased, whereas Bid
was not changed by orlistat treatment (Figures S3F and S3G). Expectedly, FASN knockdown increased
cleaved caspase-3 levels in hPSCs, which were greatly attenuated by both Pal and PC supplementation
(Figures 3G, 3H, and S3H). These data indicate that the mitochondrial intrinsic pathway plays a primary
role in FASN inhibition-induced apoptosis. This is consistent with our CE-MS analysis and a previous study
that reported that during mitochondrial dysfunction, reductive carboxylation of glutamine supports de
novo FA synthesis, as described previously (Figure 2M) (Mullen et al., 2011). Among the upstream compo-
nents involved in the intrinsic pathway activation, we did not observe any activation of the endoplasmic
reticulum (ER) stress response or accumulation of p53 (Figures S3I and S3J). Taken together, our findings
indicate that whereas undifferentiated hPSCs upregulate de novo lipid synthesis for proliferation, FASN in-
hibition results in caspase 3-mediated apoptosis via cytochrome c release and decrease in PC level
(Figure 3I).

Orlistat Induces Cell Death in Undifferentiated hiPSCs, but Not in hiPSC Derivatives

To determine whether orlistat treatment affects cell survival in hPSC derivatives, including cardiomyocytes,
hepatocytes, and neurons, we cultured these cells with orlistat for 72 h. We found that orlistat did not affect
cell survival in any of the three differentiated cell types (Figures 4A and S4). Next, to determine whether
orlistat treatment could eliminate hPSCs in mixtures with other cell types, we cocultured undifferentiated
hiPSCs with hiPSC-CMs with or without orlistat. In contrast to controls, which produced substantial
numbers of OCT4-positive colonies, orlistat killed OCT4-positive cells, whereas hiPSC-CMs survived (Fig-
ures 4B and 4C). In addition, we administered orlistat to a mixed cell population, composed of neuronal
fate-decided cells as well as residual undifferentiated hiPSCs, during neuronal differentiation using syn-
thetic mRNAs. As a result, we succeeded in eliminating OCT4-positive cells and purifying hiPSC-derived
neurons (Figures 4D and 4E). These results suggest a possibility for using orlistat to eliminate undifferen-
tiated hPSCs in multiple cellular lineages.

Last, we tested whether pretreatment with orlistat prevented tumor formation in immunocompromised,
non-obese diabetic-severe combined immunodeficient (NOD-SCID) mice. Undifferentiated hiPSCs were
cocultured with human dermal fibroblasts at a ratio of 2:100 with or without orlistat for 72 h and then sub-
cutaneously transplanted into NOD-SCID mice. Pretreatment with orlistat prevented teratoma formation
8 weeks after transplantation (Figures 4F—4H).

DISCUSSION

In this study, we demonstrated that undifferentiated hPSCs express high levels of de novo FA synthesis en-
zymes relative to hiPSC-CMs. Inhibition of de novo FA synthesis induced apoptotic death of undifferenti-
ated hPSCs via a significant reduction in PC. De novo FA synthesis sustains proliferation by providing build-
ing material, whereas it is noteworthy that its inhibition induced cell death, not only cell-cycle arrest, in
undifferentiated hPSCs.

Metabolic signatures of hPSCs are known to be similar to those of cancer cells (Zhang et al., 2012).
Consistent with this dogma, de novo FA synthesis is activated not only in hPSCs but also in some cancer
types, including breast, renal, lung, and prostate (Menendez and Lupu, 2007). Therefore, FA synthesis has
been regarded as a drug target for these cancers. In cancer cells, several mechanisms of cell death
induced by inhibition of FA synthesis have been proposed, including p53-regulated metabolic stress,
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Figure 4. Orlistat Eliminates Undifferentiated Pluripotent Stem Cells and Prevents Teratoma Formation
(A) Viability of differentiated cells under 6 uM orlistat for 72 h. Live and dead cells were identified using calcein AM and
ethidium, respectively. Scale bars, 500 pm and 100 pm.
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Figure 4. Continued
(B) Selective elimination by orlistat of OCT4-positive undifferentiated hiPSCs (253G4) cocultured with hiPSC
(253G4)-CMs. Scale bar, 500 um.

(C) Quantification of OCT4-positive cells. Student's t test, n = 3.

(D) Schematic of neural differentiation using synthetic mRNAs.

(E) Representative images of hiPSC (201B7)-derived neurons treated with or without orlistat for 96 h. Scale bar, 500 pm.
(F-H) Assay of orlistat treatment using a mouse teratoma model. (F) Macroscopic (top) and microscopic (bottom)
overviews of teratomas. Dotted line and yellow arrow indicate tumor formation by control (cells without orlistat treatment)
and no tumor formation by orlistat treatment, respectively. Scale bar, 2 mm. (G) Representative images of teratoma
histology. Scale bar, 100 um. (H) Orlistat treatment prevents teratoma incidence (n = 5).

Data are presented as means + SD; *p < 0.05.

Cer accumulation, inhibition of anti-apoptotic proteins, and disturbance of membrane function, but
detailed mechanisms remain poorly understood (Menendez and Lupu, 2007). In this study, we demon-
strated that the apoptosis induced by inhibition of FASN in hPSCs was not mediated by p53-regulated
metabolic stress or Cer accumulation. Sterol regulatory element-binding transcription factor 1 (SREBF1)
regulates lipid metabolism including de novo FA synthesis in some cancer cells (Wu and Naar, 2019).
However, although SREBF1 is upregulated during somatic cell reprogramming, introduction of Srebf1
did not activate de novo FA synthesis-related genes in mouse induced pluripotent stem cells (Wu
et al., 2016). Instead, SREBF1 activated the expression of pluripotent genes by interacting with MYC
(Wu et al., 2016). Hence, inhibition of SREBF1 in hPSCs may influence the pluripotent state of the cells
instead of cytotoxicity.

Notably, detailed lipid profiling revealed that not only PC but also Cer and Cer1P were significantly
decreased by orlistat treatment. Although previous studies reported accumulation of Cer as the mech-
anism of cell death upon FASN inhibition, the observed decrease in Cer reported in the present study
was reasonable because de novo Cer synthesis requires palmitoyl-CoA as one of the substrates, which is
presumably decreased by the inhibition of FASN. We also found that PC supplementation increased the
survival of orlistat-treated hPSCs, but SL supplementation did not, suggesting that PC is a key metab-
olite for survival of hPSCs. As PC is an important factor in the maintenance of membrane function, de-
creases in PC induced cytochrome c release from mitochondria, leading to apoptotic hPSC death. It is
worth noting that that there was a trend that PC with relatively short fatty acyl chains were sensitive to
orlistat treatment compared with PC with longer fatty acyl chains. PC with different acyl chains has
distinct properties and affects membrane properties including curvature, charge, fluidity, and local archi-
tecture (Bi et al., 2019). In fact, PC is dynamically remodeled by lysophosphatidylcholine acyltransferases
(LPCAT). In intestinal stem cells, loss of LPCAT3 decreases the abundance of PC with saturated fatty acyl
chains, which ultimately results in increased cell proliferation (Wang et al., 2018). Alternatively, gain of
LPCAT1 increases saturated PC, leading to cell proliferation via activated epidermal growth factor recep-
tor signaling in non-small cell lung cancer (Bi et al., 2019). Meanwhile, our lipidomics revealed a differ-
ence in the degree of susceptibility to FASN inhibition in PC depending on the fatty acyl chains.
Although the consequence of altered LPCAT activity seems to be context dependent as described
earlier, FASN inhibition may alter membrane properties, and hence signaling pathway activities, that
affect cellular viability.

Here, we developed a method to selectively eliminate hPSCs from hPSC derivatives based on differences in
lipid metabolism. Although many methods have been reported to reduce hPSC contamination of hPSC de-
rivatives to realize safer regenerative medicine, a metabolic approach has several advantages in terms of
scalability, simplicity, and cost. We previously developed a method to eliminate residual undifferentiated
hPSC contamination of hPSC-CMs that exploited differences in glucose, lactate, and glutamine meta-
bolism (Tohyama et al., 2013, 2016). However, this method cannot be applied to hepatocytes, neurons,
and several other cell types because they cannot survive when depleted of glucose and glutamine even un-
der existence of lactate. In contrast, inhibiting FA synthesis did not affect the viability of differentiated car-
diomyocytes, neurons, and hepatocytes, suggesting that this approach can be applied elsewhere. It has
been reported that inhibition of stearoyl-CoA desaturase kills hPSCs via ER stress (Ben-David et al.,
2013; Li et al., 2017). Theoretically, inhibition of FASN, which acts upstream of stearoyl-CoA desaturase,
may also induce cell death by the same pathway. However, we did not observe an activation of the ER stress
response (Figure S3l), indicating that inhibition of FASN acts differently than inhibition of stearoyl-CoA
desaturase.
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Many clinical trials using hPSCs are underway. However, the risk of tumorigenicity is still one of the major
barriers to the clinical application of regenerative medicine. To date, glucose and amino acid metabolism
of hPSCs and their derivatives have been analyzed in detail and exploited to efficiently eliminate hPSCs
from hPSC derivatives (Shiraki et al., 2014; Tohyama et al., 2013, 2016). A deeper understanding of the
metabolic differences in lipid metabolism between hPSCs and their derivatives will contribute significantly
to the realization of safer regenerative medicine.

Limitations of the Study

Although the activation of reductive carboxylation pathway of glutamine upon FASN inhibition suggests
mitochondrial dysfunction, the mechanism linking FASN inhibition and mitochondrial dysfunction remains
unclear. Further work unveiling this missing link definitely will advance our knowledge about the role of
lipid metabolism in mitochondrial homeostasis. In addition, although we have demonstrated that FASN
inhibition can be rescued by supplementation of PC, its effect was modest compared with that of Pal.
Hence, we cannot exclude other underlying mechanisms leading to cell death following FASN inhibition.
Further studies will be required to uncover the role of de novo synthesized FAs in the wide variety of
lipids.

Resource Availability
Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Shugo Tohyama, Keio University (shugotohyama@keio.jp).
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Supplemental Figure Legends

Figure S1 Detailed Proteomics Data, Related to Figure 1

(A-E) Relative abundance of enzymes related to pentose phosphate pathway (A), serine synthesis
pathway (B), TCA cycle (C), FA oxidation (D) and oxidative phosphorylation (E) in hiPSCs (253G4)
(blue) and hiPSC (253G4)-CMs (red). Student’s t-test was performed for each protein (n = 3). Data

are presented as means = S.D. *p < 0.05.

Figure S2 Palmitic Acid Is Essential for the Survival of Undifferentiated hPSCs, Related to

Figure 2

(A) Representative AP staining image of hiPSCs (253G4) treated with FASN-IN-2 (left) or FT113
(right) and Pal (50 uM) for 24 h.

(B) Representative AP staining image of hiPSCs (253G4) treated with SB204990 and Pal (50 uM)
for 24 h.

(C) Representative western blot image showing phosphorylation of ACC (p-ACC) and ACLY (p-
ACLY) of hiPSCs (253G4) after 3 h of orlistat treatment.

(D) Stacked bar graphs showing relative change in total amount of citrate, and the percentage of
each labeled form (n = 3).

(E) Representative AP staining image of hiPSCs (253G4) treated with 2 mM citrate for 24 h.

(F) CE-MS of citrate in hiPSCs (253G4) after 3 h of 2 mM citrate treatment. Student’s t-test, n = 3.

(G) CE-MS of citrate in hiPSCs (253G4) after 3 h of 6 uM orlistat and 50 uM Pal treatment. The same
concentration of BSA (8.3 pM) was used as a control for Pal. One-way ANOVA with Dunnett’s
test was performed with orlistat (-) and Pal (-) as a control, n = 3.

(H) Western blotting image of lysine 27 acetylation on histone H3 (H3K27ac) in hiPSCs (253G4) after
12 h of 6 uM orlistat treatment, or 24 h of 10 mM acetate treatment.

() Representative image of immunocytochemistry for OCT4 and NANOG in hiPSCs (253G4) after
12 h of 6 uM orlistat treatment. Scale bar: 100 um.

(J) Flow cytometry analysis of TRA1-60 in hiPSCs (253G4) after 12 h of 6 uM orlistat treatment.

Data are presented as means + S.D. *p < 0.05.

Figure S3 Lipidomic Analysis, Exogenous Supplementation of Lipids, and Mechanism of Cell
Death, Related to Figure 3
(A) AP staining of hiPSCs (253G4) treated with orlistat and C16 Cer or C16 C1P for 24 h.



(B) AP staining of hiPSCs (253G4) after 24 h of FB1 treatment.

(C) LC-MS of phosphatidylethanolamine, phosphatidylinositol, and phosphatidylserine of hiPSCs
(253G4) after 3 h of 6 uM orlistat treatment, with or without 50 yM Pal. Data are normalized to
orlistat (-) Pal (-) as a control. One-way ANOVA with Dunnett’s test was performed with orlistat (-)
Pal (-) as a control (n = 3).

(D) LC-MS of PC in hiPSC (253G4)-CMs after 3 h of 6 uM orlistat treatment. Data are normalized to
controls. Numbers indicate carbon chain lengths followed by degree of desaturation. Student’s t-
test, n = 3.

(E) Representative western blotting image of cytochrome c¢ subcellular localization in hiPSCs
(253G4) treated with orlistat and Pal..

(F) Western blotting image of Bid in hiPSCs (253G4) treated with orlistat.

(G) Western blotting image of Noxa in hiPSCs (253G4) treated with orlistat.

(H) Representative western blotting image of cleaved caspase 3 in hiPSCs (253G4) treated with
orlistat and chicken egg PC.

(I) Representative western blotting quantification of ER stress response proteins in hiPSCs (253G4)
treated with orlistat. The positive control was comprised of 12 h, 3 yM thapsigargin (Tg) treatment.
XBP1s, spliced XBP1.

(J) Representative immunocytochemistry images of p53 in undifferentiated hiPSCs (253G4) after 12
h of 6 uM orlistat treatment. Scale bar: 200 um.

Data are presented as means £ S.D. *p < 0.05.

Figure S4 Immunofluorescent Staining of hiPSC-Derived Cells, Related to Figure 4
Representative immunocytochemistry images of hiPSC (253G4)-CMs, hepatocytes, and neurons.
Scale bar: 500 ym and 100 ym.



Transparent Methods

Ethics declarations
The Animal Care and Use Committee of Keio University approved all of the experimental procedures
and protocols. This work was conducted in line with the National Institutes of Health Guide for the

Care and Use of Laboratory Animals.

Mouse teratoma model

Male NOG mice (NOD/Shi-scid,IL-2RyKO Jic) aged 6 weeks were purchased from In-Vivo Science.
Three days prior to transplantation, 5x10% human dermal fibroblasts(neonatal) (Thermo Fisher
Scientific, C0045C) and 0.1x105 undifferentiated hiPSCs (253G4) were plated on 10-cm dishes with
StemFit medium, AS103C (Ajinomoto), with or without 6 M orlistat (Sigma, 04139-25MG). Upon
transplantation, cells were rinsed with D-PBS (FUJIFILM Wako Pure Chemical, 045-29795) and
incubated with Accutase (Thermo Fisher Scientific, A1110501) for 5 min at 37 °C. Cells were collected
with AS103C supplemented with Y-27632 (FUJIFILM Wako Pure Chemical, 034-24024) and
centrifuged for 4 min at 300 rcf. Cells were resuspended in diluted Matrigel (Corning, 354230).
Supplemented with Y-27632. Orlistat-treated and control cells were transplanted to left and right legs,
respectively, of isoflurane-anesthetized mice. Mice were euthanized 8 weeks after transplantation.
Tumors were resected and fixed in formaldehyde, followed by hematoxylin-eosin stating. Tumors

were observed microscopically by BZ-X710 (Keyence).

Cell lines
All cells were cultured in a humidified 5% CO:2 incubator at 37 °C and routinely tested for mycoplasma

contamination.

hPSCs

hiPSC lines (253G4, 201B7 and Ffl14) were provided by the Center for iPS Cell research and
Application, Kyoto University. hESCs line (H9) was provided by WIiCELL. The use of hESCs complied
with the Guidelines on the Distribution and Utilization of Human Embryonic Stem cells, Ministry of
Education, Culture, Sports, Science and Technology, Japan. The hPSCs were maintained with
modified StemFit medium, AS103C (Ajinomoto) (Tohyama et al., 2017). Cells were passaged every
4-7 d. Upon passage, cells were washed with D-PBS and incubated for 3 min with TrypLE Select
(Thermo Fisher Scientific, 12563-011) at 37 °C. Cells were collected with AS103C supplemented with



10 M Y-27632 and pelleted for 4 min at 300 rcf. Cells were resuspended and were counted using

Vi-CELL (Beckman Coulter). Cells were plated in dishes and plates coated with Matrigel.

hPSC-derived hepatocytes

hiPSC-derived hepatocytes (ReproCELL, RCDHOO01N) were purchased from ReproCELL and
cultured according to the manufacturer’s instructions. Briefly, 48-well plates were coated with Matrigel.
Hepatocytes were thawed at 37 °C and resuspended in ReproHepato Culture Medium (ReproCELL,
RCDH101), then pelleted for 5 min at 350 rcf. Cells were resuspended in ReproHepato Culture
Medium and replated at 1.8 x 105/well. Medium was changed on days 1, 3, and 5. On day 6, cells
were treated with 6 uM orlistat or vehicle control (0.05% dimethyl sulfoxide (DMSO) (Sigma, D250-
100ML)) in AS103C.

hPSC-derived neurons

hiPSC-derived neurons (ReproCELL, RCDNOO1N) were purchased from ReproCELL and cultured
according to the manufacturer’s instructions. Briefly, 48-well plates were coated with poly-L-lysine
solution (Sigma, P4832) followed by ReproNeuro Coat (ReproCELL, RCDN201). Neurons were
thawed in 37 °C water bath and resuspended in ReproNeuro Culture Medium (ReproCELL,
RCDN101), and pelleted for 5 min at 350 rcf. Cells were resuspended in ReproNeuro Culture Medium
and replated at 5.6x10%/well. Half of the medium was changed on day 3, 7, and 14. On day 14, cells
were treated with 6 uM orlistat or vehicle control (0.05% DMSO) in AS103C medium.

Human dermal fibroblasts

Human dermal fibroblasts (neonatal) (Thermo Fisher Scientific, C0045C) were purchased from
Thermo Fisher Scientific and were maintained with DMEM (Thermo Fisher Scientific, 11885076)
supplemented with 10% FBS (Biowest, S1560-500). Cells were passaged every 4-7 d. Upon passage,
cells were washed with D-PBS and incubated for 5 min with trypsin-EDTA solution (NACALAI
TESQUE, 35554-64) at 37 °C. Cells were collected with DMEM supplemented with 10% FBS and
pelleted for 4 min at 300 rcf. Cells were resuspended and counted using Vi-CELL. Cells were plated

in dishes coated with gelatin (Sigma, G9382).

Cardiomyocyte differentiation from hiPSCs
The hiPSCs were differentiated to cardiomyocytes as described in previous reports (Burridge et al.,

2014; Lian et al., 2013). Briefly, on day 0, cells were rinsed with D-PBS and incubated with RPMI-



1640 (FUJIFILM Wako Pure Chemical, 189-02025) supplemented with 2% B27 supplement without
insulin (Thermo Fisher Scientific, A1895601) and 6 pM CHIR99021 (FUJIFILM Wako Pure Chemical,
034-23103) for 1 day. On day 1, cells were rinsed with D-PBS and incubated with RPMI-1640
supplemented with B27 supplement without insulin. On day 3, cells were rinsed with D-PBS and
incubated with RPMI-1640 supplemented with B27 supplement without insulin and 5 yM IWR-1
(Sigma, 10161-25MG). On day 6, cells were rinsed with D-PBS and incubated with RPMI-1640
supplemented with B27 supplement without insulin. On day 7, cells were incubated with MEM-a
(Thermo Fisher Scientific, 12571-048) supplemented with 5% FBS (Biowest, S1560-500) and 2 mM
sodium pyruvate (Sigma, S8636-100ML). On day 12-14, cells were rinsed with D-PBS and incubated
for 5 min with trypsin-EDTA solution. Cells were collected with MEM-a supplemented as previously
described and were pelleted for 4 min at 300 rcf. Cells were resuspended and counted using Vi-CELL
(Beckman Coulter). Cells were plated in dishes coated with collagen type | (AGC TECHNO GLASS,
4020-010). After 2 d, culture medium was replaced to glucose and glutamine-free medium
supplemented with 4 mM lactate, StemFit medium AS501 (Ajinomoto) (Tohyama et al., 2016). After
4-7 d, culture medium was replaced by MEM-a, supplemented as previously described. Day 21 or

more cardiomyocytes were used for experiments.

Neural differentiation from hiPSCs using synthetic mRNAs

hiPSCs (201B7) were differentiated into neurons under feeder-free conditions in StemFit medium,
AKO2N (Ajinomoto) on laminin-511 (Nippi, 892011)-coated dishes. Neuronal induction was performed
by transfection with synthetic MRNA encoding NEUROGENIN2 as previously described (Goparaju et
al., 2017). In this experiment, the cells were cultured without a replating step so that undifferentiated
cells were remained on the dishes and coexisted with neural cells. The differentiating cells were
treated with orlistat for 4 days from day 3 post neuronal induction. For immunostaining, the cells were

fixed at day 7.

Proteomics

For undifferentiated hiPSCs, cells were rinsed with D-PBS and incubated for 3 min with TrypLE Select
in 37 °C. Cells were collected with ice-cold StemFit medium, AS103C, and centrifuged for 4 min at
300 rcf. Supernatant was aspirated and cells were resuspended in ice-cold D-PBS and centrifuged
for 4 min at 300 rcf. This procedure was repeated one more time. Following removal of supernatants,
cells were resuspended in D-PBS and centrifuged for 5 min at 500 rcf. Supernatant was aspirated

and cell pellets were stored at -80 °C and used for proteomic analysis.



For hiPSC-CMs, cell were incubated with prewarmed D-PBS for 3 min at 37 °C. D-PBS was aspirated
and cells were incubated with trypsin-EDTA for 5 min at 37 °C. Cells were collected with ice-cold
MEMa with 5% FBS and centrifuged for 4 min at 300 rcf. Following procedures were done in the
same way as that for undifferentiated hiPSCs and used for proteomic analysis.

Proteomic analysis was performed as previously reported (Matsumoto et al., 2017). Briefly, cell pellets
were lysed with 150 pL of 7 M urea (GE Healthcare, 17-1319-01), 2% SDS (Nippon Gene, 311-90271),
and 100 mM Tris-HCI, pH 8.8 (Nippon Gene, 311-90391) with sonication by a Bioruptor Il (Cosmobio,
BR2006A). An equal amount of ultrapure water was added, and sonication was repeated. After
centrifugation, the supernatant was used for further analysis. Protein concentrations were measured
by a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, 23225) according to the manufacturer’s
instructions. Two hundred-ug protein samples were used. Five pL 200 mM Tris-(2-
Carboxyethyl)phosphine hydrochloride (Thermo Fisher Scientific, T2556) solution and 5 yL 400 mM
2-iodoacetamide (Sigma, 8.04744) solution were sequentially added to the samples. Proteins were
purified by acetone precipitation and precipitates were resuspended in digestion solution (0.5 M
triethylammonium bicarbonate buffer (Sigma, T7408-100ML)). Lysyl endopeptidase (FUJIFILM Wako
Pure Chemical, 125-05061) solution was added and samples were incubated for 3 h at 37 °C. Four
Mg trypsin (Thermo Fisher Scientific, 20233) was added and samples were incubated for 3 h at 37 °C.
Four pg trypsin was added again and samples were incubated overnight at 37 °C. Protein
concentration was measured by Pierce BCA Protein Assay Kit and samples were lyophilized. Proteins
were labeled with mTRAQ reagent AO (AB Sciex, 4440015). Samples were lyophilized and stored at
-80 °C. Samples were reconstituted with 0.1% trifluoroacetic acid (Merck, 4.80112.2500) to obtain 1
pg/uL solution. Twenty pL of the solution, 4 pL RTM solution (1 yL MRMplus Retention Time Marker
(Funakoshi, FMR-002) and 199 uL 0.1% trifluoroacetic acid), 4 uL internal standard peptide solution
which contains synthetic peptides (Funakoshi and Genscript) labeled with mTRAQ reagent A4 (AB
Sciex, 4427698) after reductive alkylation, and 12 pL 0.1% trifluoroacetic acid (Merck, 4.80112.2500)
were mixed. The samples were subjected to reversed-phase liquid chromatography (Waters,
ACQUITY UPLC H-Class) followed by multiple reaction monitoring analysis (AB Sciex, QTRAP500).
The acquired data were analyzed with IMPAQT quant (Kyushu University) and R (R Foundation).

Immunocytochemistry
Cells were rinsed with D-PBS and fixed in 4% paraformaldehyde (Muto Pure Chemicals, 33111) for
15-20 min. Cells were treated with 0.1% Triton X-100 (Sigma, T9284) diluted in D-PBS for 5-15 min

and rinsed with D-PBS. Cells were treated with blocking solution of either ImmunoBlock (KAC,



CTKNOO1) or D-PBS with 2% BSA. Cells were treated with primary antibodies diluted in blocking
solution at dilutions recommended by manufacturers’ instructions at 4 °C overnight. Cells were rinsed
with D-BPS twice and were treated with secondary antibodies diluted in blocking solution at dilutions
recommended by manufacturer’s instructions at room temperature for 2 h. Cells were treated with 5
pg/mL Hoechst 33342 (Thermo Fisher Scientific, H3570) at room temperature for 1 hour or DAPI
(Dojindo, D523) at room temperature for 5 min. Cells were imaged using Axio Oberver D1 (Zeiss),
BZ-X710 (Keyence), or IX73 (Olympus) microscopes. The mouse monoclonal antibody against OCT4
was purchased from Santa Cruz Biotechnology. The rabbit polyclonal antibody against human
NANOG was purchased from ReproCELL. The rabbit polyclonal antibody against FASN was
purchased from abcam. The mouse monoclonal antibody against TnT was purchased from Thermo
Fisher Scientific. The rabbit monoclonal antibody against p53 and the rabbit monoclonal antibody
against BlIl Tub were purchased from Cell Signaling. The goat polyclonal antibody against hAlb was
purchased from Bethyl Laboratories. The mouse monoclonal antibody against Blll Tub was purchased
from Promega. Alexa Fluor 488-labeled anti-mouse 1gG, Alexa Fluor 546-labeled anti-mouse IgG,
Alexa Fluor 488-labeled anti-rabbit IgG, Alexa Fluor 546-labeled anti-rabbit IgG, and Alexa Fluor 488-

labeled anti-goat IgG were purchased from Thermo Fisher Scientific.

Western blotting

Cells were treated with indicated reagents or siRNA prior to preparation of samples, then lysed in cell
lysate solution (25% NuPAGE™ LDS Sample Buffer (4X) (Thermo Fisher Scientific, NP0007), 10%
NuPAGE™ Sample Reducing Agent (10X) (Thermo Fisher Scientific, NPO009), 65% ultrapure water,
1 tablet of PhoSTOP EASYpack (Roche, 4906837001), and 1 tablet of cOmplete™ ULTRA Tablets,
Mini, EASYpack Protease Inhibitor Cocktail (Roche, 5892970001)). Lysates were sonicated by an
ultrasonic disruptor (TOMY, UR-21P). Protein concentrations were measured by Qubit Protein Assay
Kit (Thermo Fisher Scientific, Q33211) and Qubit 3 fluorometer according to the manufacturer’s
instructions. Electrophoresis and transfer were done according to the manufacturer’s instructions.
Briefly, proteins were denatured for 10 min at 70 °C. Twenty ug of protein was loaded into each well
of a NuPAGE 4-12% Bis-Tris gel (Thermo Fisher Scientific, NP0321BOX). Subsequently,
electrophoresis was done by 200V for 35 min in NUPAGE MES SDS running buffer (Thermo Fisher
Scientific, NP0002). Transfer was done with iBlot2 PVDF mini Stacks (Thermo Fisher Scientific,
IB24002) and an iBlot™ 2 Gel Transfer Device (Thermo Fisher Scientific, IB21001) according to the
manufacturer’s instructions. Following transfer, membranes were stained with Ponceau-S (Beacle,
BCL-PSS-01) for 5 min and rinsed with 1% acetate (FUJIFILM Wako Pure Chemical, 017-00256) for



1-2 min. Membranes were imaged using an iBright FL1000 imaging system (Thermo Fisher Scientific).
Membranes were rinsed with TBS-T (TAKAR BIO, T9142) for 3 times 5 min each. Membranes were
blocked with Blocking One (NACALAI TESQUE, 03953) for 30 min and rinsed with ultrapure water.
Membranes were probed with primary antibodies diluted in TBS-T or TBS-T supplemented with 5%
BSA (FUJIFILM Wako Pure Chemical, 019-27051) overnight at 4 °C. Membranes were washed with
TBS-T for 3 times 5 min each and probed with secondary antibodies. For chemiluminescence,
membranes were probed with horse radish peroxidase-conjugated antibodies at 1:25,000 for 30 min,
then washed with TBS-T followed by ultrapure water. Proteins were imaged using ChemiLumi One
(NACALAI TESQUE, 07880-70), Pierce™ ECL Plus Western Blotting Substrate (Thermo Fisher
Scientific, 32132), or SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Fisher
Scientific, 34095) with LAS-3000 (FUJIFILM) or iBright FL1000. For fluorescence, membranes were
probed with fluorescent secondary antibodies at 1:10,000 for 30 min; membranes were washed three
times with TBS-T and imaged with iBright FL1000. The mouse monoclonal antibody against GAPDH
was purchased from Thermo Fisher Scientific. The rabbit monoclonal antibodies against p-ACC, ACC,
cleaved Caspase 3, and IRE1a and the rabbit polyclonal antibodies against p-ACLY, ACLY, and Bid
were purchased from Cell Signaling. The rabbit polyclonal antibodies against H3K27ac, Histone H3,
and XBP1; the rabbit monoclonal antibodies against Cyto C and p-IRE1; and the mouse monoclonal
antibody against Noxa were purchased from abcam. The mouse monoclonal antibody against Tom20
was purchased from Santa Cruz Biotechnology. The mouse monoclonal antibody against Lamin B1
was purchased from Proteintech. HRP-labeled anti-mouse 19G, HRP-labeled anti-rabbit 19G, and

Alexa Fluor 680-labeled anti-mouse IgG were purchased from Thermo Fisher Scientific.

FASN knockdown in hPSCs

Undifferentiated hiPSCs were transfected with 10 nM Ambion Silencer Negative Control siRNA
(Thermo Fisher Scientific, AM4611) or Ambion FASN siRNA (Thermo Fisher Scientific, s$5030) using
Lipofectamine™ RNAi MAX Transfection Reagent (Thermo Fisher Scientific, 13778030) and Opti-
MEM (Thermo Fisher Scientific, 31985070) according to the manufacturer’s instructions. The medium
was changed 24 h after transfection and cells were incubated for up to 48 h. Proliferation was

determined by measuring confluence by IncuCyte ZOOM (Essen Bioscience).

Alkaline phosphatase staining
Alkaline phosphatase (AP) staining was performed with Leukocyte AP Kit (Sigma, 86R-1KT)

according to the manufacturer’s instructions. In brief, cells were rinsed with D-PBS and fixed in 4%



paraformaldehyde at room temperature for 20 min and rinsed with ultrapure water. Cells were then
incubated with an alkaline-dye mixture at room temperature overnight. After staining, the dye was

removed, and cells were rinsed with ultrapure water.

Preparation of BSA-conjugated palmitic acid

BSA-conjugated palmitic acid (Pal) was prepared as described in previous reports (Hannah et al.,
2001) with modifications. In brief, Pal (FUJIFILM Wako Pure Chemical, 165-00102) was dissolved in
ethanol (FUJIFILM Wako Pure Chemical, 057-00456) and precipitated by adding NaOH (FUJIFILM
Wako Pure Chemical, 198-13765). The supernatant was evaporated under stream of nitrogen. The
precipitate was reconstituted with 0.9%w/v NaCl (FUJIFILM Wako Pure Chemical, 191-01665) and
10%wl/v fatty acid-free BSA (FUJIFILM Wako Pure Chemical, 017-15146) at a molecular ratio of 6:1.
The solution was adjusted to pH 7.0 with HCI (FUJIFILM Wako Pure Chemical, 080-01066).

LIVE/DEAD assay

The LIVE/DEAD assay (Thermo Fisher Scientific, L3224) )was performed according to the
manufacturer’s instructions. In brief, half of the culture medium was aspirated, calcein AM and
ethidium homodimer-1 dissolved in D-PBS were added to the medium, and cells were incubated at
37 °C for 30 min. Medium and D-PBS were changed to culture medium and cells were examined

using a microscope.

Capillary electrophoresis-mass spectrometry

Capillary electrophoresis time-of-flight mass spectrometry (CE-TOFMS) was performed as previously
described (Ohmura et al., 2015; Shiota et al., 2018; Yamamoto et al., 2014). Briefly, cells were rinsed
with D-PBS and cultured under the conditions described above for 3 h. Cells were rinsed with ice-
cold 5 % (w/v) mannitol (FUJIFILM Wako Pure Chemical, 137-00843) twice and collected with
methanol (FUJIFILM Wako Pure Chemical, 138-06473) that contained 300 mM methionine sulfone
and 300 mM 2-morpholinoethanesulfonic acid as internal and external standards, respectively. The
protocols of hydrophilic metabolites extraction, as well as the instrument specifications, and
measurement conditions were described previously (Koh et al., 2013). Briefly, metabolites were
extracted from cells with a extraction solvent [methanol:water:chloroform = 1:0.5:1 (v/v/v)]. The
extract was centrifuged at 20,000 x g and 4 °C for 15 minutes. The water and methanol layer was
filtered using a 5 kDa cut-off filter (UFC3LCCNB, Human Metabolome Technologies, Tsuruoka,

Japan). The filtrate was lyophilized and dissolved in deionized water containing 3-aminopyrrolidine



and trimesate (200 mM each) as reference compounds. Metabolites were analyzed using an Agilent
CE-TOFMS system equipped with an Agilent G7100A CE instrument, and an Agilent 6530 Q-TOF
LC/MS system (Agilent Technologies). Raw data were processed using MasterHands (Sugimoto et
al., 2010). The metabolites were identified by matching m/z and corrected migration times with those
in our standard library. The absolute concentration was quantified based on the ratio among peak

areas of each metabolite, internal, and external standard compounds.

Liquid chromatography-mass spectrometry
Cells were rinsed with D-PBS and then collected with 0.25 mM trypsin-EDTA followed by pelleting at

300 g for 4 min. Cell pellets were stored for further analysis.

Lipid preparation

A comprehensive lipid analysis was done as described previously (Shindou et al., 2017; Yamamoto
et al., 2018). Briefly, total lipids were extracted using the Bligh-Dyer method (Bligh and Dyer, 1959).
Anionic phospholipids (PLs) including phosphatidic acid, phosphatidylserine, phosphatidylinositol,
phosphatidylglycerol, lysophosphatidic acid, lysophosphatidylserine, lysophosphatidylinositol,
lysophosphatidylglycerol, C1P, sphinganine-1-phosphate, and sphingosine-1-phosphate were
condensed using a diethylaminoethyl-cellulose column (Santa Cruz Biotechnology) and subjected to
methylation by trimethylsilyldiazomethane (Kielkowska et al., 2014). Samples of the organic layer
were dried under a gentle stream of nitrogen and then dissolved in methanol for LC/MS/MS

measurements.

MS analyses of phospholipids

The samples were analyzed using an electrospray ionization- triple-stage quadrupole mass
spectrometer (TSQ Vantage AM, Thermo Fisher Scientific) interfaced with an UltiMate 3000 LC
system (Thermo Fisher Scientific). The samples were subjected to LC-ESI-MS/MS analysis using the
Waters X-Bridge C18 columns (3.5 pm, 150 mm x 1.0 mm i.d.). Samples were simply injected via the
HTC PAL autosampler (CTC Analytics), and the PL fractions were separated by a linear gradient
composed of different ratios of mobile phase A [isopropanol/methanol/water (5/1/4 viviv)
supplemented with 5 mM ammonium formate and 0.05% ammonium hydroxide (28% in water)] and
mobile phase B [isopropanol supplemented with 5 mM ammonium formate and 0.05% ammonium
hydroxide (28% in water)]. The linear gradient increased from 40% to 60% B in 1 min, from 60% to

80% B for the next 8 minutes, from 80% to 95% B during the next 2 min, and was then kept at 95%



B for 19 min with a flow rate of 25 yL/min and a column temperature of 25 °C. Lipid species were
measured using selected reaction monitoring (SRM) in the positive ion mode. Characteristic

fragments of individual lipids were detected via the product ion scan (MS/MS mode).

MS analyses of triacylglycerol

Analyses were performed on an LC/MS/MS system consisting of a Q-Exactive Plus mass
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with an electrospray ionization
(ESI) source and an UltiMate 3000 system (Thermo Fisher Scientific). Lipid samples were separated
using a Waters X-Bridge C18 column (3.5 um, 150 mm x 1.0 mm i.d.) at 40°C, and a linear gradient
composed of different ratios of mobile phase A [isopropanol/methanol/water (5/1/4 viviv)
supplemented with 5 mM ammonium formate and 0.05% ammonium hydroxide (28% in water)], and
mobile phase B [isopropanol supplemented with 5 mM ammonium formate and 0.05% ammonium
hydroxide (28% in water)]: ratios of 60/40% (0 min), 40/60% (1 min), 20/80% (9 min), 5/95% (11-30
min), 95/5% (31-35 min) and 60/40% (35-45 min). The flow rate was 25 pL/min. The source and ion
transfer parameters applied were as follows: spray voltage 4.0 kV. For positive ionization modes, the
sheath gas and the capillary temperature were maintained at 10 and 320 °C, respectively. The
Orbitrap mass analyzer was operated at a resolving power of 70,000 in full-scan mode (scan range
600-2000 m/z; automatic gain control (AGC) target 1e6) and of 17,500 in the Top 20 data-dependent
MS2 mode (stepped normalized collision energy 20, 30 and 40; isolation window 4.0 m/z; AGC target
1e5) with a dynamic exclusion setting of 10.0s. Identification of TAG molecular species was

performed using the LipidSearch4.2 software (Mitsui knowledge industry CO., LTD.).

Liposome preparation

Liposomes were prepared as previously described (Mendez and Banerjee, 2017; Szoka and
Papahadjopoulos, 1980). Briefly, lipids dissolved in chloroform (FUJIFILM Wako Pure Chemical, 038-
02606) were dried in a stream of nitrogen gas to form a lipid film. The film was reconstituted in medium
and sonicated with an ultrasonic bath (Branson, CPX2800H-J) to produce liposomes. One percent

penicillin-streptomycin (Thermo Fisher Scientific, 15140122) was supplemented to the medium.

Flow cytometry

Cells were rinsed with D-PBS and incubated for 3 min with TrypLE Select at 37 °C. Cells were
collected with AS103C and counted using Vi-CELL. They were then pelleted for 3 min at 300 rcf and
resuspended in D-PBS supplemented with 2% FBS. A total of 1 x 10° cells were aliquoted and



supplemented with 10 pL of primary antibodies conjugated with phycoerythrin for 30 min on ice. Cells
were rinsed with D-PBS and pelleted for 3 min at 300 rcf. They were then resuspended in D-PBS
supplemented with 2% FBS and analyzed with Gallios 2L6C (Beckman Coulter). PE-labeled Isotype
control antibody and PE-labeled antibody against TRA1-60 were purchased from Miltenyi Biotec.

Quantification and statistical analysis

All statistical analyses were carried out using SPSS (IBM) or GraphPad Prism (GraphPad). Values
are presented as means + S.D. Statistical significance was evaluated using the Student’s t-test for
comparisons between two groups and one-way ANOVA followed by Dunnett's multiple comparison
test for multiple comparisons between more than two groups unless otherwise specified. A value of p

< 0.05 was considered significant.
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