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SUMMARY
The selective survival advantage of culture-adapted human embryonic stem cells (hESCs) is a serious safety concern for their clinical

application. With a set of hESCs with various passage numbers, we observed that a subpopulation of hESCs at late passage numbers

was highly resistant to various cell death stimuli, such as YM155, a survivin inhibitor. Transcriptome analysis from YM155-sensitive

(YM155S) and YM155-resistant (YM155R) hESCs demonstrated that BCL2L1 was highly expressed in YM155R hESCs. By matching

the gene signature of YM155R hESCs with the Cancer Therapeutics Response Portal dataset, BH3 mimetics were predicted to selectively

ablate these cells. Indeed, short-course treatment with a sub-optimal dose of BH3 mimetics induced the spontaneous death of YM155R,

but not YM155S hESCs by disrupting the mitochondrial membrane potential. YM155S hESCs remained pluripotent following BH3 mi-

metics treatment. Therefore, the use of BH3 mimetics is a promising strategy to specifically eliminate hESCs with a selective survival

advantage.
INTRODUCTION

Genetic aberrations have been reported to arise in human

embryonic stem cells (hESCs) during in vitro culture (Baker

et al., 2007; Draper et al., 2004; Spits et al., 2008). These al-

terations are an important safety issue because their cause

and biological significance are uncertain. Although cells

differentiated from aneuploid hESCs give rise to tumors

in vivo (Moon et al., 2011; Werbowetski-Ogilvie et al.,

2009), the safety margins are unclear because genetic alter-

ations frequently occur in many chromosomal loci not

only of serially passaged human pluripotent stem cells

(hPSCs) (Andrews et al., 2017; International Stem Cell

Initiative et al., 2011) but also of human induced pluripo-

tent stem cells (hiPSCs) at early passage numbers (Mar-

tins-Taylor et al., 2011). Genetic alterations that arise

during repeated in vitro culture of hPSCs are frequently

associated with gain of BCL2L1, a typical anti-apoptotic

gene (International Stem Cell Initiative et al., 2011), and/

or loss of TP53, a well-known tumor suppressor gene (Mer-

kle et al., 2017). Both these changes are responsible for the

selective survival advantage of hPSCs (Andrews et al., 2017;

Avery et al., 2013), and such cells outnumber normal

hPSCs upon serial passage in standard culture conditions

(Andrews et al., 2017).

The genetic integrity of hESCs, which is crucial to pro-

duce normal progenies, is maintained by efficient DNA
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damage repair and high susceptibility to genotoxic stimuli

(Stambrook, 2007; Weissbein et al., 2014). In particular,

high sensitivity to genotoxic stress, leading to cell death

(or ‘‘high mitochondrial priming;’’ Liu et al., 2013) via

mitochondrial translocation of p53 (Kim et al., 2016; Lee

et al., 2013) and Golgi-localized active BCL2-associated X

(BAX) (Dumitru et al., 2012), was proposed to help main-

tain genetic stability by ablating genetically altered hESCs

(Liu et al., 2014). A subpopulation of hESCs that escape

from high mitochondrial priming due to a selective

survival advantage may acquire further mutations that

are undetected by the aforementioned surveillance system.

Hence, it is important to selectively remove or sequester

the subpopulation of hESCswith a selective survival advan-

tage to prevent the acquisition of additional harmful

genetic aberrations. In this regard, CD30 was identified as

a surface marker of transformed hPSCs (Herszfeld et al.,

2006), although this has since been disputed (Harrison

et al., 2009). A recent study demonstrated that hESCs

with trisomy 12 (T12) are more susceptible to several cyto-

toxic DNA replication inhibitors (Ben-David et al., 2014).

In addition, treatment with ABT-263, a BCL-xL inhibitor,

reduces the clonogenicity of hESCs that have acquired a se-

lective survival advantage due to genetic aberrations (such

as a 20q11.21 copy number variation) (Avery et al., 2013).

The risk of residual undifferentiated hPSCs forming tera-

tomas has been resolved by selectively inducing their death
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using small molecules (Ben-David et al., 2013) such as

YM155, a survivin inhibitor (Lee et al., 2013), recombinant

proteins (Tateno et al., 2015), suicide genes (Cho et al.,

2015), and other approaches (Cho et al., 2016) (briefly

summarized in a recent review; Jeong et al., 2017). How-

ever, no study has attempted to selectively remove hESCs

with genetic alterations, with the exception of a report

that screened a library of anti-cancer drugs (Ben-David

et al., 2014).

In this study, we used hESCs at various passage numbers

in which the size of the YM155-resistant (YM155R) sub-

population differed. Transcriptome analysis identified

BCL2L1 as an important factor for the selective survival

advantage of YM155R hESCs. In silico analysis based on

the Cancer Therapeutics Response Portal (CTRP) predicted

that BH3 mimetics would selectively induce the death of

YM155R hESCs. Importantly, treatment with BH3 mi-

metics efficiently induced the death of YM155R, but not

YM155-sensitive (YM155S), hESCs lines. YM155S hESCs

remained pluripotent after treatment with BH3 mimetics.

These findings suggest that the use of BCL-xL inhibitors

is a promising strategy to prevent genetic variation in

hESCs.
RESULTS

hESCs at Late PassageNumbers Are Resistant to YM155

We and others have reported that treatment with YM155,

a survivin inhibitor, selectively ablates undifferentiated

hPSCs and inhibits teratoma formation (Bedel et al.,

2017; Lee et al., 2013). However, surprisingly, a few

hESC colonies occasionally survived following treatment

with a relatively high concentration of YM155 (data not

shown), while others were eliminated as previously re-

ported (Kim et al., 2017; Lee et al., 2013). Since we

observed the complete elimination of the hESCs line

with YM155 (Lee et al., 2013), the same hESC clone has

been serially passaged for several years. Thus, we specu-

lated that the sensitivity of hESCs to YM155 might differ

according to the passage number. To investigate this, we

used hESCs (H9) at various passage numbers (passage

number 40s, P1; passage number 100s, P2; passage num-

ber 200s, P3; and passage number 300s, P4) (Figure S1A),

which expressed similar levels of POU5F1, SOX2, and

NANOG (Figure S1B). The subpopulation that survived

(Annexin� and 7AAD�) after YM155 treatment was

dramatically larger in P3 and P4 hESCs than in P1 and

P2 hESCs (Figure 1A). Similar results were obtained by

examining alkaline phosphatase activity after YM155

treatment (Figures 1B and S1C). The difference in sensi-

tivity to YM155 between P1 and P4 hESCs was confirmed

by immunoblotting (Figure S1D) and live-cell imaging of
YM155-treated GFP-expressing P1 (EGFP-P1) hESCs and

P4 hESCs (Figures S1E–S1G, Videos S1, S2, and S3). P4

hESCs exhibited T12 (Figure S1H), one of the most

frequent genomic aberrations in cultured hESCs (Baker

et al., 2007; Ben-David et al., 2014; Draper et al., 2004;

Lamm et al., 2016; Moon et al., 2011), and both P1 and

P4 hESCs formed teratomas (Figure S1I). However, consis-

tent with the previous finding that the number of OCT-4+

cells is high in teratomas formed by T12 hESCs (Ben-David

et al., 2014), the population of OCT-4+ cells was larger in

teratomas formed by P4 hESCs than in teratomas formed

by P1 hESCs (Figure S1J). hESCs adapt to in vitro culture

by acquiring genetic alterations in a passage-number-

dependent manner (Baker et al., 2007), and this adapta-

tion is highly associated with cell growth (International

Stem Cell Initiative et al., 2011) or a selective survival

advantage (Avery et al., 2013). The growth rates of

YM155R P3 and P4 hESCs were similar to that of

YM155S P1 hESCs (Figure S1K); therefore, we speculated

that P3 and P4 hESCs gain a survival advantage. The

gene signatures of P1 and P2 hESCs (YM155S group)

clearly differed from those of P3 and P4 hESCs (YM155R

group) (Figures 1C–1E). To examine significantly altered

pathways in P4 hESCs, we performed gene set enrichment

analysis (GSEA) with P4 hESC signature genes. In GSEA

with GO biological process (GOBP) gene sets, it appeared

that the various apoptotic signaling pathways were the

gene sets that P4 signature genes highly enriched (Figures

1F and 1G). Among 719 gene sets that P4 signatures

highly enriched, apoptotic signaling pathways were signif-

icantly concentrated (21/50, p = 0.0185, total = 4,436

GOBP gene sets, data not shown). Through gene network

analysis of the apoptosis hallmark gene set (see Supple-

mental Information), we found that BCL2L1, ANAXA1,

and PLAT were highly upregulated in the apoptosis hall-

mark gene set network (Figure 1H). This suggested that

the apoptosis process and related gene regulation signifi-

cantly differed between P1 and P4 hESCs.

YM155R hESCs Are Resistant to Other Stresses

Due to the clear differences in apoptosis-related gene sets

between P1 and P4 hESCs (Figures 1F–1H), we next exam-

ined whether YM155R hESCs were resistant to other

DNA-damaging stimuli, such as bleomycin (BNM) and

ionizing radiation (IR). P4 hESCs survived upon BNM

and IR treatment, while all P1 hESCs died (Figures 2A and

S2A). Given that hESCs are normally highly sensitive to

genotoxic stress (Liu et al., 2013; Smith et al., 2012), this

result suggests that P4 hESCs acquired a strong survival

advantage. In addition to genotoxic stimuli, P4 hESCs

were also resistant to dissociation-induced apoptosis (Oh-

gushi et al., 2010) (Figures S2B and S2C). Such a strong se-

lective survival advantage of YM155R hESCs would be
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Figure 1. hESCs at Late Passage Numbers Are Resistant to YM155
(A) P1, P2, P3, and P4 hESCs were exposed to 5 nM YM155 for 24 hr and stained with 7-AAD and FITC-Annexin-V antibody. The live and dead
cell populations were quantified through fluorescence-activated cell sorting analysis.
(B) The P1, P2, P3, and P4 hESCs were treated with 10 nM and 40 nM YM155 for 24 hr. The cells were stained with alkaline phosphatase (AP)
stain in order to visually show the live hESC population after YM155 treatment (n = 3 independent experiment; mean ± SEM).
(C) Cluster heatmap of a sample cluster showed that P1, P2 hESCs were clustered as YM155S and P3, P4 hESCs as YM155R.
(D) Principal component analysis was performed with P1, P2, P3, and P4 hESCs. P1 and P2 hESCs were clustered into the YM155S group
while P3 and P4 hESCs were clustered into the YM155R group.
(E) Gene distribution matrix analysis was performed and clustered to P1, P2 hESCs as one group and P3, P4 hESCs as the other group.
(F) GSEA of P4 hESCs signatures with hallmark gene sets in MSigDB. Only significantly enriched gene sets are represented as a heatmap. Sky
blue indicates the significance threshold (p = 0.05), and dark red indicates the dose of enrichment beyond the significance threshold.
(G) Gene sets for hallmark of apoptosis and the apoptotic signaling pathway (left) and heatmap of differentially expressed genes of the
apoptosis-related gene set (right).
(H) Undirected network of the apoptosis hallmark gene set with P4 hESC gene expression. To represent the change of gene expression, the
fold-change (P4/P1, logged) level has been added in red (upregulation) or green (downregulation) to the only genes (nodes) that altered
by at least 1.5-fold.
problematic because a clone resistant to various stresses

due to genetic alterations would readily become dominant

upon serial passage. To confirm this with a competitive

proliferation assay (Cha et al., 2017), we mixed equal

numbers of EGFP-P1 and P4 hESCs and cultured them un-

der standard conditions. P4 hESCs outnumbered EGFP-P1

hESCs even after one passage (Figure 2B), despite these cells
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having similar growth rates (Figure S1K). Consistently,

treatment with Y-27632, a chemical inhibitor of Rho-asso-

ciated protein kinase (ROCK), which inhibits dissociation-

induced apoptosis (Watanabe et al., 2007), significantly

prevented the outnumbering of EGFP-P1 hESCs by P4

hESCs upon serial passage (Figure 2C). This suggests that

a difference in susceptibility to dissociation-induced



Figure 2. YM155R hESCs Are Resistant to Other Stresses
(A) Quantified amounts of live and dead cell populations were analyzed through fluorescence-activated cell sorting (FACS) after treatment
with 10 eg/mL bleomycin (BNM) and 1 Gy of ionizing radiation (IR) on P1 and P4 hESCs. Cells were stained with both Annexin-V and 7-AAD
(n = 3 independent experiments; mean ± SEM; Student’s t test; ***p < 0.001).
(B) Competition assay was performed with EGFP-P1 and P4. Each population was quantified through FACS before and after passaging.
(C) EGFP-P1 and P4 cells were mixed and treated with 10 mM Y-27632 at every passage. Population of both EGFP-P1 and P4 hESCs was
quantified for every passage by FACS analysis.
(D) P1 and P4 hESCs were treated with etoposide (ETO, 20, 50, and 100 nM) for 24 hr and the live-cell population was quantified through an
Annexin-V apoptosis detection assay. Quantified amounts of live-cell population are shown (n = 3 independent experiments; mean ± SEM).
(E) JC-1 MMP assay was performed with P1 and P4 hESCs after etoposide treatment. Each population was quantified through FACS analysis.
apoptosis would be one of factors leading to outnumbering

of P4 hESCs.

DNA replication inhibitors, including etoposide, selec-

tively induce the death of hESCs with T12 (Ben-David

et al., 2014). Hence, we investigated whether etopo-

side could abrogate the selective survival advantage of

YM155R hESCs (especially P4 hESCs with T12). Unexpect-
edly, P4 and P3 hESCswere resistant to etoposide, unlike P1

hESCs (Figures 2D and S2D). Chemotherapeutic agents

that induce DNA damage, including etoposide, BNM, and

IR, trigger apoptosis by disrupting themitochondrial mem-

brane potential (MMP) (Galluzzi et al., 2006), which can be

stabilized by the BCL2 family of proteins (Youle and

Strasser, 2008). Consistent with the resistance of YM155R
Stem Cell Reports j Vol. 11 j 1244–1256 j November 13, 2018 1247



Figure 3. BCL2L1 Expression Is Induced in
YM155R hESCs
(A) PCR array based on human apoptosis-
related genes was performed with P1 and P4
hESCs. Anti-apoptotic and pro-apoptotic
genes were sorted, and each gene profile was
determined between P1 and P4 hESCs.
(B) RT-qPCR analysis was performed with P1,
P2, P3, and P4 hESCs in order to compare the
BCL2L1 mRNA expression (n = 4 independent
experiments; mean ± SEM, *p < 0.05, **p <
0.01).
(C) Immunoblotting assay showed the rela-
tive Bcl-xL protein expression between P1,
P2, P3, and P4 hESCs. b-actin was used as a
protein loading control.
(D) P3 hESCs were exposed to the indicated
concentrations of YM155 (0, 25, and 50 nM)
for 24 hr and the surviving population
was stained with Bcl-xL antibody in order to
quantify the relative Bcl-xL expression level
in the YM155-surviving population.
hESCs to etoposide, BNM, and IR (Figures S2A, 2D, and 2E),

the MMP, as determined by JC-1 staining, remained stable

upon etoposide treatment in P3 hESCs but not in P1 hESCs

(Figure S2E), suggesting that high resistance toward che-

motherapeutics and YM155 in YM155R hESCs results

from stabilization of MMP.

BCL2L1 Expression Is Induced in YM155R hESCs

To explain the resistance of YM155R hESCs to cell death

stimuli, we performed gene network analysis from the

gene sets related to ‘‘DNA-damaging drug metabolism

and resistance’’ of differentially expressed genes in P4

hESCs and found that BCL2L1 was upregulated in such

gene networks (Figure S3), suggesting that BCL2L1 may

be involved in the resistance to DNA-damaging drugs

and YM155 in P4 hESCs. To confirm such prediction, a

PCR array was performed comparing the expression levels
1248 Stem Cell Reports j Vol. 11 j 1244–1256 j November 13, 2018
of pro- and anti-apoptotic genes between P1 and P4

hESCs. Consistently, expression of BCL2L1, which en-

codes the anti-apoptotic protein BCL-xL, was significantly

induced in P4 hESCs, whereas expression of several pro-

apoptotic genes was significantly attenuated (Figure 3A).

Given that BCL2L1 has already been demonstrated to

contribute to the selective survival advantage (Avery

et al., 2013) or culture adaptation (International Stem

Cell Initiative et al., 2011) of hESCs, we compared its

expression level between YM155S and YM155R hESCs.

Consistently, expression of BCL2L1 (Figure 3B) and

BCL-xL (Figure 3C) was significantly upregulated in

YM155R hESCs. Furthermore, expression of BCL-xL in

the surviving subpopulation of P3 hESCs significantly

increased as the concentration of YM155 increased,

implying that high expression of BCL-xL underlies the

resistance of YM155R hESCs (Figure 3D).



Figure 4. Prediction of Compounds that Selectively Target YM155R hESCs Using the CTRP
(A) The scheme of the drug prediction. Pearson correlation coefficients were used for the pattern matching of signature gene expression
and the CTRP dataset.
(B) The correlation scores of all drugs for YM155R-hESC effective compound prediction (boxplot). Partial BH3 mimetics (red
circles) showed significantly high correlation scores. In contrast, DNA-damaging drug classes (blue and dark blue circles) were poorly
correlated.
Prediction of Compounds that Selectively Target

YM155R hESCs Using the CTRP

A set of compounds was recently found to selectively

induce the death of therapy-resistant cancer cells by

matching the gene signature of the target cells with the

CTRP database (https://portals.broadinstitute.org/ctrp/)

(Viswanathan et al., 2017). Similarly, we applied the

gene signatures of YM155S and YM155R hESCs to the

CTRP dataset in an attempt to identify compounds that

target these cells. Using an algorithm that we developed

(see Supplemental Experimental Procedures, Figure 4A),

BH3 mimetics, such as ABT-737, ABT-263, and a mixture

thereof, which target the BCL2 family of proteins, were

predicted to specifically target YM155R hESCs (Figure 4B).

Although histone deacetylase and microtubule inhibitors

were also listed as candidate drugs, they were similarly pre-

dicted to target randomly selected cells (data not shown).

DNA damage inducers, such as DNA alkylators and topo-

isomerase inhibitors, which were not effective against

YM155R hESCs (Figure 2), were predicted to be rather

resistant to YM155R hESCs (Figure 4B) as shown in

Figure 2.
Targeting BCL-xL with Chemical Inhibitors

Selectively Induces the Death of YM155R hESCs

When the survival of cancer cells is completely dependent

on a certain highly expressed survival factor (referred to as

oncogenic addiction), this factor is an optimal druggable

target to selectively induce the death of these cells (referred

to as oncogenic shock) (Sharma and Settleman, 2007).

Because P4 hESCs were predicted to be sensitive to BH3

mimetics (Figure 4), we hypothesized that interference in

the anti-apoptotic function of BCL-xL, which may be

closely associated with the selective survival advantage of

YM155R hESCs, by BH3 mimetics would selectively trigger

the death of these cells. To test this, we determined the sen-

sitivities of YM155R and YM155S hESCs to ABT-263 and

ABT-737, which are BH3 mimetic inhibitors of BCL-2 and

BCL-xL (Tse et al., 2008). As predicted (Figure 4), treatment

with ABT-263 (Figures 5A and 5B) or ABT-737 (Figures S4A–

S4C) induced the death of P3 and P4hESCs in a dose-depen-

dent manner, whereas P2 hESCs were less sensitive. Simi-

larly, treatment with ABT-263 induced the death of P4, but

not EGFP-P1, hESCs in a time-dependent (Figure 5C and

Videos S4 and S5) and dose-dependent (Figure 5D) manner.
Stem Cell Reports j Vol. 11 j 1244–1256 j November 13, 2018 1249
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High mitochondrial priming (i.e., prompt cell death via

the mitochondrial pathway partly due to constitutively

active BAX localized at the Golgi complex, Dumitru et al.,

2012; or mitochondrial translocation of p53, Lee et al.,

2013) upon exposure to genotoxic stimuli, a typical feature

of hPSCs compared with differentiated cells (Liu et al.,

2013), was remarkably attenuated in YM155R hESCs (Fig-

ure 2F). This may be due to dramatic induction of the

anti-apoptotic protein BCL-xL (Figure 3). Hence, inhibition

of BCL-xL via treatment with a sub-optimal dose of BH3

mimetics was predicted to restore high mitochondrial

priming because a similar level of active BAX remained

localized at the Golgi in P1 and P3 hESCs (Figures S4D

and S4E). As expected, treatment with BH3 mimetics

clearly destabilized the MMP in P3, but not in P1, hESCs,

while etoposide treatment destabilized the MMP in P1

hESCs (Figure 5E). ABT-263 and ABT-737 do not specifically

target BCL-xL. Therefore, we next used WEHI-539, a selec-

tive BCL-xL inhibitor (Lessene et al., 2013), to confirm that

YM155R hESCs were highly sensitive to BCL-xL inhibition.

P3 hESCs were more sensitive to WEHI-539 than P1 hESCs

(Figure 5F). To confirm these findings in another set of

hESCs, we usedCHA3-hESCs (Moon et al., 2011) at an early

passage number (P67: CHA3), which have a normal karyo-

type, and those at a late passage number (P328: CHA3-T12),

which have T12 (Figure S4F) (Moon et al., 2011). Consis-

tently, CHA3-T12 hESCs were resistant to YM155, whereas

CHA3 hESCs were not (Figure 5G). In addition, CHA3-T12

hESCs showed higher BCL2L1 expression than that of

CHA3 hESCs (Figure S4G). Treatment with a relatively

high concentration of ABT-263 selectively induced the

death of CHA3-T12 hESCs (Figures 5H and S4H). For

further confirmation, we used a pair of BJ-iPSCs, with

different passage number (passage 35, P35; passage 156,

P156). As expected, long-term BJ-iPSCs (P165) showed tri-

somy in chromosome 12 (hereafter BJ-iPSC-T12) (Fig-

ure S4I), resistance to YM155 treatment (Figure S4J), and

high BCL2L1 expression (Figure S4K). BJ-iPSC-T12 with

‘‘survival advantage’’ (or resistance to YM155) (Figures 1

and 2), similar as those of YM155R hESCs and CHA3-T12

(Figure 5G), were more sensitive to ABT-263 than normal

control (Figure S4L). In order to next examine whether

high sensitivity to ABT-263 occurs in other chromosome al-

terations, we took advantage of H9 hESCs with duplication

mutations in chromosome 1 between 1q.11 and 1q.44 loci

(H9-D1 [or D1], Figure S5A). As D1 was highly sensitive to

YM155, similar to P1 hESCs but unlike P4 hESCs (Figures

S5B and S5C), we assumed that duplication mutation in

chromosome 1 did not confer survival advantage. D1

hESCs were not sensitive to ABT-263 unlike P4 hESCs (Fig-

ures S5D and S5E), suggesting that high sensitivity to ABT-

263 is associated with the survival advantage acquired dur-

ing culture adaptation.
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A BCL-xL Inhibitor Selectively Ablates YM155R hESCs

in Co-culture with YM155S hESCs

The high sensitivity of YM155R hESCs to BCL-xL inhibitors

may enable these cells to be selectively removed without

markedly damaging YM155S hESCs. To test this, P4 hESCs

that had been pre-stainedwithCDy1, a selective fluorescent

probe for hESCs (Cho et al., 2016; Im et al., 2010), were

mixed with P2 hESCs, and then the mixed culture was

exposed to a sub-optimal dose of ABT-263. Active caspase-

3 was detected in CDy1+ P4 hESCs, but not in CDy1- P2

hESCs, implying that ABT-263 selectively induced the death

of P4 hESCs in a mixed culture (Figure 6A). To exclude the

possibility that CDy1 had an off-target effect on the sensi-

tivity of P4 hESCs to ABT-263, unlabeled P4 hESCs were

mixed with EGFP-P1 hESCs, and then the mixed culture

was treated with a sub-optimal dose of ABT-263. P4 hESCs

rapidly died, while the majority of EGFP-P1 hESCs survived

(Figure 6B and Video S6). Thus, in amixed culture of P1 and

P4hESCs, the former cells becamedominant after treatment

with a sub-optimal dose of ABT-263 (Figure 6C), while the

latter cells were dominant in standard culture conditions

(Figure 2C). Similarly, WEHI-539 treatment triggered the

death of P4, but not EGFP-P1, hESCs (Figures 6D and 6E)

and eventually increased the population of P1 hESCs in

the mixed culture (Figure 6F).

Despite the high susceptibility of YM155R hESCs to

BCL-xL inhibitors (Figures 5 and 6), it was technically

challenging to completely eliminate these cells without

damaging YM155S hESCs because long-term exposure

to even a sub-optimal dose of BCL-xL inhibitors eventually

induced the death of YM155S hESCs (data not

shown). Hence, even after treatment with a sub-optimal

dose of ABT-263 to significantly reduce the population

of YM155R hESCs, residual YM155R hESCs eventually

outnumbered YM155S hESCs due to their high resis-

tance to dissociation-induced apoptosis. Consequently,

treatment with Y-27632 delayed this outnumbering

(Figure 6G).

P1 hESCs Remain Pluripotent after Exposure to

ABT-263

After treatment with BCL-xL inhibitors to selectively

reduce the population of YM155R hESCs, surviving

YM155S hESCs must remain pluripotent for further appli-

cations. To investigate this, P1 hESCs that survived after

exposure to ABT-263 were characterized. These cells ex-

pressed OCT4 and Lin-28A (Figure 7A) as well as POU5F1

and NANOG (Figure 7B), similar to non-treated P1 hESCs,

and exhibited alkaline phosphatase activity (Figure 7C).

Similarly, POU5F1 and SOX2 mRNA expression was main-

tained in normal BJ-iPSCs after ABT-263 treatment (Fig-

ure S6). These data imply that ABT-263 treatment does

not affect the pluripotency of hESCs. The induction of



Figure 5. Targeting BCL-xL with Chemical Inhibitors Selectively Induces the Death of YM155R hESCs
(A) Annexin-V, 7-AAD staining was applied after ABT-263 treatment of P2, P3, and P4 hESCs with at designated concentrations (0, 10, 20,
50, and 100 nM). Annexin-V-negative, 7-AAD-negative populations were quantified and plotted.
(B) Immunoblotting assay was performed for P2, P3, and P4 hESCs after ABT-263 treatment for 48 hr. Cleaved caspase-3 (Ccasp-3) was
blotted as a representative cell death marker protein, a-tubulin was used as a loading control.
(C) Time-lapse images were taken every 10 min in order to monitor morphological cell death in EGFP-P1 and P4 hESCs. Representative
images were selected.
(D) EGFP-P1 and P4 hESCs were treated with ABT-263 with designated concentrations for 48 hr. Annexin-V staining was applied after ABT-
263 treatment, and the viable cell population was quantified with FACS analysis (n = 3 independent experiments; mean ± SEM).
(E) JC-1 MMP analysis was performed after each drug treatment (ABT-263 50 nM, ABT-737 50 nM, etoposide 50 nM). MMP change was
quantified with FACS analysis after JC-1 staining.
(F) P1 and P4 hESCs were treated with designated concentrations of WEHI-539 and propidium iodide (PI) staining was applied in order
to quantify cell viability after drug treatment. The live-cell population was quantified through FACS (n = 3 independent experiments;
mean ± SEM).
(G) Phase contrast images of CHA3- and CHA3-T12 hESCs after YM155 treatment for 24 hr (scale bar, 200 mm). The live-cell population was
quantified with the Annexin-V apoptosis assay (n = 3 independent experiments; mean ± SEM).
(H) Cell viability of CHA3 and CHA3-T12 hESCs after ABT-263 treatment was quantified through Annexin-V assay. PI co-staining was used to
indicate the cell death population (n = 3 independent experiments; mean ± SEM).
ectoderm (NESTIN), mesoderm (MSX1), and endoderm

(AFP and SOX17)marker genes upon spontaneous differen-

tiation (Figure 7D) and the formation of teratomas

comprising all three-germ layers (Figure 7E) clearly indi-

cated that P1 hESCs remained pluripotent upon ABT-263

treatment.
DISCUSSION

While the risk of tumorigenicity from residual undifferen-

tiated hPSCs has been resolved by a variety of approaches

(Jeong et al., 2017), the safety of hPSCs with genetic aberra-

tions remains a serious concern (Cell Stem Cell Editorial
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Figure 6. A BCL-xL Inhibitor Selectively Ablates YM155R hESCs in Co-culture with YM155S hESCs
(A) Immunofluorescence cytochemistry (IFC) was performed on P2 and P4 co-culture conditions after 37.5 nM of ABT-263 treatment for
48 hr. CDy1 staining was used in order to indicate P4 hESCs, cleaved caspase-3 (Ccasp-3) was stained as a representative cell death marker
protein (scale bars, 20 mm).
(B) Time-lapse images were taken every 10 min under EGFP-P1 and P4 co-culture conditions after ABT-263 treatment (37.5 nM, 48 hr).
(C) The EGFP-P1 and P4 cell population was quantified before and after ABT-263 treatment. Each cell was exposed to 37.5 nM ABT-263 for
48 hr, and the surviving population recovered without ABT-263 for 5 days. Each cell population was quantified with FACS analysis (n = 3
independent experiments; mean ± SEM).
(D) WEHI-539 treatment was applied at 0, 0.5, 0.75, 1.0, and 2.0 mM for 40 hr and Annexin-V staining was used in order to quantify the cell
viability in EGFP-P1 and P4 mixed culture conditions. Annexin-V-positive populations (Annexin+) were plotted (right; n = 3 independent
experiments; mean ± SEM).
(E) Time-lapse image was taken every 10 min in EGFP-P1 and P4 mixed culture conditions after 1 mM WEHI-539 for 48 hr.
(F) The cell population was quantified before and after WEHI-539 treatment in EGFP-P1 and P4 mixed culture conditions. The cells were
treated with 1 mM WEHI-539 for 48 hr, and surviving cells recovered for 5 days. Each population was quantified with FACS analysis (n = 4
independent experiments; mean ± SEM, *p < 0.05).
(G) Treatment with 37.5 nM ABT-263 was applied to a co-culture of EGFP-P1 and P4 hESCs, and surviving cells recovered without drug
for 5 days. Thereafter, the cells were passaged with or without Y-27632 (10 mM). Each cell population was quantified with FACS
analysis.
Team, 2016).While unexpected geneticmutations in iPSCs

recently stopped a clinical trial for macular degeneration

(Mandai et al., 2017), the biological effects of hPSCs with

genetic alterations remain hugely uncertain (Andrews

et al., 2017). However, a selective survival advantage due
1252 Stem Cell Reports j Vol. 11 j 1244–1256 j November 13, 2018
to gain of BCL2L1 (Avery et al., 2013) and/or loss of TP53

(Merkle et al., 2017) allows these cells to escape cell death

from genotoxic stresses. Thus, hPSCs with a selective sur-

vival advantage must be ablated to prevent the acquisition

of further genetic abnormalities. In this line, CD30 was



Figure 7. P1 hESCs Remain Pluripotent after Exposure to ABT-263
(A) P1 and ABT-P1 hESCs were immuno-stained with pluripotency marker proteins (OCT4 and Lin-28A). Insets show the magnified images.
DAPI co-staining was used to indicate the nucleus (scale bars, 100 mm).
(B) RT-qPCR analysis was performed for human dermal fibroblasts (hDFs), P1 hESCs, and ABT-P1 hESCs in order to compare the expression of
pluripotency marker genes (POU5F1 and NANOG) (n = 3 independent experiments; mean ± SEM).
(C) Alkaline phosphatase (AP) staining assay was performed in order to check pluripotency between hDFs, P1 hESCs, and ABT-P1 hESCs
(scale bars, 500 mm).
(D) Three-germ-layer-specific marker gene expression was analyzed through RT-qPCR after spontaneous differentiation of P1 and
ABT-P1 hESCs (MSX1 for mesoderm, NESTIN for ectoderm, and SOX17 and AFP for endoderm marker genes; n = 3 independent experiments;
mean ± SEM).
(E) Teratoma formation assay was performed with ABT-P1 hESCs and representative three-germ layer tissues are shown. Teratoma tissues
were histologically analyzed after H&E staining, Masson’s trichrome staining, Alcian blue staining (scale bars, 50 mm).
suggested to be a surface marker of transformed hPSCs

(Herszfeld et al., 2006), and DNA replication inhibitors,

including etoposide, were shown to selectively induce the

death of hPSCs with T12 (Ben-David et al., 2014). However,

YM155R hESCs in this study did not highly express CD30
(data not shown), consistent with a previous report (Harri-

son et al., 2009), and were not sensitive to etoposide or

other genotoxic stimuli (Figure 2E).

Instead,wepredicted that BH3mimetics,whichwere pre-

viously shown to induce cell death in various hPSCmodels
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(Avery et al., 2013; Garcia et al., 2016; Lee et al., 2013),

would effectively ablate YM155R hESCs based on their

gene signatures and theCTRPdataset. Inparticular, survival

advantage from culturally adapted hESCs due to gain of

20q11.21 to induce BCL2L1 gene expression, was also abro-

gated by BH3mimetics (Avery et al., 2013). However, short-

course treatment with a sub-optimal dose of BH3 mimetics

selectively induced the death of three different hPSCs with

survival advantage (e.g., high resistance to YM155 treat-

ment) (Figures 5 and S4) by BCL2L1 gene expression (Fig-

ures 3, S4G, and S4K). On the contrary, hESCs without sur-

vival advantage (Figures S5B and S5C) were not sensitive to

BH3 mimetics (Figure S5E) despite genetic aberration on

chromosome 1 (Figure S5A). These results suggest that

hPSCs with survival advantage acquired by BCL2L1 expres-

sion would be more sensitive to BH3 mimetics. High mito-

chondrial priming normally occurs in hPSCs exposed to

genotoxic stimuli (Liu et al., 2013) via activation of the

pro-apoptotic machinery (Dumitru et al., 2012; Lee et al.,

2013; Liu et al., 2013), which is important to remove hESCs

withdamagedDNAand therebymaintaingenome integrity

(Weissbein et al., 2014). Inhibition of any anti-apoptotic

factors in the mitochondria, which are critical for the bal-

ance between cell death and survival, perturbs this fine

equilibrium and leads to cell death via the mitochondrial

pathway (Lee et al., 2013; Liu et al., 2014). In this regard,

hPSCswith induction ofBCL2L1, a frequent genetic aberra-

tion in long-term cultured hPSCs (International Stem Cell

Initiative et al., 2011) that was also observed in culturally

adapted hPSCs (or hPSCs with survival advantage), readily

escape high mitochondrial priming and become resistant

to genotoxic stimuli. Thus, inhibition of BCL-xL by treat-

ment with a sub-optimal dose of BH3 mimetics selectively

induced the death of YM155R hESCs (Figures 5 and 6). Un-

fortunately, as BH3 mimetics did not completely remove

YM155R hESCs, residual YM155R hESCs soon outnum-

bered YM155S hESCs once BH3 mimetics are withdrawn

in the culture. Treatment with Y-27632 to inhibit dissocia-

tion-induced apoptosis of YM155S hESCs merely delayed

this outnumbering (Figure 6G). Thus, identification of sur-

face markers of normal or culture-adapted hESCs (if any)

would be a more practical approach to minimize the risk

of acquisition of further genetic abnormalities as previously

suggested (Herszfeld et al., 2006). Nevertheless, this is an

important proof of concept thatwill assist the development

of a chemical approach to selectively enrich normal hPSCs.
EXPERIMENTAL PROCEDURES

All animal care and experimental procedures were performed un-

der the approval of the animal care committees in Konkuk Univer-

sity (IACUC # KU16203).
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CTRP Drug Prediction Based on Transcriptional

Signature
Drug sensitivity raw data were downloaded from CTRPv2 (https://

portals.broadinstitute.org/ctrp/). Drug sensitivity raw data were

processed for fitting growth inhibition curves using the nplr pack-

age in R. The profiles with poor data quality and the profiles of

compounds annotated as screening hits were removed. Drug sensi-

tivity was represented as the area under the curve of the fitted

response curve. For gene expression data of CTRP cell lines, RNA-

sequencing data were downloaded fromGenomic Data Commons

(GDC, https://gdc.cancer.gov/) and gene-wise standardization was

performed by median centering for drug prediction. Drug predic-

tion was performed based on pattern matching analysis of drug

sensitivity and signature genes expression as described previously

with some modifications (Viswanathan et al., 2017). We intro-

duced the expression signature score (ESS) to represent expression

values of signature genes as a single score; then we calculated the

correlations between the drug sensitivity of CTRP cell lines and

ESS of matched cells. We ranked the drugs that showed negative

correlations by correlation p values because the cell numbers tested

varied for each compound. The enrichment of the drug class of

candidate drugs was tested by the hypergeometric test.

Fluorescence-Based Competitive Proliferation Assay
Fluorescence-based competitive proliferation assay was performed

as described previously (Cha et al., 2017). Briefly, the same number

of GFP-expressing hESCs (EGFP-P1)weremixedwith P4 hESCs and

maintained under standard culture conditions with 10 mM

Y-27632. At each passage, the proportion of GFP+/GFP cells was

measured by flow cytometry.

JC-1 Mitochondrial Membrane Potential Assay
In order tomonitor theMMPhESCs before and after the drug treat-

ment, JC-1 dye was stained after each small-molecule treatment.

After staining with JC-1 dye, cells were analyzed and quantified

through fluorescence-activated cell sorting.

Apoptosis-Related Gene PCR Array
RNA fromP1 and P4 hESCswas isolated and cDNAwas synthesized

through reverse transcription following the manufacturer’s in-

structions (RT2 profiler PCR array system, Human Apoptosis PCR

Array, QIAGEN). After the gDNA elimination step, qPCR was per-

formed and quantified using the online analysis program.

Karyotyping
H9 (P1, P2, P3, and P4) andCHA3 hESCs (P67, CHA3; P328, CHA3-

T12) were incubated with 100 nM colcemid for 10 hr and were

then collected. The karyotypes were determined using a standard

G-banding procedure. A total of 20 (for CHA3) to 50 (for H9) meta-

phase cells for each type of cell line were examined. Chromosome

analyses followed the Standard and Guidelines for Clinical Ge-

netics Laboratories of the American College of Medical Genetics.

Statistical Analysis
The quantitative data are expressed as the mean values ± standard

error of the mean (SEM). Student’s paired t tests or one-way

https://portals.broadinstitute.org/ctrp/
https://portals.broadinstitute.org/ctrp/
https://gdc.cancer.gov/


ANOVAs were performed to analyze the statistical significance of

each response variable. Pre-specified comparisons between groups

were conducted (when appropriate) by Tukey’s post hoc test using

the SPSS program (Statistical Package for the Social Sciences,

version 17). p values less than 0.05 were considered statistically

significant.
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