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SUMMARY

Human pluripotent stem cells (hPSCs) frequently ac-
quire chromosomal aberrations such as aneuploidy
in culture. These aberrations progressively increase
over time and may compromise the properties and
clinical utility of the cells. The underlying mecha-
nisms that drive initial genomic instability and its
continued progression are largely unknown. Here,
we show that aneuploid hPSCs undergo DNA repli-
cation stress, resulting in defective chromosome
condensation and segregation. Aneuploid hPSCs
show altered levels of actin cytoskeletal genes
controlled by the transcription factor SRF, and over-
expression of SRF rescues impaired chromosome
condensation and segregation defects in aneuploid
hPSCs. Furthermore, SRF downregulation in diploid
hPSCs induces replication stress and perturbed
condensation similar to that seen in aneuploid cells.
Together, these results suggest that decreased
SRF expression induces replicative stress and chro-
mosomal condensation defects that underlie the
ongoing chromosomal instability seen in aneuploid
hPSCs. A similar mechanism may also operate dur-
ing initiation of instability in diploid cells.

INTRODUCTION

Human pluripotent stem cells (hPSCs) are commonly used in

basic research and hold great promise for regenerative medicine

based on their ability to differentiate to every cell type of the

human body and their extensive self-renewal capacity. The in-

definite self-renewal of hPSCs in vitro enables their prolonged

propagation in culture but poses major challenges to their

genome stability maintenance (reviewed in Weissbein et al.,

2014). hPSCs proliferate fast and have a unique cell-cycle profile

as well as aberrant cell-cycle checkpoints (Desmarais et al.,

2012; Filion et al., 2009; Weissbein et al., 2014).

During culture propagation, hPSCs tend to acquire both struc-

tural and numerical aberrations (reviewed in Lund et al., 2012;
STEM
Weissbein et al., 2014). Interestingly, numerical chromosomal

aberrations in hPSCs tend to result in the acquisition of defined

chromosomal aneuploidies. The typical changes are additional

copies of chromosomes 12, and 17 X similar to changes found

in germ cell tumors (Ben-David et al., 2011; Draper et al., 2004;

Mayshar et al., 2010). The rapid proliferation of hPSCs, their

inefficient cell-cycle checkpoints (Desmarais et al., 2012; Filion

et al., 2009; Weissbein et al., 2014), and their tendency toward

centrosomal amplification (Holubcová et al., 2011) suggest that

aneuploidy may be actively promoted in these cells by impaired

cell division mechanisms. While chromosomal aberrations are

presumed to occur randomly, giving rise to karyotypically

heterogeneous cultures (Peterson et al., 2008), only a few

prevail and eventually take over the culture. Unlike somatic

aneuploidies that often lead to altered metabolic properties

and defects in cell growth (reviewed in Gordon et al., 2012),

aneuploid hPSCs proliferate faster (Ben-David et al., 2014; Wer-

bowetski-Ogilvie et al., 2009), and spend more time in S-phase

(Ben-David et al., 2014) than their diploid counterparts. Karyo-

typic changes of chromosomes 12, and 17 confer hPSCs

with a tumorigenic capacity (Baker et al., 2007). Moreover, the

most common aberration in hPSCs, trisomy 12, induces pro-

found changes in global gene expression of hPSCs, resulting

in increased proliferation rate and tumorigenicity (Ben-David

et al., 2014; Yang et al., 2008). Although the chromosomal aber-

rations that arise in hPSC cultures have been extensively

described (Amps et al., 2011; Mayshar et al., 2010), the cellular

mechanisms underlying their generation and the tumorigenic po-

tential of hPSCs harboring recurrent aneuploidies remain largely

unknown.

Aneuploidy is a hallmark of cancer (reviewed in Gordon et al.,

2012). Aneuploidy in cancer can be induced by stress on DNA

replication (Burrell et al., 2013). Replication stress is character-

ized by increased numbers of stalled and collapsed replication

forks, leading to DNA damage. Onemechanism underlying repli-

cation-induced chromosomal instability is the formation of

anaphase bridges due to unreplicated or unresolved regions

that restrain chromosome segregation by creating a physical

link between sister chromatids (reviewed in Ozeri-Galai et al.,

2012). In somatic cells, incomplete DNA replication activates

checkpoints resulting in prolonged mitotic arrest to enable repli-

cation completion and damage repair. However, in hPSCs,

incomplete DNA replication fails to generate the single-stranded
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DNA regions necessary for checkpoint activation and repair initi-

ation (Desmarais et al., 2012). Recurrent hPSC aneuploidies lead

to increased proliferation and sensitivity to replication inhibitors

(Ben-David et al., 2014). This suggests that hPSCs, and particu-

larly aneuploid hPSCs, may be exceptionally vulnerable to repli-

cation stress. In addition to the hPSC-inherent deficiency in the

intra-S checkpoints (Filion et al., 2009; Weissbein et al., 2014),

the G2/M decatenation checkpoint is also deficient in these cells

(Damelin et al., 2005). This checkpoint delays entry into mitosis

until chromosomes have been detangled. Hence, in hPSCs,

uncondensed chromosomes are able to form mitotic spindles

and attempt anaphase separation of their entangled chromatids

(Damelin et al., 2005). Proper chromosome condensation

requires complete DNA replication (Gotoh, 2007). However, the

effect of replication stress on chromosome condensation in

hPSCs has yet to be studied.

Here we show that aneuploid hPSCs exhibit inherent per-

turbed DNA replication, resulting in a high prevalence of partially

condensed metaphase chromosomes and chromosomal segre-

gation errors. Moreover, our findings reveal that actin cytoskel-

eton impairment caused by reduced SRF levels underlies the

ongoing chromosomal instability in hPSCs.

RESULTS

Perturbed DNA Replication Dynamics in Aneuploid
hPSCs
We studied the replication dynamics in hPSCs with common an-

euploidies. We focused on hPSCswith the gain of chromosomes

17q or 12, which are highly recurrent in cultured hPSCs and pro-

vide a selective propagation advantage (Baker et al., 2007). We

investigated two pairs of diploid and trisomy-12-harboring

hPSCs derived and cultured in the same laboratory using the

same culture conditions: CSES10 and CSES22 (pair 1) (Ben-

David et al., 2014; Biancotti et al., 2010) and HUES9 and

HUES7 (pair 2) (Cowan et al., 2004). We validated that CSES10

and HUES9 exhibit normal karyotypes; CSES22 harbors trisomy

12 (hereafter referred to as T12-hPSCs); and HUES7 harbors tri-

somy of both chromosomes 12 and 17 (hereafter referred to as

T12+17-hPSCs), which is commonly present in hPSCs (Baker

et al., 2007; Draper et al., 2004; Mayshar et al., 2010). The repli-

cation dynamics was studied using the DNA combing approach

(Figure 1A). First, we analyzed the DNA replication fork rate (Fig-

ures 1B–1D), which showed a significant increase in the percent-

age of very slow forks (0.75 kb/min and below) in T12-hPSCs and

T12+17-hPSCs compared to their diploid counterparts (Figures

1B and 1C). The average replication rate of the two aneuploid

hPSC lines was significantly lower than that of the two diploid

counterparts (Figure 1D).

Slow fork progression leads to activation of additional origins

to enable the completion of DNA replication (Ge et al., 2007).

Hence, we studied origin density in diploid and in aneuploid

hPSCs by measuring the distance between two sister forks

(see Supplemental Experimental Procedures). This analysis

showed a significant increase in the fraction of DNA fibers with

a very short fork distance (100 kb and below) in aneuploid hPSCs

compared to their diploid counterparts (Figures 1E and 1F).

Furthermore, the average fork distance was significantly lower

in aneuploid than in diploid hPSCs (Figure 1G). All together, our
STEM 1879
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results show that the replication dynamics was perturbed in

aneuploid hPSCs that had common chromosomal aberrations.

Impaired Metaphase Chromosome Condensation in
Aneuploid hPSCs
Replication stress leads to gaps, constrictions, and local pertur-

bations in chromosome condensation. Therefore, we studied the

effect of the replication stress on chromosome condensation in

aneuploid hPSCs. To our surprise, even after a long colcemid-

induced metaphase arrest, metaphase spreads of hPSCs

showed partially condensed entangled chromosomes in addi-

tion to the expected local condensation perturbations (Figures

2A and S1). Chromosome condensation in hPSCs ranged from

fully condensed chromosomes to long and less compact chro-

mosomes to fully entangled chromosomes. We classified the

chromosomes into four groups according to their degree of

condensation (1 represents normally condensed metaphases

and 4 corresponds to fully entangled metaphases) (Figures 2A

and S1). First, we studied the prevalence of condensation pertur-

bations under normal conditions by analyzing the frequency of

each subgroup in three aneuploid hPSCs (T12, T17, and

T12+17), eight diploid hPSCs (both hESCs and iPSCs), and the

following four diploid somatic cell lines: fibroblasts (BJ), epithelial

cells (RPE and HCT116), and lymphocytes (GM07027). On

average, �95% of the metaphases from diploid somatic cells

were scored in group 1, whereas only <5% were partially

condensed (group 2). No entangled chromosomes were identi-

fied (groups 3 and 4) (Figures 2B and S2). In diploid hPSC meta-

phases, �80% showed normal condensation (group 1), 10%

were scored in group 2, and 10% were scored in groups 3

and 4. Strikingly, in metaphases of the aneuploid hPSCs, only

37% showed normal condensation, whereas condensation 2

was the largest subgroup (55%). Groups 3 and 4 accounted

for �20% of the metaphases in aneuploid hPSCs (Figure 2B).

Next we examined whether perturbed condensation also

characterizes somatic trisomies. We analyzed two somatic cell

lines (HCT116 and RPE) harboring trisomy 5 and 21, respec-

tively. There was no significant difference between the aneuploid

somatic cells and their diploid counterparts (Figures S2A and

S2B). All together, these results show that perturbed condensa-

tion is extremely rare in both diploid and aneuploid somatic cells.

However, these defects are more frequent in diploid hPSCs and

are highly prevalent in aneuploid hPSCs, indicating that diploid

hPSCs have an inherent tendency toward condensation defects,

which is dramatically increased in aneuploid hPSCs. Proper

chromosome condensation requires complete DNA replication

(Gotoh, 2007). To investigate whether the high fraction of

partially condensed metaphases in aneuploid hPSCs is a result

of inherent replication stress, we used aphidicolin (APH), an in-

hibitor of DNA polymerase a and d, to induce replication stress

(Figures 2C and S2). APH treatment led to an increase in the

number of partially condensed metaphases in all cell lines (Fig-

ures 2C and S2) and was positively correlated with the extent

of APH-induced replication stress (Figures 2C and S2). However,

while in diploid somatic fibroblasts (BJs) only�17% of the meta-

phases were partially condensed even under severe replication

stress conditions (0.4 mM APH), in diploid and aneuploid hPSCs

under the same conditions, 60% and 80% of the metaphases

were partially condensed, respectively (Figure 2C). These results
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Figure 1. Perturbed Replication Dynamics in Aneuploid hPSCs

(A) Examples of single combed DNA molecules from diploid hPCSs and T12-hPSCs.

(B) Fork rate (kb/min) distribution. Light gray bars: diploid hPSCs (CSES10) (n = 111); dark gray bars: T12-hPSCs (CSES22) (n = 125) (p < 5 3 10�7).

(C) Fork rate (kb/min) distribution. Light gray bars: diploid hPSCs (HUES9) (n = 126); dark gray bars: T12+17-hPSCs (HUES7) (n = 132) (p < 2.1 3 10�8).

(D) Box plot with outliers of the average fork rate of four independent experiments. Diploid hPSC lines: average rate of four independent experiments,

two in CSES10 and two in HUES9 (n = 498); aneuploid hPSC lines: average rate of four independent experiments, two in CSES22 and two in HUES7 (n = 512)

(p < 7 3 10�6).

(E) Fork distance (kb) distribution. Light gray bars: diploid hPSCs (CSES10) (n = 67); dark gray bars: T12-hPSCs (CSES22) (n = 78) (p < 1.6 3 10�4).

(F) Fork distance (kb) distribution. Light gray bars: diploid hPSCs (HUES9) (n = 95); dark gray bars: T12+17-hPSCs (HUES7) (n = 81) (p < 4.1 3 10�4).

(G) Box plot with outliers of the average fork distance of four independent experiments. Diploid hPSC lines: average distance of four independent experiments,

two in CSES10 and two in HUES9 (n = 278); aneuploid hPSC lines: average distance of four independent experiments, two in CSES22 and two in HUES7 (n = 251)

(p < 1.2 3 10�4).
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indicate that chromosome condensation in hPSCs is highly sen-

sitive to replication stress. Notably, while under normal growth

conditions condensation defects in all four analyzed diploid so-

matic cell lines were rare, under induced replication stress, a

cell-type-specific sensitivity was found (Figures 2C and S2). In

addition, the analysis of somatic diploid cells and their trisomic

counterparts under stress conditions also did not show any

significant difference in the prevalence of partially condensed

metaphases (Figures S2A and S2B), indicating that the effect

of aneuploidy on chromosome condensation is a characteristic

feature of hPSCs.

Abnormal Anaphases and Genome Instability in
Aneuploid hPSCs
Replication stress and partially condensed metaphases result in

anaphase segregation errors characterized by anaphase bridges

and lagging chromosomes (Downes et al., 1994; Burrell et al.,

2013). Hence, we studied chromosome segregation in hPSCs.

Anaphases with bridges and/or lagging chromosomes were

defined as abnormal anaphases (Figure 2D). The analysis
STEM
showed that under normal conditions, abnormal anaphases

were significantly more frequent in hPSCs than in somatic cells

(Figure 2E). Moreover, there were significantly more abnormal

anaphases in aneuploid than in diploid hPSCs (Figure 2E), further

supporting the findings that aneuploid hPSCs experience repli-

cation stress that leads to perturbation of chromosome conden-

sation during metaphase.

If the identified characteristics of aneuploid cells are causal to

aneuploidy, one would expect that aneuploid cells would

become more aneuploid as these factors continue to act. In

fact, hPSCs with T12 or T17 often harbor additional aberrations

and become more aneuploid with time (Amps et al., 2011; Baker

et al., 2007). To further examine instability in aneuploid hPSCs,

six of our diploid hPSC cell lines were karyotyped. Only 4/140

karyotyped metaphases (2.9%) showed chromosomal aberra-

tions (Table S1). In contrast, three aneuploid hPSC lines

harboring trisomy 12 or 17 were highly unstable: in 25/74

(34%) analyzed metaphases, additional aberrations were pre-

sent (p < 0.0001) (Table S2). These data strongly support the

notion that aneuploid cells are highly unstable compared to their
1879
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Figure 2. Replication Stress in Aneuploid hPSCs Results in Impaired Chromosome Condensation and a High Rate of Segregation Errors

(A) Representative examples of the four condensation groups.

(B) Percentage of metaphases in each group. (Data are represented as mean ± SEM.) Diploid somatic cell lines: fibroblasts (BJ, immortalized foreskin fibroblast

cells, n = 115), epithelial cells (RPE, retinal pigment epithelial cells, n = 84), and lymphocytes (GM07027, lymphobalstoid cell line, n = 78). Diploid hPSC lines, five

diploidhESC lines (HUES9,CSES10,H9,CSES19,andCSES26), and twodiploidhiPSC lines (BJ-hiPSC28andBJ-hiPSC94) (n=598)are shown.Theaverage result

of all seven cell lines is shown. Aneuploid hPSC lines were HUES7, CSES22, and CSES8 (n = 280). The average result of the three aneuploid hPSC lines is shown.

(C) Percentage of metaphases in each condensation group under the indicated APH concentration. (Data are represented asmean ± SEM.) Diploid somatic cells:

BJ (n > 120 for each concentration); diploid hPSCs: HUES9 (n > 120 for each concentration); aneuploid hPSCs: HUES7 (n > 120 for each concentration).

(D) Representative examples of abnormal anaphases from HUES7 under normal culture conditions.

(E) Percentage of abnormal anaphases grown under normal conditions. (Data are represented as mean ± SEM.) Diploid somatic cell lines were BJ (n = 69), RPE

(n = 73), and GM07027 (n = 81). Diploid hPSC lines were HUES9 and CSES10 (n = 240). Aneuploid hPSC lines were HUES7 and CSES22 (n = 236). The results are

the average of the two lines. *p < 0.005, **p < 0.001.
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diploid counterparts and experience ongoing chromosomal

instability.

Reduced Expression of Actin Cytoskeleton Genes in
Aneuploid hPSCs
We next investigated the molecular basis of the marked pertur-

bations in DNA replication, chromosome condensation, and

segregation by comparing the global gene expression patterns

of diploid and aneuploid hPSCs. We compiled a database of

31 expression microarrays of diploid hPSCs from nine studies,

8 microarrays of aneuploid hPSCs with culture-acquired trisomy

12 from five studies, and 4 microarrays of aneuploid hPSCs with

culture-acquired trisomy 17 from four studies (Table S3). One of

the samples was from cells with trisomy 12 and 17, and another

was from cells with trisomies 12 and 3 (Table S3). Previous gene

expression analyses have focused on the effect of specific chro-

mosomal aberrations on global gene expression patterns (Ben-

David et al., 2014). In contrast, here we focused on the gene

expression changes that occur in culture-adapted aneuploid

hPSCs regardless of the specific aberration, since the replica-

tion, condensation, and segregation changes observed in

aneuploid hPSCs did not depend on the type of aberration (Fig-

ures 1 and 2).

We performed a gene set enrichment analysis (GSEA) with all

expressed genes to identify pathways that are perturbed in aneu-

ploid hPSCs. This analysis revealed that genes in the DNA repli-

cation and chromosome condensation pathways were among

themost downregulated groups of genes in the aneuploid hPSCs

(Figures 3A and 3B). We next subjected the lists of the 100 most

upregulated and the 100 most downregulated probe sets in

aneuploid hPSCs (compared to diploid hPSCs) to DAVID func-

tional annotation enrichment analysis. Importantly, probe sets

were required to be differentially expressed in both hPSCs with

trisomy 12 and 17 so that genes with altered expression in only

one type of aberration were excluded from the analysis (see

Experimental Procedures).Whereas the list of genes upregulated

in aneuploid hPSCs was not significantly enriched with any

cellular process, the list of genes downregulated in recurrent

aneuploid hPSCs was significantly enriched with actin cytoskel-

eton-related annotations (Figure 3C). The differentially expressed

genes in this group included several of the hallmark cytoskeleton

genes (Figure 3D). The actin cytoskeleton is highly important for

chromosome condensation and segregation during mitosis

(Gachet et al., 2001); therefore, its perturbation in aneuploid

hPSCs may underlie the phenotype observed in these cells.

We next performed a PRIMA analysis to identify transcription

factors whose binding sites were enriched in the list of the 100

most downregulated probe sets. The only significant enrichment

was found for the targets of the serum response factor (SRF)

transcription factor (Figure 3E). SRF controls transcription of

many cellular ‘‘immediate-early’’ genes whose expression is

activated by mitogenic stimuli such as serum and growth factor

addition (Esnault et al., 2014; Spencer et al., 1999). In line with its

role as a positive regulator, and the downregulation of its targets

in aneuploid hPSCs, we found SRF itself to be downregulated in

hPSCs with either trisomy 12 or trisomy 17 (Figure S3A).

Next, we validated SRF downregulation in T12 and T12+17-

hPSCs by RT-qPCR. Both cell lines displayed a significant

reduction in their SRF expression level compared to diploid
STEM
cell lines (Figure 3F). Western blot analysis showed also a reduc-

tion in the SRF protein level (Figure 3G). Next, using RT-qPCR,

we confirmed the expression levels of several actin cytoskeletal

genes that are SRF targets and were significantly downregulated

in the microarray data. Consistent with the reduced SRF levels

found in T12 and T12+17-hPSCs, we found a significant reduc-

tion in SRF-targeted actin cytoskeletal genes in both cell lines

(Figures 3H and S3B).

SRF regulates genes via combinatorial interaction with addi-

tional transcription factors, cofactors, and signaling pathways.

We next studied the expression level of additional known targets

of SRF involved in different SRF-controlled pathways (Esnault

et al., 2014) in diploid and aneuploid hPSCs. Only two pathways

were significantly (p < 0.01) downregulated in aneuploid hPSCs:

the ‘‘associated with F-actin and actomyosin’’ and the ‘‘focal

adhesion’’ pathways, both related to the actin cytoskeleton

(Table S4). These results indicate that not all SRF targets are

equally sensitive to a reduction in its expression.

SRF Overexpression Rescues Impaired Metaphase
Chromosome Condensation and Abnormal Anaphases
in Aneuploid hPSCs
Next, we studied whether SRF overexpression in aneuploid

hPSCs was sufficient to rescue the impaired chromosome

condensation and segregation perturbations. We stably trans-

fected T12-hPSCs with an SRF plasmid. SRF protein levels

were measured, and two clones showing significant increased

SRF levels were selected for further analysis (Figure 3I). SRF

overexpression in these aneuploid hPSCs led to a significant

decrease in the prevalence of impaired chromosome condensa-

tion (Figure 3G). Importantly, in the SRF-overexpressing aneu-

ploid hPSCs, the prevalence of perturbed condensation was

significantly reduced (p < 0.01) and reached levels similar to

those found in diploid hPSCs. Similarly, the prevalence of

abnormal anaphases was significantly reduced following SRF

overexpression (Figures S3C and S3D). These results show

that SRF overexpression is sufficient to significantly rescue the

abnormal phenotype of aneuploid hPSCs.

Downregulation of SRF Leads to Replication Stress and
Impaired Metaphase Chromosome Condensation in
Diploid hPSCs
We then studied whether reduced SRF expression is sufficient to

induce replication stress and perturbation in chromosome

condensation. We transfected diploid hPSCs with siRNA smart

pool against SRF. Western blot analysis showed an �50%

reduction in the SRF levels (Figure S4A). SRF downregulation

led to a significant reduction in the average fork rate and distance

(Figures 4A and 4B and S4B and S4C). Subsequently we treated

diploid hPSCs with APH for 24 hr and found that APH did not

affect SRF protein levels (Figure S4D), indicating that replication

stress was not the initiating event leading to insufficient SRF.

Last, we studied the effect of SRF downregulation on chromo-

some condensation. Analysis of metaphase spreads revealed a

significant increase in the percentage of partially condensed

metaphases in SRF-siRNA-transfected diploid hPSCs (Fig-

ure 4C), clearly showing that reduced SRF levels in diploid

hPSCs result in the replication stress and impaired chromosome

condensation that characterize aneuploid hPSCs.
1879
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Figure 3. Gene Expression Analysis Reveals Impaired Actin Cytoskeleton Predicted to Result from SRF Downregulation

(A) GSEA enrichment plot for the DNA replication KEGG pathway, created by comparing diploid and aneuploid hPSCs for all expressed genes (normalized

enrichment score [NES] = �1.35).

(B) GSEA enrichment plot for the condensed chromosome KEGG pathway, created by comparing diploid and aneuploid hPSCs for all expressed genes

(NES = �1.43).

(C) Perturbed biological pathways identified in aneuploid hPSCs, based on DAVID functional annotation enrichment analysis of the 100 most downregulated

expressed genes between aneuploid and diploid hPSCs. Enrichment fold-ratios are presented next to the bars, *p = 0.036 after Benjamini correction for multiple

testing.

(D) Relative gene expression levels, asmeasured by expressionmicroarrays, of the eight genes that belong to the ‘‘actin cytoskeleton’’ annotation identified in (C).

(E) PRIMA promoter enrichment analysis of the 100 most downregulated expressed genes in aneuploid hPSCs.

(F) The levels of SRF transcripts were measured by RT-qPCR. (Data are represented as mean ± SEM.) Diploid hPSC lines: average of the relative SRF expression

from four independent experiments (two performed in HUES9 and two in CSES10); aneuploid hPSC lines: average of the relative SRF expression from

four independent experiments (two performed in HUES7 and two in CSES22). Values were normalized against transcripts of the TBP gene. *p < 0.05, **p < 0.01,

***p < 0.001.

(G) Immunoblotting with anti-SRF and anti-b catenin antibodies, with their protein levels measured in the diploid hPSC line CSES10 and the aneuploid hPSC line

CSES22.

(H) The relative level of transcripts of six genes that belong to the ‘‘actin cytoskeleton’’ annotation were measured by RT-qPCR. Data are represented as mean ±

SEM of the relative expression in CSES22 compared to CSES10 from three independent experiments. Values were normalized against transcripts of the TBP

gene. *p < 0.05, **p < 0.01, ***p < 0.001.

(I) Protein extracts from CSES22 expressing an empty vector (Empty vector) and extracts from two CSES22 clones transfected with an SRF plasmid (Clone 1 and

Clone 2) prepared 1 week post selection and analyzed by western blot with anti-SRF and anti-b catenin antibodies.

(J) Percentage of metaphases in each condensation group. Data are represented as mean ± SEM of two independent experiments (one from each clone) with

CSES10 (n = 121), CSES22 (n = 154), and aneuploid hPSCs overexpressing SRF (n = 225). **p < 0.01.
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Impaired Organization and Transcription of Actins Lead
to Replication Stress and Defects in Chromosome
Condensation and Drive Genome Instability in Diploid
hPSCs
In order to study the effect of actin cytoskeletal genes on DNA

replication and chromosome condensation, we cultured diploid

hPSCs in a medium containing Latrinculin B (Lat B), an inhibitor

of actin polymerization. Lat B increases the level of monomeric

actin, which inhibits the formation of the SRF-MRTF complex

required for the transcription of actin and actin-related genes.
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Therefore, Lat B indirectly inhibits transcription of the SRF-

MRTF targets only. Lat B led to a significant reduction in the

average fork rate and fork distance (Figures 4D and 4E and

S4E and S4F), suggesting that disruption of actin polymerization

leads to replication stress in diploid hPSCs.

Next, we studied the effect of Lat B on chromosome conden-

sation during metaphase. Cells cultured in Lat B showed a

significant increase in the percentage of partially condensed

metaphases (Figure 4F). Moreover, the percentage of meta-

phases in condensation groups 3 and 4, which were very rare
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Figure 4. Perturbed Actin Cytoskeleton Organization and Transcription Leads to Replication Stress and Impaired Metaphase Chromosome

Condensation and Drives Genome Instability in Diploid hPSCs

(A) Box plot representation of the average fork rate (kb/min) from three independent experiments. CSES10 was transfected with si-scramble (n = 308) or si-SRF

(n = 309) (p < 5.3 3 10�8).

(B) Box plot of the average fork distance (kb) from three independent experiments. CSES10 was transfected with si-scramble (n = 200) or si-SRF (n = 212)

(p < 2.5 3 103).

(C) Percentage of metaphases in each condensation group. Data are represented as mean ± SEM of three independent experiments. CSES10 was transfected

with si-scramble (n = 256) or si-SRF (n = 283) *p < 0.05.

(legend continued on next page)
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in untreated hPSCs, increased significantly in Lat-B-treated cells

(Figure 4F). These results show that inhibition of actin polymeri-

zation by Lat B leads to a dramatic increase in partially

condensed metaphases in diploid hPSCs, similar to the level

found in untreated aneuploid hPSCs (Figure 2).

An important question emerging from these results is whether

perturbation in actin function is sufficient to induce ongoing

chromosomal instability. For this we karyotyped the CSES10

diploid hPSC line after Lat B treatment. As described above,

chromosomal aberrations in diploid hPSCs are highly uncom-

mon, and in CSES10 cells specifically, all untreated metaphases

were diploid (Table S1). In contrast, after Lat B treatment, 20% of

the CSES10 metaphases were aneuploid (Figure 4G) (p < 0.01).

These data show that perturbation in actin cytoskeleton function

by Lat B drives genome instability in diploid hPSCs.
DISCUSSION

Here we identified a mechanism leading to the ongoing chromo-

somal instability in hPSCs that harbor recurrent aneuploidies.

This may explain the propensity of these cells to acquire a com-

plex karyotype.We showed that the DNA replication dynamics in

aneuploid hPSCs is perturbed, resulting in a high prevalence of

partially condensed metaphase chromosomes, chromosomal

segregation errors, and genome instability.

Why does replication stress in hPSCs result in a robust pheno-

type of partially condensed metaphases, whereas in somatic

cells it only results in local perturbations in chromosome conden-

sation? A reasonable explanation is the different efficiencies of

checkpoint activations between somatic cells and hPSCs. In so-

matic cells, the effective intra-S and G2/M checkpoints arrest

cells whose replication was perturbed and incomplete. The

only cells that manage to escape these checkpoints suffer mild

replication perturbation resulting in local condensation defects

at these sites. hPSCs, however, are not arrested by the intra-S

and G2/M checkpoints and proceed along the cell cycle even

if their replication is significantly perturbed, resulting in a robust

phenotype of partially condensed metaphases.

Our bioinformatics analyses revealed reduced transcription

levels of actin cytoskeleton genes and their common transcrip-

tion factor SRF in aneuploid hPSCs. Moreover, diploid hPSCs

treated with Lat B, an inhibitor of both actin polymerization and

SRF-dependent transcription, recapitulated the replication and

condensation defects in untreated aneuploid hPSCs. These re-

sults indicate that the perturbation of actin transcription and

organization is the mechanism leading to instability and ongoing

chromosomal aberrations in aneuploid hPSCs.

Based on the results presented here, we suggest a model for

the cellular events leading to ongoing chromosomal instability in

aneuploid hPSCs (Figure 4H). According to this model, SRF
(D) Box plot representation of the average fork rate from three independent experim

for 24 hr (p < 7 3 10�10).

(E) Box plot representation of the average fork distance (kb) from three independ

200 nM Lat B for 24 hr (p < 3.6 3 10�6).

(F) Percentage of metaphases in each condensation group. Data are represented a

without (n = 296) exposure to 200 nM Lat B for 24 hr. **p < 0.01.

(G) Examples of SKY and Giemsa karyotypes of CSES10 metaphases with (n = 6

(H) A model of the cellular events leading to ongoing chromosomal instability in a
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downregulation leads to downregulation of actin-cytoskeleton

genes, leading to replication stress and partially condensed

metaphases. This further leads to abnormal anaphases and pro-

vides the cells with the ability to acquire additional aberrations

(Figure 4H).

SRF was first identified in studies that investigated the

responseof fibroblasts to serumaddition.Hence,our results raise

the question of whether certain culture conditions (e.g., growth

factor starvation)might inducegenetic instability in hPSCcultures

by reducing the expression of SRF. Importantly, culturing hPSCs

with bFGF-depletedmedium resulted in decreased levels of SRF

(Figure S4G). In our study the diploid and aneuploid hPSCs

were grown in the exact same medium; hence this cannot

account for the different SRF levels found between them. Never-

theless, these results emphasize the importance of optimal cul-

ture conditions to protect SRF levels and genome stability.

Here we show that in hPSCs, replication stress results in chro-

mosome condensation defects. Therefore, the consequences of

replication stress in hPSCs might be even more deleterious than

in somatic cells and may also operate during initiation of insta-

bility in diploid hPSCs. In summary, our results suggest a mech-

anism that might also be relevant for the development of germ

cell tumors (and potentially other tumor types with impaired

intra-S or decatenation checkpoints).

EXPERIMENTAL PROCEDURES

Global Gene Expression Analysis

Total RNA was extracted from undifferentiated hPSCs using the RNeasy mini

kit (QIAGEN). RNAwas subjected toHumanGenomeU133 Plus 2.0microarray

platform (Affymetrix); original microarray data are accessible at the NCBI Gene

Expression Omnibus (GEO) database under the accession number GEO:

GSE64647 (http://www.ncbi.nlm.nih.gov/geo/). In addition, microarray data

of undifferentiated hPSCs were downloaded from the GEO database (detailed

in Table S3). Arrays were normalized using MAS5 algorithm in the Affymetrix

Expression Console. Probe sets absent in both diploid and aberrant hPSCs

were filtered out by the MAS5 Absent/Present call. Probe sets with expression

values below 100 were raised to this level. The karyotype of the analyzed cell

lines was validated by virtual karyotyping. Lists of differentially expressed

genes between diploid hPSCs and aneuploid hPSCs were derived by applying

the following thresholds: minimal fold-change between diploid and aneuploid

hPSCs, fold-change between diploid and T12-hPSCs < 0.8, fold-change be-

tween diploid and T17-hPSCs < 0.8. To detect significantly over-represented

KEGGpathways, we subjected the lists of differentially expressed genes to the

DAVID functional annotation clustering tool (https://david.ncifcrf.gov/). To

detect significantly over-represented transcription binding sites, we subjected

the lists of differentially expressed genes to PRIMA analysis (http://acgt.cs.tau.

ac.il/prima/). GSEA was performed using the GSEA software (http://www.

broadinstitute.org/gsea/index.jsp).

ACCESSION NUMBERS

Original microarray data are accessible at the NCBI GEO database under the

accession number GEO: GSE64647 (http://www.ncbi.nlm.nih.gov/geo/).
ents in CSES10, with (n = 325) and without (n = 319) exposure to 200 nM Lat B

ent experiments in CSES10, with (n = 325) and without (n = 319) exposure to

smean ± SEMof three independent experiments in CSES10, with (n = 275) and

0) and without (n = 30) exposure to 150 nM Lat B for 24 hr. **p < 0.01.

neuploid hPSCs.

http://www.ncbi.nlm.nih.gov/geo/
https://david.ncifcrf.gov/
http://acgt.cs.tau.ac.il/prima/
http://acgt.cs.tau.ac.il/prima/
http://www.broadinstitute.org/gsea/index.jsp
http://www.broadinstitute.org/gsea/index.jsp
http://www.ncbi.nlm.nih.gov/geo/
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