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Spontaneous Single-Copy Loss of TP53 in Human
Embryonic Stem Cells Markedly Increases Cell
Proliferation and Survival

HADAR AMIR,a THOMAS TOUBOUL,a KAREN SABATINI,a DIVYA CHHABRA,a IBON GARITAONANDIA,b

JEANNE F. LORING,b ROBERT MOREY,a LOUISE C. LAURENTa
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ABSTRACT

Genomic aberrations have been identified in many human pluripotent stem cell (hPSC) cultures.
Commonly observed duplications in portions of chromosomes 12p and 17q have been associat-
ed with increases in genetic instability and resistance to apoptosis, respectively. However, the
phenotypic consequences related to sporadic mutations have not been evaluated to date. Here,
we report on the effects of a single-copy deletion of the chr17p13.1 region, a sporadic mutation
that spontaneously arose independently in several subclones of a human embryonic stem cell
culture. Compared to cells with two normal copies of chr17p13.1 (“wild-type”), the cells with a
single-copy deletion of this region (“mutant”) displayed a selective advantage when exposed to
stressful conditions, and retained a higher percentage of cells expressing the pluripotency mark-
er POU5F1/OCT4 after 2 weeks of in vitro differentiation. Knockdown of TP53, which is a gene
encompassed by the deleted region, in wild-type cells mimicked the chr17p13.1 deletion pheno-
type. Thus, sporadic mutations in hPSCs can have phenotypic effects that may impact their utili-
ty for clinical applications. STEM CELLS 2017;35:872–885

SIGNIFICANCE STATEMENT

hPSCs acquire sporadic mutations in culture, which can potentially affect their phenotypic char-

acteristics. We explored whether a sporadic mutation that spontaneously arose in a human

embryonic stem cell culture consisting of a single-copy deletion of chr17p13.1 would confer a

survival advantage to the mutant cells. We found that the mutant cells displayed a selective

advantage when exposed to stressful conditions compared to the wild-type cells. Knockdown of

TP53, which is a gene encompassed by the deleted region, in wild-type cells mimicked the

chr17p13.1 deletion phenotype. Thus, phenotypic implications of sporadic mutations must be

taken into consideration before using hPSCs for clinical applications.

INTRODUCTION

It has been observed that genomic abnormali-

ties arise in human embryonic stem cell (hESC)

lines during prolonged in vitro culture [1–3],

and are more common in cultures that have

been enzymatically passaged [4, 5] or propagat-

ed in feeder-free conditions [5, 6]. Duplications

of portions of chromosomes 12 (particularly

12p) [3, 7, 8], 17 (usually 17q) [8], 20 (particu-

larly 20q) [3, 9–11], and X [3, 7] have been seen

in multiple hESC lines. The chromosome 12 and

17 duplications are commonly found in germ

cell tumors [12, 13], and all of these duplicated

regions include genes associated with cell

growth and/or survival. The chromosome 12

duplication has been linked to increased genetic

instability [14], and a common duplication of

chr20q11.21 has been shown to confer resistance

to apoptosis [15, 16]. Taken together, these

reports suggest that common genetic aberrations

seen in multiple independent hESC lines can con-

fer selective advantages to the cells carrying

them. However, the potential phenotypic conse-

quences of sporadic aberrations that are

observed only in single hESC lines have not yet

been studied.

In a study comparing the genetic stability of

hESCs and human induced pluripotent stem cells

(hiPSCs) cultured in different conditions, we

identified a region of the short arm of chromo-

some 17 that underwent single-copy, hemizy-

gous, deletion in several subcultures of WA09

hESCs [5]. In the different subcultures, the

boundaries of the deleted region varied, but

there was a small (154.5 kb) overlap region. As

will be discussed below, this region encompasses
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the key tumor suppressor gene TP53. In somatic cells, TP53 is

the “guardian of the genome,” linking stress signals to down-

stream processes, including apoptosis, cell cycle arrest, DNA

repair and senescence [17]. TP53 function is frequently compro-

mised during tumorigenesis as a result of homozygous somatic

mutations, which are seen in more than 50% of human cancers

[18]. Single-copy deletion of chr17p13.1, the genomic region

containing TP53, has been strongly associated with chemothera-

py failure and poor prognosis in multiple cancers [19–22]. TP53

has been implicated as the driver mutation for these clinical out-

comes, and studies have suggested that monoallelic inactivation

of TP53 is sufficient for poor prognosis, including resistance to

treatment (particularly for agents whose effects are mediated

by the TP53 pathway) and clonal selection [19–25].

In hESCs, TP53 appears to maintain a balance between

proliferation, self-renewal, and differentiation [26]. hESCs

express high levels of TP53 mRNA and protein, which subse-

quently decrease during differentiation [27]. Exposing hESCs

to DNA damaging agents leads to increased accumulation of

TP53 [28, 29], translocation of TP53 to the nucleus [29, 30],

apoptosis [28, 30], decreased mRNA and protein expression of

POU5F1/OCT4 and NANOG [28], and spontaneous differentia-

tion [28]. TP53 knockdown reduces DNA damage-induced and

spontaneous apoptosis and differentiation, and promotes sur-

vival and expansion of hESCs [28, 30].

In this study, we characterized the phenotype of hESCs

carrying a single-copy deletion of chr17p13.1 that spontane-

ously arose during culture, and identified TP53 as a gene that

contributes significantly to the phenotype conferred by this

mutation.

MATERIALS AND METHODS

Generation and Culture of Wild-Type and Mutant
WA09 hESC Clones

Single-cell clones were generated from the original mosaic

MefEnz p104_D culture by manually picking single cells and

placing them on mouse embryo fibroblast (MEF) feeder layers.

The resulting clones were cultured on either MEF feeder

layers in standard hPSC medium or on Geltrex (Thermo Fisher

Scientific, Waltham, MA, www.thermofisher.com) in mouse

embryo fibroblast conditioned medium (MEF-CM) with 12 ng/

ml basic FGF (bFGF) or in E8 medium (Thermo Fisher Scientif-

ic, Waltham, MA, www.thermofisher.com). All cultures were

tested for mycoplasma monthly. Please see Supporting Infor-

mation Experimental Procedures for details.

Short Hairpin RNA (shRNA) Knockdown of TP53

The wild-type hESC clones were transduced with three lentivi-

ral vectors containing shRNAs against the TP53 mRNA and

one negative control shRNA vector (four vectors total), and

selected with puromycin. Please see Supporting Information

Experimental Procedures for details.

Phenotypic Characterization of hESC Clones

Cell proliferation, apoptosis, and cell cycle distribution were

assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide (MTT) Kit (Roche, Basel, Switzerland, www.

roche.com), Annexin V Apoptosis Detection Kit I (BD

Biosciences), and the Click-iT 5-ethynyl-2’-deoxyuridine (EdU)

Alexa Fluor 647 Flow Cytometry Kit (Thermo Fisher Scientific,

Waltham, MA, www.thermofisher.com), respectively, according

to the manufacturers’ protocols. Clonogenicity was evaluated

by seeding the cells at low density and staining the colonies

at 7 days with alkaline phosphatase. Expression of pluripo-

tency and differentiation markers was assessed by immunocy-

tochemistry. Differentiation potential was evaluated by

embryoid body (EB; in vitro) and teratoma (in vivo) formation,

and immunocytochemistry. Expression of specific proteins was

assessed by western blot. Please see Supporting Information

Experimental Procedures for details.

Molecular Analysis of hESC Clones

DNA and RNA extraction were performed using the DNeasy

Blood and Tissue Genomic DNA Purification Kit (Qiagen, Hilden,

Germany, www.qiagen.com) and the Nucleo Spin RNAII kit

(Takara Bio USA, Inc., Mountain View, CA, www.clontech.com)

for quantitative real-time-polymerase chain reaction (qRT-PCR),

and the mirVana miRNA Isolation Kit (Life Technologies, Inc.)

for RNA-Seq, respectively, following the manufacturers’ instruc-

tions. Copy number variant (CNV) values were determined

using TaqMan Copy Number Assays (Thermo Fisher Scientific,

Waltham, MA, www.thermofisher.com) and the HumanOmni5-4

BeadChip (Illumina, Inc., San Diego, CA, www.illumina.com)

using CNVPartition 3.2.0 as the CNV-calling algorithm. RNA-Seq

libraries were generated using the Illumina TruSeq Stranded

mRNA Sample Prep Kit (Illumina, Inc., San Diego, CA, www.illu-

mina.com) and sequenced on a HiSeq 2500 (Illumina, Inc., San

Diego, CA, www.illumina.com). Please see Supporting Informa-

tion Experimental Procedures for details.

Comet Assay

The Comet assay was performed using the OxiSelect Comety

assay kit (Cell Biolabs, Inc., San Diego, CA, www.cellbiolabs.

com) according to the manufacturer’s protocol. Briefly,

100,000 cells were seeded per well in Essential 8 medium. To

induce DNA damage, the cells were treated for 24 hours with

1 mm Etoposide. Control cells were not treated. Please see

Supporting Information Experimental Procedures for details.

Data Analysis

Details of data analysis procedures are described in the Sup-

porting Information Experimental Procedures. Briefly, for phe-

notypic characterization and qRT-PCR experiments, data were

obtained from 2 to 3 independent biological experiments,

with each experiment including at least three replicates, and

comparisons were performed using Student’s t test. For the

Single nucleotide polymorphism (SNP) Genotyping experi-

ment, data analysis was performed using GenomeStudio (Illu-

mina, Inc., San Diego, CA, www.illumina.com), with the

CNVPartition Plug-in. RNA-Seq data were analyzed using a

variety of data cleaning, mapping, and analysis tools.

RESULTS

Establishment of Clonal WA09 hESC Sublines with and
Without a Deletion in Chr17p13.1

Previously, we identified copy number (CN) aberrations that

arose in hESCs and hiPSCs over long-term culture in different
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conditions, with the most frequent aberrations being duplica-

tions of chr20q11.21 and chr12p13.31, and deletions of

chr17p13.1 [5]. The chr20 and chr12 duplications have been

observed in several studies in many different hPSC lines. How-

ever, the chr17p13.1 deletion, which encompasses the TP53

gene, had not been described before in the human embryonic

stem cell literature, and therefore was of interest to us.

Among multiple WA09 hESC subcultures with overlapping

single-copy deletions of portions of chromosome 17 [5], which

varied in size from 158,481 to 16,272,121 bases, we selected

the subculture (MefEnz p104_D) that carried both one of the

smallest deletions in the chr17p13.1 region, and the fewest

other detected aberrations for further study. Targeted copy-

number analysis by qRT-PCR was used to validate the

chr17p13.1 deletion. Results for the MefEnz p104_D subcul-

ture showed that the cell population carried an average of

1.43 copies of this region (Fig. 1A; Supporting Information

Table S1), indicating that the population was mosaic for this

aberration. To obtain pure populations of WA09 hESCs with

and without the chr17p13.1 deletion, we used single-cell clon-

ing to isolate clones carrying one copy (clones 2 and 17, the

“mutant” clones) or two copies (clones 3 and 6, the “wild-

type” clones) of the chr17p13.1 region, as determined by

CNV-qRT-PCR (Fig. 1B; Supporting Information Table S1).

Since the MefEnz p104_D subculture also showed CN

aberrations at four other genomic locations in our previous

study [5], we performed genome-wide SNP genotyping using

the HumanOmni5-4 BeadChip Array to evaluate these loci in

each of the four clones (Supporting Information Fig. S1; Sup-

porting Information Table S2). The chr12p13.31 duplication

was calculated to be a 3-copy duplication in all four clones

using the automated CNV detection software, but on inspec-

tion of the B Allele Frequency (BAF) plots, this aberration was

consistent with a higher CN duplication. In either case, the

number of copies appeared to be the same in all four clones.

In contrast, the wild-type and mutant clones showed differ-

ences in CN for the other four previously identified genomic

aberrations. Only the mutant clones carried the deletion of

chr17p13.1 and the duplications of chr17q23.1 and the X

chromosome. The only gene contained within the chr17q23.1

region was PTRH2, which has been associated with cancer

and apoptosis [31–33], but whose role in tumorigenesis is not

well understood. Both duplications and deletions of the X

chromosome are frequently observed in human tumors, but

are also correlated with increasing age [34, 35], leading some

to conclude that X chromosome numerical aberrations were

likely to be a secondary event, and not important in the path-

ogenesis of cancers [35]. Finally, the SNP genotyping data

showed that the chr20q11.21 duplication was present in all

four clones, but suggested that the number of copies was

higher in the wild type compared to the mutant clones.

SNP genotyping analysis of the four clones also revealed

seven CN aberrations that were not detected in the MefEnz

p104_D subculture in our previous study [5]: four duplications

that were common among the four clones, and three dele-

tions that were unique to the two wild-type clones. We pos-

tulate that these aberrations were not identified previously

because a lower-resolution SNP genotyping microarray (the

Human Omni1-4) was used in the prior study.

Since the BAF plots indicated that the chr12p13.1 and

chr20q11.21 regions appeared to have higher CN duplications,

we further evaluated them with CNV-qRT-PCR using probes in

the NANOG and BCL2L1 genes, which are located within these

two genomic regions. For the chr12p13.31 duplication, the

CNV-qRT-PCR results were consistent with four to five copies

in all four clones (Fig. 1C; Supporting Information Table S1).

Estimates of the exact number of copies by CNV-qRT-PCR

become less accurate as the number of copies increases [36],

and it is not possible to reliably distinguish between four or

five copies. Since both the wild-type and the mutant clones

had similar numbers of copies, we reasoned that the

chr12p13.31 duplication should not cause differential effects

in the wild-type and mutant clones.

For the chr20q11.21 region, the CNV-qRT-PCR results were

consistent with five copies of the BCL2L1 gene in both of the

wild-type clones, and three copies in both of the mutant

clones (Fig. 1C; Supporting Information Table S1). To correlate

CN with protein expression, we performed western blot analy-

sis. BCL2L1 can produce two isoforms by alternative splicing:

an anti-apoptotic isoform, Bcl-XL, and a pro-apoptotic isoform,

Bcl-XS. There was significantly higher expression of Bcl-XL pro-

tein in the wild type compared to mutant clones (two-fold dif-

ference, p< .005), but no significant difference in Bcl-XS
protein expression (Fig. 1D, 1E; Supporting Information Table

S1), resulting in a significant difference in the Bcl-XL:Bcl-XS
ratio between the mutant and wild-type cells (p5 .033) (Fig.

1F; Supporting Information Table S1). Since the Bcl-XL:Bcl-XS
ratio influences the sensitivity of hESCs to apoptotic stimuli

[15, 16], the higher CN of the chr20q11.21 region and higher

Bcl-XL:Bcl-XS ratio in the wild-type cells should confer a surviv-

al advantage to the wild-type cells over the mutant cells. This

result implies that if the mutant cells display an overall surviv-

al advantage over the wild-type cells, then the mutant cells

carry a genetic (or epigenetic) change that has a stronger

effect than the difference in the number of copies of the

chr20q11.21 region.

Considering these results, together with what is known in

the literature about the genes contained within each of the

observed CN aberrations, we deemed that it was likely that at

least some of the phenotypic differences displayed by the

mutant clones would be attributable to the single-copy dele-

tion of chr17p13.1, and therefore focused on this region for

further study.

Use of Transcriptomic Profiling to Identify Likely
Phenotypic Effects of Single-Copy Deletion of
Chr17p13.1

The chr17p13.1 region affected by the deletion contains 17

genes, including TP53. To enable us to focus on the most like-

ly phenotypic effects of this deletion, we compared the tran-

scriptomes of the mutant and wild-type clones, and

performed functional enrichment analysis on the differentially

expressed genes. We performed RNAseq on the four clones

cultured in E8 medium (three biological replicates per clone).

Unsupervised hierarchical clustering demonstrated clear sepa-

ration of the 12 samples according to genetic status (mutant

vs. wild-type) (Supporting Information Fig. S2A). We then

identified transcripts that were differentially expressed

between the mutant and wild-type clones (Supporting Infor-

mation Table S3, adjusted p value< .05 and absolute log2

fold-change> 1.2), and performed functional enrichment anal-

ysis to identify regulatory pathways that were highly
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represented in the differentially expressed lists of transcripts

(DAVID, adjusted p value< .001 for GO Biological Processes

[GO BPs] and <.05 for KEGG Pathways48). Transcripts that

were more highly expressed in the mutant compared to the

wild-type clones were analyzed separately from those that

were more highly expressed in the wild-type than the mutant

clones. Transcripts that were more highly expressed in the

mutant clones were not significantly enriched for any GO BPs

or KEGG Pathways, while those that were more highly

expressed in the wild-type clones were enriched for many cat-

egories (Table 1). Inspection of the enriched GO BPs and

KEGG Pathways revealed that the enriched categories could

be classified into four general groups, which we have labeled

with the most significantly enriched category for each group:

Figure 1. Generation of pure subpopulations of WA09 hESCs that are wild-type or mutant for the single-copy deletion of Chr17p13.1.
(A): chr17p13.1 copy number (CN) in the WA09 MefMech p85_B and WA09 MefEnz p104_D sub-cultures (1/2 deletion [5], respective-
ly) was measured using a CNV-qRT-PCR assay for the TP53 gene (Hs00347385_cn assay [Life Technologies]). A CN value of 2 indicates
the presence of two alleles (i.e., normal); a CN of 1 indicates a single-copy deletion. HDF51 fibroblast cells were used as a normal refer-
ence. (B): The CN of 10 clones obtained by single cell cloning from the WA09 MefEnz p104_D subculture, using CNV-qRT-PCR for the
TP53 gene, with clone 1 cells as reference. The clones chosen for this study are highlighted in the colored bars. (C): The CN for the
chr12p13.31 and the chr20q11.21 regions were measured by CNV-qRT-PCR for the NANOG (Hs03838104_cn) and BCL2L1
(Hs07186557_cn) mRNAs, respectively, with HDF51 cells as reference. See also Supporting Information Figure S1 and Supporting Infor-
mation Table S1. (D): Quantification of Bcl-XL protein levels, using wild-type 1 as reference. (E): Quantification of Bcl-XS protein levels,
using wild-type 1 as reference. (F): Ratio between the protein levels of the Bcl-XL and Bcl-XS isoforms, using wild-type 1 as reference. A
representative image of the western blot is shown below the graph. Vinculin was used as a loading control. CNV-qRT-PCR assays:
mean6 standard error of the mean (SEM) of technical triplicates. Western blots: mean6 SEM of three biological replicates. Two-tailed t
test; *p< .05, **p< .01, ***p< .005. Abbreviations: MUT, mutant; WT, wild type.
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embryonic morphogenesis; biological adhesion; regulation of

cell proliferation; and p53 (TP53) signaling pathway. Of course,

enrichment for genes in the TP53 signaling pathway would be

expected given the known difference in CN of the TP53 gene

between the mutant and wild-type clones. In order to identify

the specific phenotypes downstream of TP53, mostly likely to

be perturbed in the mutant clones, we mapped the elements

in the TP53 pathway that were differentially expressed in the

mutant and wild-type clones, including the direction of differ-

ential expression (Table 1; Supporting Information Fig. S2B–

S2D). With the exception of two factors, IGF-BP3 and

GADD45G, which had markedly lower expression levels and

higher (less significant) p values than the other differentially

expressed members of the pathway, we found that all of the

members of the TP53 pathway showed differential expression

in the direction that was consistent with a decrease in TP53

activity in the mutant clones. Further, these changes in

expression of genes in the TP53 pathway predicted increases

in cell cycle progression and angiogenesis/metastasis and

decreases in apoptosis and DNA repair (Supporting Informa-

tion Fig. S2B). From these analyses, we judged that we would

be most likely to observe differences in cell proliferation, cell

adhesion and dependence on cell adhesion, apoptosis, DNA

repair, and differentiation, and undertook experiments to eval-

uate these phenotypes in the mutant and wild-type clones.

Effect of Single-Copy Deletion of Chr17p13.1 on Cell
Proliferation of hESCs

We examined the proliferation rate of the wild-type and

mutant clones in two feeder-free culture conditions, one in

MEF-CM, which is a complex, undefined medium considered

to be the richest feeder-free culture condition, and the other

in E8 medium, which in contrast is a completely defined

“minimal” hESC medium.

Each clone was seeded at four cell concentrations, and a

MTT assay was performed daily for four consecutive days. All

four clones proliferated well in both conditions at all four plating

concentrations (Fig. 2A, 2B, Supporting Information Fig. S3A–

S3H; Supporting Information Table S1), with higher proliferation

in MEF-CM than E8, particularly for the lower initial cell concen-

trations. No significant differences were observed between the

proliferation rates of the wild-type and mutant clones in MEF-

CM (Fig. 2A, Supporting Information Fig. S3A–S3D; Supporting

Information Table S1), but in E8, the proliferation rates of the

mutant clones were consistently and significantly higher than

those of the wild-type clones starting on day 3 for all but the

highest plating concentration (Fig. 2B, Supporting Information

Fig. S3E–S3H; Supporting Information Table S1). These results

suggest that the chr17p13.1 deletion permits the hESCs to prolif-

erate at a higher rate in more restrictive growth conditions.

To determine whether the increased cell proliferation in

the mutant clones was the result of a difference in cell cycle

regulation, we evaluated the cell cycle distribution of wild-

type and mutant cells in E8 medium using EdU incorporation

and quantitative DNA staining with VxCycle Violet, followed

by analytical fluorescence activated cell sorting (FACS). Our

results revealed a significantly higher fraction of cells in S

phase and lower fraction in G1/G0 in the mutant compared

with the wild-type clones (Fig. 2E, Supporting Information Fig.

S3I–S3M; Supporting Information Table S1). Collectively, these

results suggest that a single-copy deletion of chr17p13.1 was

associated with enhanced proliferation by promoting G1-to-S

cell cycle progression in the mutant hESCs.

Effect of Single-Copy Deletion of Chr17p13.1 on
Clonogenicity of hESCs

Single-cell dissociation of hPSCs and many other cell types

rapidly induces apoptosis, resulting in poor clonogenicity [37].

Table 1. Gene ontology and KEGG pathways enriched in the set of genes differentially expressed between wild-type and mutant clones
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In contrast, a well-known characteristic of malignant cells is

the ability to escape dissociation-induced apoptosis, and this

phenomenon is strongly associated with mutations in TP53

[38]. We investigated the effect of single-copy deletion of

chr17p13.1 on the clonogenic capacity of hESCs by plating

100 single cells per well in six-well culture plates containing

MEF feeder layers. After 7 days, hESC colonies were stained

for alkaline phosphatase activity and counted. The clonogenic

efficiency was determined by averaging the number of colo-

nies obtained in three independent experiments, with each

experiment including triplicate wells for each clone. The

results showed that the clonogenic potential of the mutant

hESCs was approximately twice as high as that of their wild-

type counterparts (average of 29%–33% for the wild-type vs.

56%–62% for the mutant clones, p< .005) (Fig. 3A, Support-

ing Information Fig. S4A; Supporting Information Table S1).

Effect of Single-Copy Deletion of Chr17p13.1 on
Staurosporine-Induced Apoptosis of hESCs

Staurosporine induces apoptosis in many cell types via the acti-

vation of both TP53-dependent and TP53-independent path-

ways, but far more efficiently through the first mechanism.

Annexin V/PI staining and flow cytometry were used to analyze

the rate of early apoptotic, late apoptotic, and necrotic cells

with and without staurosporine treatment. The fractions of ear-

ly and late apoptotic cells were significantly higher for wild-type

clones treated with 0.1 lM staurosporine for 20 hours com-

pared with the mutant clones (p5 .006 and p< .005, for early

Figure 2. Cell proliferation rate and cell cycle distribution for wild-type and mutant, and TP53 shRNA knockdown, hESC clones. (A–D):
The proliferation of the wild-type and the mutant clones (A, B) and TP53 shRNA knockdown clones made in wild-type clone 1 (C, D) cul-
tured in MEF-CM (A, C) and E8 medium (B, D) was determined by MTT assay. Representative data for cells plated at a density of 5,000
cells per well in 96 well plates are shown. *p value< .01, **p value< .005, ***p value< .0001. See also Supporting Information Figure
S2A–S2H. (E): Histogram showing a comparison between the cell-cycle distributions of the wild-type and mutant clones. **p val-
ue< .005. See also Supporting Information Figure S3A. Abbreviation: MEF-CM, mouse embryo fibroblast conditioned medium.
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and late apoptosis, respectively) (Fig. 3B, Supporting Informa-

tion Fig. S4B; Supporting Information Table S1).

Effect of Single-Copy Deletion of Chr17p13.1 on Repair

of Etoposide-Induced DNA Damage in hESCs

The comet assay was used to evaluate DNA repair in response

to the DNA damaging agent, etoposide. Cells were treated

with etoposide overnight, and 24 hours after the etoposide

was removed, the cell number, the average percent of DNA in

the “tails” was calculated using OpenComet software package

according to [39], and the percent of cells in each of five cat-

egories (Score 05 no tail5 no detectable DNA damage to

Score 55 longest tail5 high degree of DNA damage) [40] was

determined. We observed that the mutant clones displayed a

markedly higher cell survival (Fig. 4A; Supporting Information

Table S1), as well as evidence of significantly greater DNA

damage by the comet assay, quantified both by the

percentage of DNA in the tail (Fig. 4B; Supporting Information

Table S1) and percent of cells with higher DNA damage scores

(Fig. 4C; Supporting Information Table S1). These results sug-

gest that cells with a single-copy deletion of chr17p13.1 may

have not only an impaired DNA repair response, but also a

higher tolerance for damaged DNA.

Effect of Single-Copy Deletion of Chr17p13.1 on
Pluripotency and Differentiation Capacity of hESCs

We assessed the pluripotency of the wild-type and mutant

clones by examining the expression of pluripotency markers

and performing in vitro differentiation experiments. By immu-

nocytochemistry, high expression of OCT4/POU5F1 and SSEA4

was observed in the undifferentiated state for all four clones

(Supporting Information Fig. S5A, S5B). Likewise, RNA-Seq

analysis showed that mRNA expression of OCT4/POU5F1,

NANOG, SOX2, CD9, LIN28A, and LIN28B was high in all clones

(Supporting Information Fig. S5C–S5H).

Figure 3. Clonogenicity and response to apoptotic stress of wild-type and mutant, and TP53 shRNA knockdown, hESC Clones. (A, C):
Clonogenic efficiency 7 days after low density plating (100 cells per well in 6 well plates) of mutant and wild-type cells (A) and scramble
and TP53 shRNA clones made in wild-type clone 1 (C). See also Supporting Information Figure S4A, S4C. (B, D): Annexin V/PI staining
and flow cytometry for quantification of apoptosis following 20 hours of 0.1 lM staurosporine treatment in wild-type and mutant
clones (B) and scramble and TP53 shRNA clones made in wild-type clone 1 (D). For each category, the graph shows the difference
between the percentages of cells with and without staurosporine treatment (the carrier, dimethyl sulfoxide (DMSO) was used as the
negative control condition; the negative control without DMSO gave similar results as DMSO alone, data are not shown). See also Sup-
porting Information Figure S4B, S4F. All data are expressed as the mean6 SEM of two or three independent biological experiments, and
each experiment was conducted in triplicate. Statistical significance by two-tailed t test; *p< .05, **p< .01, ***p< .005, wild-type ver-
sus mutant clones and scramble shRNA vs. TP53 shRNA clones. Abbreviation: WT, wild type.
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Differentiation capacity was determined using the EB and ter-

atoma assays, demonstrating the ability of all four clones to dif-

ferentiate toward all three germ layers (Fig. 5A, 5B, respectively).

However, differences in EB morphology were observed. Whereas

the wild-type EBs had a typical well-rounded morphology, the

mutant EBs displayed irregular projections (Fig. 5C). In addition,

the attachment efficiency of the mutant EBs was significantly

lower than the wild-type EBs (p5 33 1027) (Fig. 5D; Supporting

Information Table S1). These findings are interesting because

impairment of cell-cell and cell-matrix adhesion is characteristic

of malignant cells and associated with dysfunction of TP53 [41].

Staining of plated EBs with an anti-OCT4 antibody showed that

persistence of OCT4 protein expression was significantly higher

for the wild-type versus mutant clones (p5 .00007) (Fig. 5E;

Figure 4.
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Supporting Information Table S1). Residual OCT4-positive cells in

differentiated cultures of hPSCs may represent a subpopulation

of cells that are resistant to differentiation.

Effect of Single-Copy Deletion of chr17p13.1 on TP53
Expression

As mentioned above, we focused on the chr17p13.1 deletion in

part because it encompassed the TP53 gene. We previously

showed that WA09 subcultures carrying single-copy loss of

chr17p13.1 had decreased transcript expression of three genes

in this genomic region: TP53, SENP3, and SOX15 [5]. Given the

known role of TP53 in regulation of cell survival and prolifera-

tion, we decided to focus on it as our initial target. First, we

showed that the mutant clones have a 50% decrease in the bas-

al protein expression level of TP53 compared to the wild-type

clones (p< .005) (Fig. 6A; Supporting Information Table S1).

TP53 plays a key role in the response of cells to stress condi-

tions by inducing cell cycle arrest and apoptosis [17, 18], and

both homozygous and single-copy loss-of-function of TP53 in

cancer cells is correlated with increased cell proliferation, resis-

tance to apoptotic stimuli, and poor prognosis. Therefore, we

focused on the potential role of single-copy loss of TP53 as a

driver mutation conferring a selective advantage to our mutant

clones. We tested this hypothesis by carrying out a battery of

phenotypic assays aimed at quantifying parameters that reflect

relevant cellular phenotypes.

Knockdown of TP53 in hESCs Mimics the Majority of
the Characteristics of the Chr17p13.1 Deletion
Phenotype

To verify that the observed phenotypic differences between

the wild-type and mutant clones were specifically caused by

decreased expression of TP53, we performed knockdowns of

TP53 in the two wild-type clones.

Efficiency of shRNA-Mediated TP53 Knockdown in Wild-Type

hESCs. We used a lentivirus-based shRNA system to stably

knockdown TP53 expression in both wild-type clones, and

investigated whether the resulting decreased expression of

TP53 recapitulates the mutant phenotype. Three independent

shRNAs targeting TP53 (shRNA#1, shRNA#2, and shRNA#3)

were transduced into wild-type cells. Relative expression of the

TP53 transcript in the resulting knockdown lines compared to a

line transduced with a negative control shRNA (the “scramble”

control) by qRT-PCR showed that all three shRNA constructs sig-

nificantly decreased the expression of TP53 mRNA compared to

the negative control shRNA (all p values< 1028). shRNA #3 had

the strongest (95% knockdown), shRNA #2 the weakest (20%–

40%) and shRNA #1 an intermediate effect (40%–60%) (Fig. 6B,

Supporting Information Fig. S6A, S6B; Supporting Information

Table S1). Protein expression mirrored the mRNA levels in the

knockdown clones (Fig. 6C, Supporting Information Fig. S6C,

S6D; Supporting Information Table S1). We note that based on

TP53 protein levels, the shRNA #2 knockdown is likely to be

most representative of the single-copy deletion of chr17p13.1

(Fig. 6C, 6D; Supporting Information Table S1).

Effect of TP53 Knockdown on Cell Proliferation. To examine

whether TP53 knockdown confers a cell growth advantage on

“minimal” E8 medium, as we observed for the chr17p13.1

deletion clones, we seeded the shRNA lines in MEF-CM and

in E8 medium, and performed the MTT assay daily for four

consecutive days. The proliferation rates of the knockdown

clones were significantly higher than those of the scramble

clone starting on day 3 in the cultures grown in E8 (Fig. 2C,

2D; Supporting Information Table S1). These results suggest

that the loss of TP53 expression is responsible for more effi-

cient cell proliferation in restrictive growth conditions seen in

the chr17p13.1 deletion clones.

Effect of TP53 Knockdown on Clonogenic Potential. To

determine whether targeted TP53 knockdown had a similar

effect on colony formation as a single-copy deletion of

chr17p13.1, we performed the clonogenic assay on the shRNA

lines. All three TP53 shRNAs caused markedly increased colo-

ny formation compared to the negative control shRNA. More-

over, the increase in the number of colonies was correlated

with the degree of TP53 knockdown (Fig. 3C, Supporting

Information Fig. S4C, S4D; Supporting Information Table S1).

These results indicated that TP53 plays an essential role in

preventing survival and/or proliferation of hESCs in a single-

cell context, as even partial inhibition of TP53 expression

resulted in increased colony formation.

Effect of TP53 Knockdown on Staurosporine-Induced Apopto-

sis. To address whether TP53 mRNA knockdown mimics the

decreased staurosporine-induced apoptosis in the mutant

clones, we performed Annexin V/PI staining with FACS in the

shRNA knockdown lines. After 20 hours of 0.1 lM staurospor-

ine exposure, the wild-type clones transfected with any of the

three TP53 shRNAs displayed significantly decreased late apo-

ptosis compared with the negative control shRNA lines (all p

values< .007, Fig. 3D, Supporting Information Fig. S4E–S4G;

Supporting Information Table S1). The degree of reduction of

sensitivity to staurosporine correlated with the efficiency of the

TP53 knockdown. These results indicated that TP53 is a

Figure 4. DNA repair in response to etoposide in wild-type and mutant, and TP53 shRNA knockdown, hESC clones. (A–C): Effect of eto-
poside treatment on wild-type (WT1, WT2) and mutant (MUT1, MUT2) clones. (D–F): Effect of etoposide treatment on scramble and
knockdown TP53 hESC Clones. (A1D): Survival after Etoposide treatment (1 lM); in wild-type (WT1, WT2) and mutant (MUT1, MUT2)
clones (A); in shRNA scramble and TP53 shRNA (#1, #2, #3) clones (D). On the left panel representative images from one of two repli-
cate wells show cells density of wild-type and mutant clones (A) or of shRNA clones (D) in untreated and treated conditions. The right
panel graph represents the average number of cells in the treated conditions. Data represent the average counts for three images per
condition, with counts obtained for five fields per image. Asterisks indicate statistical significance by two-tailed t test; *p< .001,
***p< .0001. (B1 C), (E1 F): Analysis of comet assay results for untreated and treated cells. (B1 E): Graphs represent the percentage
of damaged DNA present in the tail of cells treated or not treated with Etoposide. DNA damage was revealed by comet assay and ana-
lyzed using an open-source software package (see Methods). Asterisks indicate statistical significance by two-tailed t test; **p< 10

ˆ211,
****p< 2 3 10

ˆ25. (C1 F): Stacked column graph indicates the percentage of nuclei scoring from 0 to 4 for each condition and clone.
Scores range from 0, for nuclei showing intact DNA, to 4 for nuclei with a long come-like take, indicating highly damaged DNA. All
phase-contrast images were taken at the same magnification (43) using an EVOS imaging system.
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mediator of apoptosis in hESCs treated with staurosporine, with

the reduction of TP53 expression being protective against the

staurosporine-induced apoptotic response in a dose dependent

manner.

Effect of TP53 Knockdown on Repair of Etoposide-Induced

DNA Damage in hESCs. DNA repair in response to the DNA

damaging agent, etoposide, was again assessed using the

comet assay. Cells were treated with etoposide overnight, and

assessed 24 hours after the etoposide was removed. Com-

pared to the scramble shRNA control clone, the TP53 shRNA

knockdown clones displayed markedly higher cell survival (Fig.

4D; Supporting Information Table S1), as well as evidence of

significantly greater DNA damage by the comet assay, quanti-

fied both by the percentage of DNA in the tail (Fig. 4E; Sup-

porting Information Table S1) and percent of cells with higher

DNA damage scores (Fig. 4F; Supporting Information Table

S1). These results support the hypothesis that decreased

expression of TP53 in the chr17p13.1 mutant cells is responsi-

ble for the impaired DNA damage response and greater sur-

vival in the presence of DNA damage observed above.

Effect of TP53 Knockdown on Differentiation of hESCs. Similar

to both the wild-type and mutant clones, scramble and TP53

knockdown hESCs were all able to differentiate to all three

germ lineages using the EB assay (Fig. 5F). Moreover, the

TP53 shRNA knockdown clones all displayed a higher percent-

age of OCT4-positive cells after 2 weeks of differentiation in

the EB assay (Fig. 5G; Supporting Information Table S1). One

difference between the TP53 knockdown clones and the

chr17p13.1 deletion mutant clones, was that the knockdown

clones did not display decreased expression of early lineage-

specific genes compared to the scramble shRNA control (Sup-

porting Information Fig. S2E; Supporting Information Table

S1). This suggests that TP53 may contribute to the regulation

pluripotency genes, such as OCT4/POU5F1, but may not be

required for cellular differentiation. In addition, it is possible

that one of the other genes encompassed in the chr17p13.1

deletion may be contributing to the decreased expression of

early lineage-specific genes in the mutant clones.

DISCUSSION

There is ample evidence that hPSCs acquire genomic aberra-

tions in culture. These include both “common,” or recurrent,

mutations that have been found many times in multiple hPSC

lines, such as duplications of chr12p13.31 and chr20q11.21 [3,

7–10], and “sporadic” aberrations, which as a group observed

frequently in hPSC cultures, but which individually have not

been reported repetitively [5, 42]. One of the common genet-

ic alterations, duplication of chr20q11.21, has been reported

to confer a selective advantage to hPSCs in culture [15, 16].

However, no studies have examined the phenotypic signifi-

cance of sporadic genomic aberrations in hPSC cultures.

In this study, we focused on one such sporadic genomic

aberration. Specifically, we identified novel single-copy losses of

portions of chromosome 17, all of them encompassing

chr17p13.1, in several subcultures of the WA09 hESC line [5].

Homozygous loss of this genomic region is strongly associated

with cancer, but there is growing evidence that single-copy loss

is associated with refractory disease [19–22, 43]. Therefore, we

hypothesized that this single-copy deletion might affect the

behavior of our cells, and set out to characterize the pheno-

types of hESCs with and without this mutation. Since this

region of the genome contains the known tumor-suppressor

gene, TP53, we also asked whether the specific single-copy loss

of TP53 was a key driver of the observed phenotypic changes.

To identify phenotypes on which to focus, we performed

RNA-Seq on the wild-type and chr17p13.1 deletion mutant

clones, and our differential expression and pathway analysis

results pointed to increased cell proliferation, decreased bio-

logical adhesion, decreased apoptosis, decreased DNA repair,

and decreased cell differentiation in the mutant clones.

Accordingly, we evaluated cell proliferation, clonogenicity,

response to apoptotic stress, capacity for DNA repair, and dif-

ferentiation capacity of the clones.

Our results showed that mutant clones containing a single-

copy deletion of chr17p13.1 exhibited significantly increased

proliferation when cultured in defined medium, a decreased

rate of cell death (but increased DNA damage seen in surviving

cells) with DNA damage induced by etoposide, enhanced clono-

genic efficiency after low density plating, and decreased levels

of apoptosis upon staurosporine treatment. These data support

the conclusion that this deletion confers a selective advantage

to hESCs when exposed to specific stresses, including culture in

minimal media conditions (represented by E8 medium), DNA

damage, low cell density, and apoptotic stress.

In the cancer literature, single-copy deletions encompassing

chr17p13.1 are strongly correlated with high-risk disease,

including inferior response to standard treatments, recurrent

disease and shorter survival in chronic lymphocytic leukemia

[20, 21], non-Hodgkin lymphomas [19], multiple myeloma [22],

and pediatric medulloblastoma [43]. The TP53 gene is located

in this genomic region, and mutations in TP53 have been asso-

ciated with higher tumorigenicity and resistance to drug-

induced apoptosis in a variety of tumor cells [17, 18], and loss

Figure 5. Differentiation potential of wild-type and mutant, and TP53 shRNA knockdown, hESC clones. (A1 F): In vitro differentiation
of the wild-type and mutant (A) and TP53 shRNA knockdown (F) clones was shown by EB formation. The EBs were stained with 2-(4-
amidinophenyl)-1H-indole-6-carboxamidine (DAPI) and the tissue-specific markers TUJ1 for ectoderm, smooth muscle actin (SMA) for
mesoderm, and GATA4 for endoderm. Representative images are shown (scale bar 100 lm). (B): In vivo differentiation of wild-type and
mutant clones demonstrated by teratoma formation. The tissues from the teratomas were identified using hemotoxylin and eosin stain-
ing. Representative images are shown (scale bar 100 lm). (C): Morphology of EBs formed from wild-type (left) and mutant (right) clones
after 7 days. (D): Attachment efficiency of EBs on gelatin-coated coverslips. Attachment assay: 24 replicates per clone were performed,
with each replicate consisting of three EBs seeded into one well. (E1G): Expression of the pluripotency marker OCT4/POU5F1 after 2
weeks of EB differentiation for wild-type and mutant (E) and TP53 shRNA mutant (G) clones. OCT4 expression assay: three coverslips
were generated per clone, with three EBs seeded per coverslip; five high-power fields per coverslip were used for quantification, and
the quantification was performed twice by two different examiners in a blinded fashion. All data are expressed as the mean6 SEM,
asterisks indicate statistical significance by two-tailed t test; *p< .05, **p< .01, ***p< .005, wild-type versus mutant clones and scram-
ble shRNA vs. TP53 shRNA clones. Abbreviation: EB, embryoid body; MUT, mutant; WT, wild type.
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of TP53 is thought to be the primary driver of poor outcomes

in cancers containing single-copy deletions of chr17p13.1

[19–22, 43]. In mESCs and hESCs, TP53 has been shown to play

an important role in regulation of cell proliferation, cell cycle

progression, apoptosis and differentiation [27, 28, 30, 44–47].

Consistent with these previous reports, we were able to reca-

pitulate the selective advantage of the mutant clones in the

cell proliferation, DNA damage, clonogenicity, and apoptosis

assays, by knocking down TP53 expression in the wild-type

clones using shRNA constructs, thus supporting the conclusion

that loss of TP53 is the primary factor conferring a survival

advantage to the mutant clones in our system.

We found that the wild-type and mutant clones and the

shRNA clones expressed high levels of pluripotency markers,

including NANOG and OCT4, in the undifferentiated state, and

also efficiently differentiated into cell types representing all

three germ layers. However, we observed persistent OCT4

expression in many more cells in the mutant and TP53 shRNA

EBs in comparison with the wild-type and scramble shRNA EBs,

respectively. Moreover, we observed that while the wild-type

clones formed typical smoothly rounded EBs, the mutant clones

formed complex EBs with irregular projections and also did not

attach to the tissue culture plate as efficiently as wild-type

clones. Interestingly, this unusual EB morphology and poor

Figure 6. Knockdown of TP53 in wild-type clone 2 (WT2). (A): Quantitative analysis of TP53 protein levels in the wild-type and the
mutant cells. Data are expressed as the mean6 SEM of three independent biological samples. Wild-type clone 1 was used as reference.
A representative western blot for TP53 is shown below the graph. Vinculin was used as a loading control. (B): Relative mRNA expression
of TP53 transcript in WT2 with three different TP53 knockdown shRNAs compared to the negative control (scramble) shRNA. Data are
expressed as the mean6 SEM of two independent biological experiments, with each experiment including 3–5 technical replicates. See
also Supporting Information Figure S6A, S6B. (C): Quantitative analysis of TP53 protein levels in the WT2 with the three different TP53
knockdown shRNAs compared to the negative control shRNA. Data are expressed as the mean6 SEM of three independent biological
samples. A representative western blot for TP53 is shown below the graph. Vinculin was used as a loading control. See also Supporting
Information Figure S6C, S6D. ***p< .000001. Abbreviation: MUT, mutant; WT, wild type.
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attachment was not seen in the TP53 shRNA knockdown clones

(data not shown). This partial discordance in behavior in the dif-

ferentiation assays between the mutant and TP53 shRNA knock-

down clones suggests that the loss of TP53 is not responsible

for all of the differentiation phenotypes seen in the chr17p13.1

deletion mutants, and that other genes encompassed in the

deleted region may also contribute to the phenotype. This pos-

sibility is also supported by the observation that, in the undif-

ferentiated state, the mutant clones expressed lower levels of

transcription factors associated early lineage commitment com-

pared to the wild-type clones, while the TP53 shRNA knock-

down clones expressed similar or higher levels of these

transcripts than the scramble shRNA control clone.

We note that in addition to the single-copy deletion of

chr17p13.1 in the mutant clones, the mutant and wild-type

clones were discordant for genetic aberrations at other geno-

mic locations. In this study, we focused on the chr17p13.1

region, given the fact the TP53 gene is located within it. Our

results comparing the mutant and wild-type clones, along with

the TP53 shRNA knockdowns, indicate that the single-copy

chr17p13.1 is at least partially responsible for the difference in

phenotype between the mutant and wild-type clones. We rec-

ognize that the other aberrations may also contribute to the

phenotypic differences between the mutant and wild-type

clones. The difference in CN for the chr20q11.21 region (three

copies in the mutant clones and five copies in the wild-type

clones) should have conferred an advantage to the wild-type

clones, and thus our results suggest that the single-copy

chr17p13.1 deletion in the mutant clones may have a stronger

effect than the additional two copies of the chr20q11.21 region

in the wild-type clones. The other discordant aberrations have

not been previously studied in detail in hESCs and should be

investigated in future studies. However, we would like to point

out the potential concerns related to discordant aberrations at

other genomic loci do not apply to the shRNA experiments, as

the TP53 knockdown and control clones were isogenically

matched. Moreover, these knockdowns were performed in both

of the “wild-type” clones, with concordant results.

It is possible that the likelihood of a deletion of the

chr17p13.1 region is increased by a prior duplication of

chr12p, which has been linked to genetic instability [14]. How-

ever, in our prior study, there were subcultures of hESCs that

contained the chr17p13.1 deletion without a duplication of

chr12p [5], indicating that the occurrence of the chr17p13.1

deletion is not predicated on a chr12p duplication.

CONCLUSION

To our knowledge, this is the first study to report the pheno-

type of a sporadic spontaneous mutation in hESCs. We have

shown that this mutation, a single-copy deletion of

chr17p13.1, has important effects on hESC proliferation and

survival, and that the loss of one copy of the TP53 gene is

likely to be the key driver mutation. Moreover, we observed

that this mutation resulted in aberrant persistence of OCT4

expression after spontaneous differentiation. Our findings sug-

gest that human pluripotent stem cell cultures intended for

preclinical or clinical use should be tested not only for com-

mon genomic aberrations, but also for sporadic aberrations.

We recognize that it will be challenging to determine the phe-

notypic consequences, particularly the tumorigenicity, of each

observed sporadic aberration, and that novel experimental

and bioinformatics approaches to this problem will need to

be developed.
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