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ABSTRACT

Mouse pluripotent stem cells (PSCs) are the best studied
pluripotent system and are regarded as the “gold stand-
ard” to which human PSCs are compared. However, while
the genomic integrity of human PSCs has recently drawn
much attention, mouse PSCs have not been systematically
evaluated in this regard. The genomic stability of PSCs is
a matter of profound significance, as it affects their pluri-
potency, differentiation, and tumorigenicity. We thus per-
formed a thorough analysis of the genomic integrity of 325
samples of mouse PSCs, including 127 induced pluripotent
stem cell (iPSC) samples. We found that genomic aberra-
tions occur frequently in mouse embryonic stem cells of
various mouse strains, add in mouse iPSCs of various cell
origins and derivation techniques. Four hotspots of chro-
mosomal aberrations were detected: full trisomy 11 (with

a minimally recurrent gain in 11qE2), full trisomy 8, and
deletions in chromosomes 10gB and 14qC-14qE. The most
recurrent aberration in mouse PSCs, gain 11qE2, turned
out to be fully syntenic to the common aberration 17q25
in human PSCs, while other recurrent aberrations were
found to be species specific. Analysis of chromosomal
aberrations in 74 samples of rhesus macaque PSCs
revealed a gain in chromosome 16q, syntenic to the hot-
spot in human 17q. Importantly, these common aberra-
tions jeopardize the interpretation of published
comparisons of PSCs, which were unintentionally con-
ducted between normal and aberrant cells. Therefore, this
work emphasizes the need to carefully monitor genomic
integrity of PSCs from all species, for their proper use in
biomedical research. STEm CELLS 2012,30:612-622
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INTRODUCTION

Since their initial derivation 30 years ago, mouse embryonic
stem cells (ESCs) have been extensively used for the study of
various fundamental questions in developmental and cellular
biology. The salient advantages of the mouse system over other
model organisms have led mouse pluripotent stem cells (PSCs)
to become the most studied pluripotent system, and much of
the work in this field is currently conducted using these cells.
Not surprisingly, the seminal breakthrough of reprogramming
mature cells into the pluripotent state was achieved for the first
time in mouse [1], and mouse induced PSCs (iPSCs) are com-
monly regarded as the “gold standard,” to which human iPSCs
are often compared. Indeed, many technical advancements and
mechanistic insights have been achieved with mouse PSCs
prior to their achievement with their human counterparts.
Chromosomal aberrations are known to occur in cultures
of both mouse and human ESCs [2-4]. However, most of the
work on genomic instability and culture adaptation of ESCs
has been performed with human cells, with only few attempts
to identify and characterize typical aberrations in mouse ESCs
[3, 5, 6]. Moreover, while the genomic instability of human

iPSCs has recently caught much attention [7-11], chromo-
somal aberrations in mouse iPSCs have been reported only
sporadically [12, 13], and the genome status of these cells is
therefore considered to be unresolved [14].

Although mouse PSCs are irrelevant for cell therapy per
se, their genomic stability in culture may have far-reaching
implications: first, chromosomal aberrations might affect the
differentiation capacity of mouse PSCs, similar to their effect
in human PSCs [15, 16]; second, chromosomal aberrations
might also influence the pluripotency of the cells, as judged by
stringent pluripotency tests, such as their contribution to germ-
line transmission and tetraploid complementation [6]; third,
these aberrations are likely to increase the tumorigenicity of
the cells [17], thus affecting the interpretation of in vivo
experiments preformed with mouse PSC-derived cells. Thus,
chromosomal aberrations might jeopardize the correct interpre-
tation of studies conducted with aberrant PSCs. Another moti-
vation to study chromosomal aberrations in mouse PSCs would
be to compare them to those that arise in human PSCs, a com-
parison through which novel conclusions could potentially be
drawn with regard to the human cells as well.

In this study, we have preformed a comprehensive analy-
sis of chromosomal aberrations in mouse ESCs and iPSCs.
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We report the prevalence of these aberrations in mouse ESCs
of various strains, and in mouse iPSCs of various cell origins
and derivation techniques. Four genomic regions that recur-
rently acquire aberrations are characterized and compared
with the ones previously identified in human PSCs.

MATERIALS AND METHODS

Gene Expression Profiles Database

Gene expression profiles from studies that involved mouse em-
bryonic stem cells (ESCs) and mouse iPSCs, and which con-
ducted gene expression microarray analysis using Mouse430_2 or
HT_MG-430A microarray platforms (Affymetrix, CA, http://
www.affymetrix.com), were obtained from the Gene Expression
Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo).
Similarly, gene expression profiles from studies that involved rhe-
sus macaque ESCs and iPSCs, and which conducted gene expres-
sion microarray analysis using rhesus macaque genome array
(Affymetrix, CA, http://www.affymetrix.com), were also obtained
from the GEO database (http://www.ncbi.nlm.nih.gov/geo). Raw
.CEL files for all samples were analyzed using MASS5 probeset
condensation algorithm using Expression Console (Affymetrix,
CA, http://www.affymetrix.com). Arrays were analyzed for qual-
ity control and outliers were removed. Further outliers were
removed following hierarchical clustering analysis. Gene expres-
sion profiles from studies that involved mouse epiblast stem cells
(EpiSCs) and epiblast stem cell-like iPSCs (ePSCs), and which
conducted gene expression microarray analysis using MouseRef-8
v2.0 microarray platform (Illumina, CA, http://www.illumina.
com), were also obtained from the GEO database (http://
www.ncbi.nlm.nih.gov/geo), as normalized files. Thus, the final
dataset consisted of 325 samples of mouse PSCs and 74 samples
of rhesus macaque PSCs (Supporting Information Table S1).
Probes absent in more than 20% of the samples were discarded in
the Mouse430_2, HT_MG-430A, and rhesus macaque genome
array platforms. In the case of multiple probesets for any given
gene, multiple instances were discarded, so that each gene would
be represented by one probeset only. Whenever possible, probe-
sets ending with “_at” were used for the analysis (otherwise pro-
besets were randomly selected). Probesets without documented
chromosomal location were also removed. Thus, separate datasets
containing a single probeset for each expressed gene were gener-
ated. In order to reduce bias due to low expression levels, values
under 50 (for MG430_2, HT_MG-430A, rhesus macaque genome
array, and MAS5-normalized MouseRef-8 v2.0 files) or 5.5 (for
Robust Multichip Average (RMA)-normalized MouseRef-8 v2.0
files) were collectively raised to this level. In order to further
reduce noise in the rhesus macaque platform, the sum of squares
(SSQ) of the relative expression values was calculated for each
gene and highly variable genes (SSQ >50) were removed as well.

Comparative Genomic Hybridization-Piecewise
Constant Fit Overexpression Analysis

For each sample, the expression value of each autosomal gene
was divided by the median expression of the same gene across
the entire dataset, in order to obtain a comparative value. In order
to reduce possible bias from any given experiment, groups of
similar samples with highly similar gene expression profiles (as
judged by hierarchical clustering) were averaged for the sake of
calculating the grand population median. This median then served
as the baseline for examining expression bias. The data were then
processed using a freely available comparative genomic hybrid-
ization (CGH) analysis software program, CGH-Explorer (http://
www.ifi.uio.no/forskning/  grupper/bioinf/Papers/CGH).  Gene
expression regional bias was detected using the program’s piece-
wise constant fit algorithm, using a set of parameters as follows:
least allowed deviation = 0.25-0.30; least allowed aberration size
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= 30-80; Winsorize at quantile = 0.001; penalty = 10-12;
threshold = 0.01. Moving-average plots of cell lines and regions
of interest were drawn using the moving-average fit tool.

Location-Enrichment Analysis

For each sample in which an aberration was detected, a list of the
autosomal genes that are overexpressed (>1.5-fold, for trisomies and
gains) or underexpressed (< 1.5-fold, for monosomies and deletions)
relative to the median expression of that gene was comprised. This
list was then subjected to location-enrichment analysis, using the Ex-
pander software (http://acgt.cs.tau.ac.il/expander). For the rhesus
macaque aberrations, the list was subjected to chi-square test contin-
gency table analysis, using the Statistics Online Computational
Resource (http://www.socr.ucla.edu/SOCR.html). Significance was
determined as Bonferroni-corrected p values lower than 1.0E-4,
which is the default value of the Expander program.

Synteny and Orthology Analysis

Synteny between the mouse, rhesus, and human genome was
determined and drawn using the Synteny Location-Based Display
of the Ensemble Genome Browser 63 (http://www.ensembl.org),
the National Center for Biotechnology Information (NCBI)
Homology Maps Page (http://www.ncbi.nlm.nih.gov/projects/
homology/maps), and the Primate Cytogenetics database (http://
www.biologia.uniba.it/macaque/). Orthology between the human
and mouse genes that reside in the recurrently aberrant regions
was examined using the HUGO Gene Nomenclature Committee
(HGNC) Comparison of Orthology Predictions Search (http://
www.genenames.org/cgi-bin/hcop.pl).

Common Fragile Sites Analysis

An updated map of the common fragile sites (CESs) in the human
genomes was obtained from Bignell et al. [18]. The syntenic
regions in the mouse genome were determined and drawn using
the Synteny Location-Based Display of the Ensemble Genome
Browser 63 (http://www.ensembl.org) and the NCBI Homology
Maps Page (http://www.ncbi.nlm.nih.gov/projects/homology/maps).

Statistical Analysis

Hierarchical clustering was performed using Partek Genomics Suite
Version 6.3 (Partek, MO; http://www.partek.com). Gene expression
values were compared between the diploid and aneuploid lines
using one-tailed Student’s ¢ test. p values were corrected for multi-
ple testing using the Bonferroni correction. For the purpose of all
statistical analyses, samples of similar cells from the same study
were averaged and considered as one independent sample.

RESuULTS

Hotspots of Chromosomal Aberrations
in Mouse PSCs

We have recently developed a methodology for detecting
chromosomal aberrations in human pluripotent and multipo-
tent stem cells, based on the gene expression patterns of the
cells lines [7, 11]. Here, we applied the same methodology to
perform a comprehensive analysis of chromosomal aberrations
in 129 samples of mouse ESCs, 127 samples of mouse iPSCs,
25 samples of mouse ESCs that originated from iPSCs
(through nuclear transfer), and 44 samples of mouse EpiSCs,
from 48 different studies. Only aberrations that met the strin-
gent criteria for statistical significance in the bioinformatic
tools applied are presented and discussed (Materials and
Methods). Since the exact passage number was not available
for many of the analyzed samples, aberrations in different
samples may sometimes reflect the same culture event. There-
fore, samples of similar cells from the same study were
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averaged and considered as one independent sample for statis-
tical purposes and their visual representation. The number of
independent cases of each aberration thus makes a better indi-
cator of its prevalence than the general number of samples in
which this aberration occurred.

The analysis revealed a high frequency of chromosomal
aberrations in mouse ESCs from various strains. Sixty-nine
aberrations were detected in 49 out of 129 ESC samples
(38.0%). Some of the aberrations (for example, gain of 7qA)
were identified only once, and therefore seem to have
occurred sporadically (Supporting Information Fig. SI1A).
Other aberrations are recurrent aberrations that were detected
in at least three independent cases, and these genomic loci are
thus identified as hotspots of chromosomal aberrations in
mouse ESCs. The analysis identified four such recurrent aber-
rations: full trisomies of chromosome 8 (21 samples from
eight independent cases, 16.3% of the samples, Fig. 1A, 1B
and Supporting Information Fig. S1B--S1H), full trisomies of
chromosome 11 (10 samples from five independent cases,
7.8% of the samples, Fig. 1B and Supporting Information Fig.
S1C--S1E, S1H), deletions of chromosome 10gB (17 samples
from three independent cases, 13.5% of the samples, Fig. 1C
and Supporting Information Fig. S1G), and deletions of chro-
mosome 14qC-14qE (six samples from three independent
cases, 4.8% of the samples, Fig. 1D and Supporting Informa-
tion Fig. STH). All mouse ESCs are susceptible to these chro-
mosomal aberrations, as they were identified in multiple-cell
lines (such as, R1, J1, D3, AB1, RW4, CGR8, and E14Tg2A)
of various mouse strains (C57BL/6, 129/Sv, 129/0Ola, Rosa26,
ICR, and Jae as well as hybrids of these strains) (Fig. 1A--
1D, Supporting Information Fig. SIA--S1I, Table 1 and Sup-
porting Information Table S1).

We next performed the first systematic analysis of chro-
mosomal aberrations in mouse iPSCs. Forty-five aberrations
were detected in 29 out of 127 iPSC samples (22.8%). There-
fore, chromosomal aberrations were detected in iPSCs at a
significant proportion of the samples. The analysis identified
chromosomal aberrations in iPSCs in three out of the four
hotspots that were identified in ESCs: full trisomies of chro-
mosome 8 (six samples from two independent cases, 4.7% of
the samples, Fig. 1E, 1G), full trisomies of chromosome 11

(13 samples from two independent cases, 10.2% of the sam-
ples, Fig. 1F, 1]), and deletions of chromosome 14qC-14qE
(four samples from two independent cases, 3.1% of the sam-
ples, Fig. 1G and Supporting Information Fig. S2A). Smaller
gains in chromosome 11gD-11qE were also detected in iPSCs
(three independent cases, 2.4% of the samples, Fig. 1H and
Supporting Information Fig. S2A, S2B). This suggests that
mouse iPSCs are prone to acquire similar characteristic chro-
mosomal aberrations as mouse ESCs, similarly to previous
reports in human PSCs [7]. Sporadic aberrations that occurred
only once, such as trisomy 12, were identified as well (Sup-
porting Information Fig. 2C).

We also included in the analysis mouse ESCs of iPSC ori-
gin. These ESC lines were isolated following the nuclear
transfer of iPSCs into enucleated oocytes. As ESCs and iPSCs
were found here to acquire the same chromosomal aberra-
tions, it is not surprising that these iPSC-derived ESCs also
exhibit the same common aberrations: trisomy 8 (Fig. 1I) and
trisomy 11 (Fig. 1J and Supporting Information Fig. S2D).
These aberrations could be acquired during the time the cells
spent in culture either as ESCs or as iPSCs. Indeed, both of
these possibilities could be demonstrated: in one case, it is
clear that the aberration already stems from the iPSCs, as the
same aberration exists both in the iPSCs of origin and in the
ESCs that were derived from them (Fig. 1J); in the other
case, the aberration did not exist in the iPSCs of origin, sug-
gesting it occurred after the nuclear transfer (Supporting
Information Fig. 2D).

An ideogram of the chromosomal aberrations identified in
mouse ESCs, iPSCs, and iPSC-derived ESCs is presented as
Figure 2, the list of recurrent aberrations in these cells is pre-
sented as Table 1, and the full list of all identified aberrations
is presented as Supporting Information Table S1.

Rapid Acquisition of Aberrations in iPSCs of
Various Cellular Origins and Derivation Methods

In several cases, chromosomal aberrations were identified in
iPSCs from gene expression profiles, which were used to char-
acterize them as pluripotent. These expression profiles most
likely reflect iPSCs from early passages (<20), and the identifi-
cation of so many aberrations in these lines suggests that

Figure 1. Gene expression patterns reveal hotspots of chromosomal aberrations in mouse PSCs. Moving-average plots of gene expression levels

along the autosomal genome of ESCs (A--D), iPSCs (E--H), and ESCs that were derived by nuclear transfer of iPSCs (I, J). (A): Four samples
of 129sv ESCs demonstrate trisomy of chromosome 8 (red lines). Three normal ESC lines from another study are presented as controls (blue
lines). (B): D3 ESC sample demonstrates trisomy of chromosomes 8 and 11 (red line). Three normal ESC lines from another study are presented
as controls (blue lines). (C): Nine samples of D3 ESC demonstrate deletion of chromosome 10gB (red lines). Three normal ESC lines from
another study are presented as controls (blue lines). (D): Three samples of E14Tg2A ESCs demonstrate monosomy of chromosome 14 (red lines).
Three normal ESC lines from another study are presented as controls (blue lines). (E): Three samples of iPSCs demonstrate trisomy of chromo-
some 8 (red lines). These iPSCs were derived by retroviral transduction of mouse embryonic fibroblasts with Oct4, Sox2, KlIf4, and c-Myc. Three
samples of normal iPSCs, from another clone reported in the same study, are presented as controls (blue lines). (F): iPSC sample demonstrates
trisomy of chromosome 11 (red line). This iPSC line was derived by drug induction of peritoneal fibroblasts from transgenic mouse. Nine sam-
ples of normal iPSCs, from various clones reported in the same study, are presented as controls (blue lines). (G): Three samples of iPSCs demon-
strate trisomy of chromosome 8 and deletion of chromosome 14qC-14qE (red lines). These iPSCs were derived by retroviral transduction of
mouse neural stem cells with Oct4 and KlIf4. Three samples of normal ESC lines from another study are presented as controls (blue lines). (H):
iPSC sample demonstrates gain of chromosome 11qE2, acquired in culture within 12 passages. The cells were normal at passage 4 (blue line)
and acquired the aberration by passage 16 (red line). This iPSC line was derived by drug induction of T cells from transgenic mouse. (I): iPSC-
derived Rosa26 ESC sample demonstrates trisomy of chromosome 8 (red line). This ESC line was derived by nuclear transfer of iPSCs into
enucleated oocytes. The iPSCs of origin were derived by adenoviral transduction of mouse tail-tip fibroblasts with the reprogramming factors.
Two normal subclones of the same original cell line are presented as controls (blue lines), suggesting this aberration occurred at the ESC stage
of the cells. (J): Twelve samples of iPSCs and 12 samples of iPSC-derived ESCs demonstrate trisomy of chromosome 11 (red lines). The iPSCs
were derived by drug induction of MEFs from transgenic mouse and the ESCs were derived by nuclear transfer of these iPSCs into enucleated
oocytes. As the iPSCs and their ESC derivatives exhibit the exact same aberration, it has most likely occurred already at the iPSC stage of the
cells. Nine normal ESC samples from the same study are presented as controls (blue lines). Red, orange, and purple bars indicate gains in ESCs,
iPSCs, and iPSC-derived ESCs, respectively; dark and light green bars indicate deletion in ESCs and iPSCs, respectively. Samples appear by
their GSM numbers, as deposited in the GEO database. The number of normal (blue) and aberrant (red) samples in each panel appears within
parentheses. Details regarding each sample are given in Table 1 and Supporting Information Table S1. Abbreviations: ES, embryonic stem;
GSM, GEO sample; iPS, induced pluripotent stem.
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genomic abnormalities accumulate in iPSCs already at low pas-
sages (Table 1). These aberrations most likely occur during the
reprogramming process or during the first passages of the cells
in culture, as was previously demonstrated for human iPSCs
[7, 11]. Indeed, in one study, iPSCs were analyzed both at pas-
sage 4 and at passage 16 [19]. Our analysis revealed that one
of the cell lines reported in this study exhibited normal diploid
karyotype at passage 4, but by passage 16 had already acquired
a gain of chromosome 11qE2 (Fig. 1H). These results demon-

strate that advantageous aberrations can take over the culture
of mouse iPSCs rapidly, within several passages only.

The analysis also revealed that chromosomal aberrations
arise in mouse iPSCs regardless of the cell type from which
they are derived, as we could detect them in mouse iPSCs
derived from mouse embryonic fibroblasts, tail-tip fibroblasts,
peritoneal fibroblasts, T cells, granulocytes, and neural stem cells
(Fig. 1E--1G, Supporting Information Fig. S2A--S2D, Table 1
and Supporting Information Table S1). The acquisition of
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aberrations is also independent of the reprogramming method
used for the iPSC derivation—aberrations were detected in
iPSCs derived by retroviral transduction with 4, 3, and 2
transcription factors (Fig. 1E, 1G, Supporting Information
Fig. S2C and Table 1) as well as by drug-inducible transgenic
system (Fig. 1F, 1J, Supporting Information Fig. S2A, S2B and
Table 1).

Relevance of Chromosomal Aberrations in PSC
Comparison Studies

The prevalence of chromosomal aberrations in iPSCs, starting
at early passage, and regardless of their cellular origin and
derivation technique, requires caution when evaluating these
cells as pluripotent and comparing them to ESCs. For exam-
ple, the cell line IP20D-3 was germline transmittable, whereas
the cell line IP36D-3 was not [20]. This difference was attrib-
uted solely to the different expression levels of the Dlk1-Dio3
region between these lines [20], which is indeed a valid ex-
planation, as the importance of the DIlkl-Dio3 region has
been demonstrated independently [21]. However, we found
that IP20D-3 has a diploid karyotype, whereas IP36D-3 has
an extra chromosome 8 (Fig. 1E). Trisomy 8 was demon-
strated to interfere with germline transmission of ESCs [6],
suggesting another plausible cause for the phenotypic differ-
ence detected between these two specific clones.

Another study has recently reported a different develop-
mental potential of PSCs generated by different reprogram-
ming strategies [22]. In this study, the authors compared nu-
clear-transfer ESCs (ntESCs), iPSCs, and iPSC-derived ESCs
(iPSC-nt-ESCs) from genetically identical donor cells. While
the ntESCs examined in this study could give rise to viable
mice in a tetraploid complementation assay, all iPSCs and
iPSC-nt-ESCs failed to generate such viable mice. The
authors concluded from these results that the ground state of
pluripotency was not acquired during the formation of iPSCs
and iPSC-nt-ESCs. However, our analysis revealed that the
iPSCs and iPSC-nt-ESCs used in this study—but not the
ntESCs to which they were compared—harbor full trisomy of
chromosome 11 (Fig. 1J and Supporting Information Table
S1). Therefore, the difference in the developmental potential
of the cells may well be attributed to this trisomy (as was
shown to be the case with trisomy 8) rather than to the differ-
ent reprogramming methods applied. Moreover, the over-
looked trisomy may also explain why the ntESCs clustered
more closely with normal ESCs than the iPSCs and iPSC-
derived ESCs in an unsupervised hierarchical clustering of
microarray expression data.

Caution is also bound when comparing ESC lines, as
overlooked aberrations may affect results of the analyses that
are based on aberrant cells. For example, a recent study dem-
onstrated derivation of haploid mouse ESCs [23]. In this
study, the haploid cells were compared with control ESCs
that were considered to be normal “diploid” cells. However,
our analysis revealed that all three control samples harbored
trisomies of chromosomes 8 and 11, and one of them also
had an extra chromosome 6 (Supporting Information Fig. 1H).
Moreover, gene expression patterns were compared in this
study between the haploid and diploid cells, revealing 162
genes that were downregulated in haploid versus diploid
ESCs [23]. We found that 32.1% of the listed genes reside on
chromosomes 8 and 11, suggesting that the comparison may
have been influenced by the trisomies in the control cells.

Syntenic Aberrations in Mouse and Human PSCs

Next, we examined whether the chromosomal aberrations that
arise in mouse and human PSCs are evolutionarily conserved.
For that aim, we compared the hotspots of chromosomal aber-
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Figure 2. Ideogram of chromosomal aberrations in mouse pluripo-
tent stem cells (PSCs). This ideogram represents the chromosomal
aberrations identified in the autosomal genomes of mouse embryonic
stem cells (ESCs), induced PSCs (iPSCs), and iPSC-derived ESCs.
Bars to the right of the chromosome represent gains, and bars to the
left of the chromosome represent deletions. Red, orange, and purple
bars indicate gains in ESCs, iPSCs, and iPSC-derived ESCs, respec-
tively; dark and light green bars indicate deletions in ESCs and
iPSCs, respectively. Chromosomal aberrations in samples from similar
cells from the same study are shown and considered as a single aber-
ration, for the purpose of all statistical analyses and graphic presenta-
tions. Whenever a bar represents more than one sample, the number
of represented samples is indicated above it.

rations in mouse PSCs, identified here, with the known com-
mon aberrations in human PSCs [2, 7, 11]. Interestingly,
human chromosome 17 is completely syntenic to the distal
half of mouse chromosome 11 [24]. Gains in chromosome 17
are the second most common aberrations in human PSCs [2,
7, 11], while gains in chromosome 11 were found here to be
the most common aberrations in mouse PSCs (Fig. 2 and Ta-
ble 1). The relatively high resolution of our methodology
enabled us to narrow-down the aberrant regions in these chro-
mosomes and to define minimal recurrently aberrant regions
of ~10 Mb in both species (17925 in human and 11qE2 in
mouse) (Fig. 3A). Importantly, we found that these minimal
recurrent regions are fully syntenic between mouse and
human, suggesting that these aberrations are evolutionarily
conserved (Fig. 3A).

BIRCS5 (Survivin) is an antiapoptotic gene that is impor-
tant for the survival and the teratoma-formation capacity of
human ESCs. Ablation of this gene induces apoptosis in
human ESCs in vitro and in teratomas in vivo [25]. Human
ESCs with trisomy 17 were shown to generate more aggres-
sive teratomas than diploid ESCs [26], and BIRC5 was sug-
gested as a candidate gene that might be responsible for the
advantageous growth that trisomy 17 confers [2]. Here, we
report that BIRCS resides inside the minimal recurrently aber-
rant region of human chromosome 1725, and its mouse
ortholog Birc5 resides inside the syntenic recurrently aberrant
region of mouse chromosome 11qE2 (Fig. 3A). Moreover,
Birc5 is significantly upregulated in all the aberrant mouse
cell lines (average fold change = 1.34, p value = 3.5E-4) and
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Figure 3. Syntenic and species-specific recurrent aberrations in mouse pluripotent stem cells (PSCs). (A): The recurrently aberrant region,
mouse 11qE2, is completely syntenic to the recurrently aberrant region 17q25. The synteny between mouse chromosome 11 and human chromo-
some 17 is presented in the middle. The recurrent chromosomal aberrations identified in these chromosomes in PSCs are presented as bars to the
sides of the chromosomes. Red, orange, and purple bars indicate gains in embryonic stem cells (ESCs), induced PSCs (iPSCs), and iPSC-derived
ESCs, respectively. The chromosomal aberrations in mouse PSCs were identified in this study; the aberrations in human PSCs were previously
reported by Baker et al. [2], Mayshar et al. [7], and Ben-David et al. [11]. The numbers above the bars represent the number of cases in which
each aberration was identified. The chromosomal locations of BIRC5/Birc5 are indicated with a black line. (B): A Venn diagram of the genes
that reside inside the minimally recurrent aberration in human 1725 and mouse 11gE2. 95 genes are expressed in human PSCs from this region,
24 of which are significantly overexpressed in the cell lines that harbor the chromosomal gain. One hundred six genes are expressed in mouse
PSCs from this region, 22 of which are significantly overexpressed in the cell lines that harbor the chromosomal gain. Only seven orthologous
genes are overexpressed both in mouse and in human aberrant cells. These genes are listed in the table below the Venn diagram, with their aver-
age fold change and its statistical significance (corrected for multiple testing by Bonferroni correction). (C): Species-specific recurrently aberrant
regions in mouse and human PSCs. Left: the recurrently aberrant region, mouse chromosome 8, is syntenic to multiple human chromosomes.
However, while trisomy 8 is very frequent in mouse PSCs, none of the syntenic human regions is recurrently aberrant in human PSCs. Right: the
recurrently aberrant region in human PSCs, human 12p, is syntenic to mouse 6qF-6qG. However, while trisomy 12p is the most frequent aberra-
tion in human PSCS, trisomy 6 is very rare in mouse PSCs. The recurrent aberrations identified in these chromosomes in PSCs are presented as
bars to the sides of the chromosomes. Red, orange, and purple bars indicate gains in ESCs, iPSCs, and iPSC-derived ESCs, respectively. The
chromosomal aberrations in mouse PSCs were identified this study; the aberrations in human PSCs were previously reported by Baker et al. [2],
Mayshar et al. [7], and Ben-David et al. [11]. The numbers above the bars represent the number of cases in which each aberration was identified.
(D): Deletions in 10gB and 14qC-14qE are unique to mouse PSCs and have not been detected in the syntenic human regions. The edges of these
recurrent aberrations correspond to genomic regions that are syntenic to common fragile sites (CFSs) in human. Dark and light green bars indi-
cate deletions in ESCs and iPSCs, respectively. Similar aberrations from the same study are presented as a single aberration, and the number of
represented samples is indicated above the bars. Genomic regions that are syntenic to human CFSs are delineated in red. The chromosomal loca-
tion of Ccdc6 is indicated with a black line. Abbreviations: ICT1, immature colon carcinoma transcript 1; JMJD6, jumonji domain containing 6;
MRPS7, mitochondrial ribosomal protein S7; NUP85, nucleoporin 85kDa; STRA13, stimulated by retinoic acid 13 homolog; SAP30BP, SAP30
binding protein; WDR45L, WDR45-like.
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in most of the aberrant human cell lines (average fold change
= 1.39, p value = .017). These results strongly support the
notion that BIRC5/Birc5 plays an important role in the recur-
rence of this aberration, both in mouse and in human.

One of the advantages of the methodology applied here is
that once a recurrently aberrant region is identified, it is read-
ily accessible to an expression analysis of the genes that re-
side inside it. We therefore decided to compare the gene
expression levels between the syntenic aberrant regions in
mouse and human. The minimal recurrently aberrant region in
human 1725 contains 95 genes that are expressed in human
PSCs; the minimal recurrently aberrant region in mouse
11qE2 contains 106 genes that are expressed in mouse PSCs.
Sixty-two of these genes are orthologs, and are thus expressed
in both species from the same syntenic region. A comparison
of the human PSCs that harbor the aberration to those that do
not revealed 24 genes, which are significantly overexpressed.
The same comparison between mouse PSCs that harbor this
aberration to those that do not identified 22 significantly over-
expressed genes. The intersection between these groups, that
is, the list of genes that are significantly overexpressed both
in mouse and in human aberrant cell lines (after applying a
stringent correction for multiple testing), comprises merely
seven genes (Fig. 3B). We present these genes as novel puta-
tive candidates that might be functionally relevant for this ab-
erration, both in mouse and in human.

The most upregulated gene in this group (Fig. 3B) is
immature colon carcinoma transcript 1 (/CTI). This gene
codes for a mitochondrial protein, whose function was shown
to be essential for cell vitality and mitochondrial function in
HeLa cells [27]. ICTI is more highly expressed in undifferen-
tiated than in differentiated colon carcinoma cells [28], and it
is highly expressed in both human and mouse PSCs [29, 30].
Genome-wide TF-binding studies suggest its promoter is
bound by multiple pluripotency factors, including Oct4 and
Nanog, in mouse ESCs [31]; genome-wide RNAi knockdown
studies showed that downregulation of SOX2/Sox2, OCT4/
Oct4, and/or NANOG/Nanog significantly downregulates the
expression of ICTI/Ict] in both human and mouse ESCs as
well as in human embryonal carcinoma cells [31]. Lastly, in a
recent genome-wide RNAi screen, knockdown of ICT! itself
in hESCs significantly reduced the fraction of undifferentiated
cells in culture [32], suggesting it is important for self-
renewal in these cells. Future studies should show whether
this gene is indeed important for the recurrent gains in 17925
and 11qE2 in human and mouse PSCs.

Species-Specific Aberrations in Mouse and
Human PSCs

The comparison of the recurrent chromosomal aberrations
between mouse and human revealed that apart from the syn-
tenic aberration discussed above, the other recurrent aberra-
tions are not evolutionarily conserved. In human PSCs, the
most common autosomal aberrations, besides gains of chro-
mosome 17q, are gains of chromosome 12p [2, 7] and
20q11.21 [4, 33, 34]; we did not detect any gains in the syn-
tenic regions (in chromosomes 6 and 2, respectively) in
mouse PSCs, apart from a single trisomy of chromosome 6
(one out of 325 samples, 0.3% of the samples) (Fig. 3C). On
the other hand, the human syntenic regions to the mouse hot-
spots of chromosomal aberrations—chromosomes 8, 10gB,
and 14qC-14gE—do not exhibit recurrent aberrations in
human PSCs (Fig. 3C). We conclude that most of the chro-
mosomal aberrations in PSC cultures are species-specific and
are not conserved between mouse and human.
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As it has been suggested that mouse and human PSCs rep-
resent different developmental stages [35, 36], the different
chromosomal aberrations that occur in these cells may result
from their distinct developmental stages rather than being spe-
cies specific. In order to determine between these possibilities,
we gathered data and analyzed the genomic integrity of 36
samples of mouse EpiSCs and eight ePSCs, from seven differ-
ent studies. Two samples of trisomy 3 (in one cell line), and
two samples of trisomy 10 (in another cell line) were detected
(Supporting Information Fig. 3A, 3B and Supporting Informa-
tion Table S1). Thus, we could detect in these cells neither
the characteristic mouse PSC aberrations nor aberrations that
were syntenic to the hotspots of human PSC aberrations. The
fact that not even a single aberration in chromosomes 8 and
11 could be detected in these cells implies that EpiSCs do not
tend to acquire the typical aberrations of PSCs (either ESCs
or iPSCs). However, future studies of chromosomal aberra-
tions in larger datasets of EpiSCs, as well as in “naive”
human PSCs, are needed in order to resolve this issue.

Analysis of Rhesus Macaque PSCs

In order to further examine the evolutionary conservation of
the detected chromosomal aberrations, we analyzed the
genomic integrity of 71 samples of rhesus macaque ESCs and
three samples of rhesus macaque iPSCs. The genomic integrity
of such cells has never been evaluated before. Although the
rhesus macaque genome has been sequenced [37], the cytoge-
netic organization of its chromosomes is not yet fully resolved.
Thus, we limited the rhesus analysis to identification of gains
and deletions at the resolution of chromosome arms or whole
chromosomes. Four aberrations were detected in four out of 74
samples (two independent cases, 5.4% of the samples,
Supporting Information Fig. 4A--4C and Supporting Informa-
tion Table S1). This low frequency of aberrations should
probably be attributed to the low passage number of the cell
lines examined, since expression arrays were almost always
performed right after the derivation of the rhesus PSCs.

The two identified aberrations are a duplication of chro-
mosome 16q and a full trisomy of chromosome 17 (Support-
ing Information Fig. S4A--S4C). Interestingly, rhesus maca-
que chromosome 16 is completely syntenic to human
chromosome 17 [37], and the duplication occurred in the
region that is syntenic to the chromosome arm 17q (Support-
ing Information Fig. S4D), which is the arm usually dupli-
cated in human PSCs [2, 7, 11]. Similar to the upregulation
of BircS in the aberrant mouse and human PSCs, this gene is
also overexpressed in the rhesus cell line with a gain of 16q.
In contrast, rhesus macaque chromosome 17 is syntenic to
human chromosome 13 [37], which exhibits genomic instabil-
ity only very rarely [2, 7, 11]. Although more research is
needed before these results can be generalized, they do sup-
port the notion that the common aberration in human chromo-
some 17q (corresponding to mouse chromosome 11q and rhe-
sus chromosome 16) is evolutionarily conserved, while other
aberrations are species specific.

DiscussioN

Here, we preformed a large-scale analysis of mouse PSCs and
revealed high frequency of aberrations in mouse ESCs of var-
ious mouse strains as well as in mouse iPSCs of various cell
origins and derivation techniques. The accumulation of aber-
rations in iPSCs begins already at early passages, and these
aberrations can take over the culture within several passages.
Importantly, all of the aberrations identified in this study are
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presumed to have overtaken the culture, as our expression-
based approach cannot detect aberrations that are present only
at a small subset of the population [7].

The frequency of aberrations in iPSCs was found to be
somewhat lower than that in ESCs (23.8% vs. 38.0%, respec-
tively). This difference may result from the longer time that
ESCs were grown in culture at the time of analysis, provid-
ing them with more time and replication cycles for culture
adaptation. For most of the analyzed samples, the exact pas-
sages of the ESCs and iPSCs were not specifically men-
tioned in the original studies, preventing their direct compar-
ison. However, most of the iPSCs were derived especially
for their respective studies and were reported in these studies
for the first time, whereas most of the ESCs were cell lines
cultured routinely at the laboratories and used as controls
(Table 1).

Besides the difference in the general frequency of aberra-
tions between ESCs and iPSCs, the relative incidence of each
of these aberrations also seems somewhat different: trisomy 8
is more prevalent than trisomy 11 in ESCs (eight vs. five in-
dependent cases; 16.3% vs. 7.8% of the samples, respec-
tively), in line with previous reports [3, 6], whereas an oppo-
site trend exists in iPSCs (two independent cases, 4.7% of the
samples, for trisomy 8; five independent cases, 12.6% of the
samples, for gains in chromosome 11) (Fig. 2 and Table 1). A
similar phenomenon was recently reported in human PSCs:
both human ESCs and iPSCs acquire gains in chromosomes
12 and 17 [2, 11]; however, gains in chromosome 17 are
much more common in human ESCs than they are in human
iPSCs [11, 38]. Interestingly, all the ESCs that harbored tris-
omy 11—but none of the iPSCS that harbored this trisomy—
also harbored trisomy 8 (Fig. 1B, Supporting Information Fig.
S1C--S1E, Table 1 and Supporting Information Table S1),
further supporting a potential difference in the importance of
these aberrations between these cell types or between their
growth conditions in culture.

Four hotspots of chromosomal aberrations characterize
mouse PSCs: full trisomy of chromosome 11 (with a minimal
recurrent gain in 11qE2), full trisomy of chromosome 8, and
smaller deletions in chromosomes 10gB and 14qC-14qE. The
most common aberration in mouse PSCs, gain of 11qE2, is
fully syntenic to the second most frequent aberration in
human PSCs, gain of 17q25. The antiapoptotic gene BIRC5/
BircS resides inside this region and is upregulated in the aber-
rant lines, supporting its importance in these aberrations. A
comparison of the expression of orthologous genes in this
region proposes further genes that may be involved in the
selection advantage conferred by this gain in both species, the
most promising of which seems to be [CTI/Ictl. Notably,
BIRC5/Birc5 does not appear in this list of candidate genes
since its overexpression in human PSCs is not statistically sig-
nificant after applying a stringent multiple-testing correction
for the unbiased comparison of orthologous genes. This may
reflect the ability of multiple genes within this region to drive
the selection advantage, thus smaller gains would need to be
identified in order to unequivocally determine the relative im-
portance of each gene.

Interestingly, the syntenic regions to the other three identi-
fied hotspots in mouse PSCs are not known hotspots of chro-
mosomal aberrations in human PSCs, and other common
aberrations in human PSCs were not detected in the mouse
syntenic regions. Analysis of mouse EpiSCs also failed to
detect aberrations in syntenic regions to the characteristic
aberrations of human PSCs. Together, these results imply that
most of the chromosomal aberrations in PSC cultures are spe-
cies-specific and are not conserved between mouse and
human. This specificity may result from the different culture

conditions and signaling requirements of mouse and human
PSCs; from the unique organization of the chromosomes in
each species, which may turn an advantageous aberration into
disadvantageous under different chromosomal contexts; or
from other inherent species differences. In line with this ob-
servation, a recent large-scale analysis of the genomic stabil-
ity of human ESCs suggested that the structural rearrangement
of 20q11.21, common in human ESCs, may be a relatively
species-specific event, presumably resulting from a recent
pericentric inversion shared only by gorilla, chimp, and
human [4]. Importantly, our results from rhesus macaque sup-
port both the evolutionary conservation of the common gain
in mouse chromosome 11/human chromosome 17 and the spe-
cies-specificity of other aberrations.

PSCs are rapidly proliferating cells with a unique cell
cycle [39]. The most probable mechanism for the occurrence
of full trisomies and monosomies in PSCs is a defective mi-
tosis, characterized by supernumerary centrosomes [40], non-
disjunction of sister chromatids [41], and the “uncoupling”
of the spindle checkpoint from apoptosis [42]. However,
small copy number variations have to occur through alterna-
tive mechanisms. CFSs are late-replicating genomic loci that
are predisposed to spontaneous or induced DNA breakage
[43]. CFSs are preferred targets for chromosomal rearrange-
ments at the early stages of tumorigenesis [44, 45]. A recent
study of human iPSCs reported that deletions recurred more
frequently within CFS regions compared with the whole ge-
nome [9]. We therefore examined whether the smaller
regions in chromosomes 11 and 14, which we identified as
hotspots of deletions in mouse PSCs, reside inside or nearby
CFSs.

Although only few CESs have been accurately mapped in
the mouse genome, CFSs are considered to be highly con-
served between mouse and human [46, 47]. We thus used a
recently published map of CESs in the human genome [18]
and compared their syntenic regions in the mouse genome to
the regions of recurrent deletions in mouse PSCs (namely, the
deletions in chromosomes 10gB and 14qC-14qE). Interest-
ingly, the fragile site FRAG6F, which is accurately mapped in
the human genome to a ~1 Mb long region, correlates quite
accurately to the beginning of the deletion in chromosome 10
(Fig. 3D). This region is deleted in many human tumors [48].
Another CFS, FRA10C, which is also known to be involved
in cancer rearrangements [49], matches exactly the other end
of the common deletion of 10gB (Fig. 3D). Moreover, the
gene Ccdc6, which was shown to reside inside human
FRA10C and to undergo DNA breakage after exposure to
fragile site-inducing chemicals [49], is located at the end of
the aberration (Fig. 3D). Ccdc6 is indeed significantly down-
regulated in the aberrant lines (fold change = 0.56, p value =
.01). Lastly, part of a third CFS, FRA14B, matches the begin-
ning of the deletion in Chrl4 (although this CFS has been
mapped only at the band resolution, enabling a rather general
comparison) (Fig. 3D). These findings suggest that fragile
genomic regions may be major targets of genomic instability
in mouse PSCs, potentially due to replication stress these cells
experience during the reprogramming process or during their
expansion in culture.

CONCLUSIONS

Taken together, our results reveal both similarities and differ-
ences between chromosomal aberrations in mouse and human
PSCs and emphasize the need to carefully and frequently
monitor their genomic integrity for their proper use in
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biological research. Specifically, when comparing the quality
of iPSCs of various origins and derivation methods, or when
comparing iPSCs to ESCs, it is crucial to assess the chromo-
somal aberrations these cells harbor, as these aberrations can
interfere with the properties of the cells and thus jeopardize
the results of such comparisons.
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