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Abstract: The preservation of the genetic and epigenetic integrity of human embryonic stem cells (hESCs) and induced 
pluripotent stem cells (iPSCs) during in vitro propagation is critical for their use in both research and future therapeutic 
applications. It has been reported that hESCs and iPSCs have the ability to adapt to various culture conditions. However, 
human pluripotent stem cells cultured in serum free media can frequently accumulate point mutations, aneuploidy, and 
progressive epigenetic changes over prolonged culture in vitro for reasons that are poorly understood. The phenotypic and 
epigenetic changes brought about by the culture conditions can have significant impacts on their use in research and in 
clinical applications. An increased understanding of the potential effects of in vitro culture environments on pluripotent 
stem cell growth can enhance the development of improved culture systems for hESCs or iPSCs, and facilitate any future 
therapeutic applications using these cells. In this review, we first focus on the occurrence, potential causes and 
consequences of genetic and epigenetic unstable human pluripotent stem cells in vitro. We further discuss the current 
methods for detection and characterization of abnormal pluripotent stem cells that involve simply traditional karyotype 
analysis. All these observations highlight the need for novel screening strategies to determine the safety of hESCs or 
iPSCs and optimization and standardization of procedures for the generation and culture of pluripotent stem cells that 
minimize culture-induced epigenetic and genetic instability. 
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INTRODUCTION 

 Since the publication of the first report on the derivation 
and characterization of human embryonic stem cells (hESCs) 
in 1998 [1], there has been considerable progress in the 
development of methodologies for their growth, genetic 
manipulation, and differentiation into a variety of cell types. 
However, significant challenges remain before hESCs can 
become a robust cellular platform for regenerative medicine.  
 As hESCs can potentially differentiate into all the cell 
types that make up a human body, they possess exciting 
potential as a source of cells for regenerative medicine, and 
are valuable tools for drug discovery and understanding 
human development and disease. However, translating these 
advantages into clinical benefits faces many challenges 
including (1) efficient and cost effective differentiation into 
the desired cell types, (2) ensuring the absence of potentially 
tumorigenic undifferentiated hESCs from the final product, 
(3) absence of potential pathogenic animal derived factors, 
and finally, (4) maintaining genetic stability during long-
term culture. It is this final safety issue that will form the 
focus of this review. 
 One of the key issues impeding the application of hESCs 
in regenerative medicine is the occurrence of karyotypic 
instability of hESCs during long term culture [2, 3]. Indeed, 
induced pluripotent Stem Cells (iPSCs) which have been 
widely acclaimed to overcome the immune rejection and  
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ethical issues faced by hESCs [4] appear to exhibit a similar 
unstable genotype. Although the occurrence and potential 
consequences of genetic instability for cell therapy has been 
recognized to some extent, very little is known about its 
causes. It has been widely proposed that the process of adap-
tation of pluripotent stem cells to in vitro culture conditions 
critically contributes to development of karyotypic abnor-
malities [5]. Within the context of this proposed adaptation 
model, it remains unclear what parameters, or combination 
of parameters, imposed by the in vitro culture method might 
affect genetic stability of hESCs. For example, conclusive 
evidence as to whether individual factors such as oxygen 
tension, medium components, extracellular matrix ECM or 
mechanical versus enzymatic propagation affect genetic 
stability of hESCs in culture remains elusive, let alone how 
such factors would bring about genetic instability. A detailed 
understanding of the effects of in vitro culture environments 
on hESC growth is required for the development of 
improved culture systems for hESCs or iPSCs, and a 
prerequisite for any future therapeutic applications using 
these cells.  

GENETIC INSTABILITY OF HUMAN PLURIPO-
TENT STEM CELLS 

Occurrence of Karyotypically Abnormal Human 
Pluripotent Stem Cells in vitro 

 Long-term maintenance of stem cells in an environment 
potentially suboptimal compared with the in vivo situation 
may lead to the accumulation of genetic defects. It should be 
considered that forcing embryonic stem cells to expand in 
vitro, even if this is carried out under empirically determined 
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“optimal” culture conditions, may lead to adaptive genetic 
change by itself, given that, in vivo, the inner cell mass exists 
in a pluritotent state for only a few days before forming the 
tissues of the fetus [6]. Indeed, it is likely that most of 
the hESC and iPSC lines in use today carry genetic and 
epigenetic artifacts of accommodation to tissue culture [4] 
and that the type and number of abnormalities varies from 
laboratory to laboratory due to differences in culture 
methods. Although, as discussed later in this review, point 
mutations, small deletions and amplifications and epigenetic 
changes are not routinely monitored in hESC and iPSC lines, 
gross genetic changes, such as variations in chromosomal 
number and chromosomal imbalance in hESCs and iPSCs 
can be observed by simple G-banding karyotype analysis and 
alter the behavior and gene expression patterns of hESC 
lines. Such gross karyotypic abnormalities are of particular 
relevance if stem cell derivatives are going to be used in cell 
therapies, as the relationship between genetic instability and 
carcinogenesis is well established [7-9].  
 Various chromosomal abnormalities have been observed 
by numerous groups in multiple hESC lines over extended 
time in culture, with prevalence for aneuploidy of chromo-
some 12, 17, and X. These karyotypic abnormalities are also 
frequently observed in human embryonal carcinoma cells, 
the malignant counterpart of embryonic stem cells [2, 3, 10-
14]. A propensity for the clonal selection of trisomy 12 was 
reported in HUES [11] and H1 [14] lines, whereas trisomy 
17 was also observed [10, 14] in BG01 and BG02. Preferen-
tial gains in 12 or 17 in H14 have however varied between 
laboratories [15] as Rosler et al. [16] reported trisomy 20 as 
the prevalent aneuploidy in H1, H7 and H9. Trisomy of 
chromosomes 13 and 3 was only observed in SA002 [17, 18] 
and in Miz-hES13 [19], respectively. The evidence therefore 
suggests that there is a preponderance of chromosome 12 
and 17, but other abnormalities can also occur, depending on 
the hESCs analyzed. It is not unlikely that the karyotypic 
abnormalities in fact occur randomly, but that only those 
genetic abnormalities that provide advantages of growth and 
survival to hESCs are selected for over time in culture. As 
such the emergence of a particular type of chromosomal 
abnormality may depend on the way the hESCs were 
cultured.  
 While genetic abnormalities have been thoroughly inves-
tigated in hESCs, the occurrence of karyotypic abnormalities 
in human iPSCs has been largely ignored thus far [20]. Only 
recently Aasen et al. [21] showed that continuous passaging 
of human iPSCs resulted in frequent chromosomal abnorma-
lities [karyotype 46,XY,t(17;20)(p13;p11.2)] starting as early 
as weekly passage 13. This observation is of concern since 
karyotypic abnormalities are usually not observed at such 
early passages in hESCs. This finding therefore suggests that 
the long-term culture of human iPSCs, much like hESCs, has 
to be monitored carefully for any genetic abnormality. 
 Of concern in iPSC generation is the viral-gene delivery 
which can potentially cause genetic abnormalities; however, 
these can be easily overcome by the recent advancements 
such as non-viral gene-delivery methods [22-24] and 
piggyBac transposon methods [25]. Culture methods such as 
inclusion of Valproic acid [26] and inhibition of critical cell 
signaling pathways such as p53 [27-31], MAPK [32] and 
GSK3 have been widely used recently to enhance 

reprogramming efficiency. However, Marion and colleagues 
show that p53 is critically involved in preventing the 
reprogramming of cells carrying various types of DNA 
damage, including short telomeres, DNA repair deficiencies, 
or exogenously inflicted DNA damage. Reprogramming in 
the presence of pre-existing, but tolerated, DNA damage is 
aborted by DNA damage response activation and p53-
dependent apoptosis. Therefore, inhibition of p53 allows for 
efficient reprogramming in the face of potential DNA 
damage and chromosomal abnormalities. These observations 
indicate that during reprogramming, cells can increase their 
intolerance to different types of DNA damage and that p53 is 
critical in preventing the generation of human and mouse 
pluripotent cells from suboptimal parental cells [33]. Most 
notably, current reprogramming protocols require cells to be 
kept in culture for extended periods of time (up to 20 
passages) post reprogramming, presumably to allow further 
stabilization of the epigenome of correctly reprogrammed 
clones. It is most likely that under such selective pressure the 
risk of selection for genetically abnormal growth advantaged 
clones is increased. Therefore, in particular in the case of 
iPSCs, culture conditions may play an increasingly 
significant role in contributing to the emergence of genetic 
abnormalities. 
 It is widely recognized that for regenerative therapy 
using iPSCs to be effective and clinically relevant, much 
faster and efficient ways of reprogramming will need to be 
developed. However, if the price paid for this is a loss of 
genetic integrity which ultimately leads to the generation of 
genetically abnormal patient-specific cell lines, that can in no 
way be used for regenerative medicine. Therefore such 
methodologies may need to be re-examined and a clear set of 
detailed protocols must be put in place to ensure consistent 
safety of iPSCs for their application in regenerative 
medicine. 

Aneuploid hES Cells and EC Cells 

 Aneuploid hESCs, or cultured-adapted hESCs as 
reviewed by Baker et al. [34], grow faster and are highly 
clonogenic as compared to their diploid counterpart [11, 35-
37]. This may be related to the fact that aneuploid hESCs 
express higher level of the hESC markers, SSEA-3 and 
SSEA-4, [35, 38], and pluripotency genes, OCT4 and 
NANOG. They also up-regulate self-renewal signaling path-
ways involving Nodal/Activin, Wnt, FGF, Hedgehog and 
down-regulate differentiation pathways involving BMP and 
Notch [14, 35, 38]. Despite these imbalances of signaling 
pathways associated with self-renewal, aneuploid hESCs 
seem to maintain the ability to differentiate in vitro [2, 10] 
and in vivo [37] but with different efficiency. Indeed, the 
presence and isolation of undifferentiated cells from the 
teratoma generated by the injection of the aneuploid BG01V 
and HUES-3 cell lines may indicate the formation of an 
undifferentiated teratocarcinoma-like tumour and not the 
completely differentiated benign teratoma [36, 37]. In 
particular, Plaia et al. identified a few small pockets of OCT-
3/4+ cells by immunochemistry, indicating the persistence of 
undifferentiated cells 8-12 weeks after injection of BG01V. 
Further study showed that these hES-like cells that were 
OCT-3/4+, SSEA-4+, and TRA-1-60+ could be isolated and 
expanded in culture from a 12-week old teratocarcinoma-like 
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tumour [36]. Teratocarcinomas, a subset of germ cell tumors 
(GCT), are malignant tumors comprising both somatic 
tissues and undifferentiated malignant stem cells, identifiable 
as embryonal carcinoma (EC) cells.  
 Aneuploid hESCs and EC cells indeed share many 
features. For example, both are pluripotent and express 
pluripotency-related genes such as NANOG, OCT4, SOX2, 
TRA-1-60. In addition, they display a reduced tendency to 
undergo apoptosis, increased proliferation, and increased 
clonal growth [39]. They also show reduced capacity for 
differentiation by forming teratocarcinoma when injected in 
immune-deficient mice, suggesting an increased propensity 
for self-renewal [5, 40-42]. Furthermore, they acquire pro-
gressive genetic changes that show striking similarity (i.e. 
gains of chromosome 12, 17 and X) [34]. Thus, progressive 
adaptation of hESCs in culture can result in cells with 
hallmarks of EC cells from teratocarcinoma, while still 
retaining the capacity for differentiation. These observations 
led Baker et al. to suggest that aneuploid hESCs may appear 
in culture by ways that mimic changes occurring in EC cells 
during tumor progression [34]. Since the typical karyotypic 
changes in aneuploid hESCs mirror those found in their 
malignant counterparts from teratocarcinomas, the mecha-
nisms that drive adaptation and selection of such variants in 
vitro may give insights into the mechanisms underlying GCT 
progression in vivo. Indeed, since human embryonic germ 
cell lines (hEGCs) have been successfully derived [43-45], it 
would be of great interest to determine whether these 
cultured hEGCs display similar adaptation process as that 
observed in aneuploid hESCs and EC cells, as EC cells are 
derived from germ cell tumors (GCT), which is the 
malignant counterpart of PGCs. Even though the obvious 
parallels are between aneuploid hESCs and EC cells, since 
the growth conditions of a cancer cell in vivo and a stem cell 
in vitro are not the same, it is possible that the causes of 
karyotypic abnormalities in hESCs in vitro might not be 
applicable to the occurrence of genetic instability of EC cells 
in vivo.  
 Based on the similarity between aneuploid hESCs and 
EC cells, Andrews et al. [39] proposed that EC cells from 
teratocarcinomas and diploid ES cells from embryos might 
be regarded as existing at different points along a continuous 
spectrum of adaptation, from complete “normality“ at one 
end (represented by the ICM cells within an embryo) to 
extreme “abnormality” at the other (represented by a EC cell 
from a GCT. Although this hypothesis seems to imply that 
the appearance of karyotypic abnormalities is inevitable 
under in vitro culture conditions, a scenario that would spell 
the end of hESC and human iPSC (hiPSC) based therapies, it 
highlights the need for increased understanding of the 
biology of hESCs and the molecular mechanism that drive 
self-renewal and commitment to differentiation as well as the 
influences of culture environments on hESC growth and thus 
develop novel improved culture methods that minimize the 
selective advantage of variant cells.  

Potential Consequences of Karyotypic Abnormalities in 
hESCs 

 The most frequent karyotypic changes observed in 
aneuploid hESCs are gains of chromosome 12, 17, and to a 
lesser extent X, in which similar nonrandom changes are also 

seen in EC cells. The high frequency of these abnormalities 
indicates that these chromosomes may contain genes critical 
for cell growth and potentially tumorigenesis. For example, 
repeated nonrandom gain of 17q in aneuploid hESCs has 
also been reported in other cancer types such as breast cancer 
[46], indicating that this region may contain a number of 
gene(s) that are important to the malignant cells. One 
candidate gene located in this region is Survivin. Survivin is 
an antiapoptotic gene, which is expressed in neuroblastomas 
and is particularly associated with the highest-rick tumors 
[47]. In addition, the pluripotency gene NANOG is located 
on 12p in the 12p13 band. Overexpression of a gene such as 
NANOG, which tends to promote self-renewal and prevent 
differentiation, could provide cells with an advantage in 
culture. The other stem cell-associated genes, DPPA3 and 
GDF3, are also located in the 12p13 band as well as the cell-
cycle regulator CCND2. Thus such genes are potential 
players in culture adaptation. The genes for the androgen 
receptor (AR) and its interacting protein NONO [48] are also 
located on chromosome X. AR is involved in cell cycle 
progression [49], with influence over cell division and 
apoptosis. The individual biological effect of expression of 
the genes in aneuploid hESCs mentioned above however 
needs to be further determined. What other genes provide a 
selective advantage in hESCs that display trisomy of 
chromosome 1, 3, 7, 8, 9, 14, and 20 remains to be deter-
mined. Neither is it clear whether a mutation, or other gene-
tic or epigenetic change that provides a selective advantage 
for the undifferentiated stem cell, would necessarily have 
any effect on the behavior of specific differentiated deriva-
tives, until it is addressed experimentally.  

Detection of Aneuploid hESCs 

 The conventional analysis of genome integrity is based 
on G banding of metaphase spreads. This technique, 
although reliable when performed by an appropriately tra-
ined operator, does not allow the detection of microdeletions 
or mutations. A recent extensive study using comparative 
genome hybridization (CGH) demonstrated that 5 of 10 
hESC lines analyzed presented ploidy alterations (including 
deletions and amplifications) during prolonged time in 
culture [3]. Of note is the observed amplification of the 
proto-oncogene, MYC, that is likely to be associated with a 
selective growth advantage for hESCs, because this 
transcription factor affects cell proliferation via cell cycle 
progression [50]. Overexpression of MYC has also been 
observed in the spontaneous transformation of murine and 
human adult mesenchymal stem cells in vitro [3, 51]. 
Furthermore, mitochondrial DNA mutations, undetectable by 
G-banding, have also been observed in 2/10 cell lines in the 
study, and it is of interest that these are a common feature of 
ageing and cancer [52, 53]. Thomson et al. [54] also recently 
reported that, one hESC line H9 did not display gross 
karyotypic abnormalities, but CGH suggested the presence 
of random deletions clustered near the telomeres of many 
chromosomes. Additionally, Werbowetski-Ogilvie et al. 
showed that two variant hESC lines (v-hESC-1 and v-hESC-
2) that express pluripotency markers at high levels and do 
not harbor chromosomal abnormalities by standard cyto-
genetic measures, exhibit amplification at 20q11.1-11.2 in v-
hESC-1 and a deletion at 5q34a-5q34b;5q3 and a mosaic 
gain of chromosome 12 in v-hESC-2 when analysed by 
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comparative genomic hybridization. Indeed, these two lines 
possess some features of neoplastic progression, including a 
high proliferative capacity, growth-factor independence, a 9- 
to 20-fold increase in frequency of tumor-initiating cells, 
niche independence and aberrant lineage specification [55]. 
These reports clearly indicate that, in addition to G-banding, 
the use of robust molecular and cytogenetic tools such as 
Fluorescence In Situ Hybridization (FISH), Multicolor 
Spectral Karyotype (SKY-FISH) and Comparative Genomic 
Hybridization (CGH) are important to facilitate the analysis 
of potential chromosomal aberrations. Only a combination of 
different techniques, as well as functional characterization to 
distinguish partially transformed and normal pluripotent 
stem cells, can ultimately guarantee good coverage of all 
possible genetic abnormalities [55-57]. The occurrence and 
potential detrimental effect of karyotypic alterations must be 
addressed over a long period of time when designing culture 
conditions for hESC maintenance. The karyotype analysis at 
passage around 20-30 showing diploid karyotype may not be 
sufficient to demonstrate the genetic stability of hESCs over 
time (i.e. more than 50 or 100 passages) in culture.  

Potential Causes and Mechanisms of Development of 
Karyotypic Abnormalities in Cultured hESCs and iPSCs 

 Any cell that is not committed to differentiate is faced 
with three simple fate choices: differentiation, death or self-
renewal. For example, within the embryo and the developing 
gonad, PGC are committed to the reproductive lineage, but 
they retain the potential to give rise to pluripotent cells [44, 
58]. Thus, their differentiation pathways must be tightly 
controlled so as to ensure the correct development of game-
tes. It is widely accepted that carcinoma in situ (CIS) is the 
precursor for GCT, which might then be regarded as the first 
step in the malignant transformation that leads to the loss of 
differentiation control that normally acts in PGC [59]. GCT 
are thought to initiate in utero [60]. It has been suggested by 
Harrison et al. [5] that changes in the microenvironment may 
play a key role in CIS development from PGC, either by 
delaying their differentiation and allowing adaptation to the 
changed conditions, or because the altered conditions fail to 
provide factors important to PGC fate control. Likewise, in 
cultured aneuploid hESCs, differentiation capacity might be 
aberrantly affected by the removal of the fate control signal 
that may be present in the ICM of the embryo. Indeed, our 
group has previously reported that withdrawal of b-FGF (a 
medium additive to maintain growth of undifferentiated 
hESCs [61]) from hESC media induced differentiation in the 
normal but not in the abnormal cells, suggesting altered 
control of differentiation in the aneuploid hESCs [37].  
 Control of differentiation can be altered even by a small 
increase in the probability of self-renewal and such imba-
lance of self-renewal and differentiation can be induced by 
genetic changes. In somatic cells, DNA damage may be rep-
aired following cell cycle arrest at the G1 checkpoint. 
However, mouse and primate ESCs lack a G1 checkpoint, 
and variant cells are proposed to be subjected to an apoptotic 
fate [62, 63]. Indeed, aberrations do occur during hESC 
replication. The most frequent karyotypic changes so far 
reported involved chromosome trisomy, indicating that 
chromatid separation during mitosis may be prone to error in 
hESCs. Damelin et al. [64] recently reported that chromo-

some gain and loss during the ex vivo culture of human and 
mouse ESCs could be a consequence of the inefficient G2 
decatenation checkpoint, which delays entry into mitosis 
from G2 if the chromosomes have not been sufficiently 
disentangled or decatenated, suggesting that poor mitotic 
control may be a general feature of embryonic stem cells. 
Further, the study by Mantel et al. [65] revealed that the 
mitotic-spindle assembly checkpoint (SAC), which helps 
maintain chromosomal integrity during all cell divisions, is 
functional in mouse ES cells and hESCs, but does not initiate 
apoptosis as it does in somatic cells. This allows an unusual 
tolerance for mitotic failure-induced polyploidy, which is 
common in rapidly proliferating cell populations and which 
is also common in human neoplastic disease. Checkpoint 
activation in ESC-derived early differentiated cells, however, 
results in robust apoptosis without polyploidy/aneuploidy 
similar to that in somatic cells. They suggested that ESCs 
display intrinsic absence of checkpoint-apoptosis coupling. 
Because SAC is crucial during every cell division and 
because mitotic errors often occur in rapidly proliferating 
cells, the coupling is important for genome maintenance. 
Thus, inefficiency of G2 decatenation checkpoint and un-
coupling of checkpoint-apoptosis in hESCs might be a likely 
source of karyotypic abnormalities. This clearly suggests that 
an altered apoptotic mechanism caused by in vitro culture 
environments may have great impact on the preservation of 
genetic integrity of hESCs. 
 The aneuploidy observed in hESCs is also most likely 
driven by the stresses induced by variable environmental 
conditions to which these cells are exposed in culture. As 
suggested by Baker et al. these aberrations may be driven by 
stresses induced by culture conditions that exert selective 
pressures driving the emergence of the variant populations 
[34]. Continuing studies will be necessary to determine the 
exact causes of the abnormalities, and how to minimize the 
appearance of abnormal cells by altering the in vitro culture 
components (i.e. oxygen tension, medium components, ECM 
mechanical versus enzymatic propagation). 
 It has been proposed that passage of hESCs by mecha-
nical dissection preserves genomic integrity better than bulk 
techniques, involving non-enzymatic (cell dissociation buf-
fer) or enzymatic (collagenase or trypsin) methods [10, 14, 
66]. This suggestion seems plausible as hESCs express gap 
junctions and cell adhesion molecules indicating that cell-to-
cell contacts are essential for their function [18, 67-69]. 
Mechanical passage of hESC colonies allows preservation of 
these connections, given that only a portion of the colony is 
dissected and re-plated for successive culture with this 
method. In contrast, bulk techniques cause destruction of cell 
contacts to varying extent (i.e. trypsin more than colla-
genase) and therefore may impose a survival pressure on the 
isolated hESCs in culture. In contrast to the argument that 
dissociating to small clumps or single cells leads to increased 
chance of karyotypic abnormalities, it has been observed that 
sporadic aneuploidies can also occur in mechanically pas-
saged cells cultured with 20% Knock-out serum replacement 
(KSR) and 4 ng/ml b-FGF [18, 66].  
 In vivo the ICM, from which hESCs are derived, expe-
riences low oxygen tension. Exposure of hESCs to ambient 
oxygen tension (20%) could promote abnormalities by 
causing damage to chromosomes (shortening telomeres) and 
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mitochondrial DNA [71]. Maitra et al. [3] found alterations 
in mitochondrial DNA in late-passage hESCs cultured under 
20 % oxygen tension. Furthermore, Forsyth et al. [72] 
showed that hESCs cultured under room oxygen tension 
displayed more genetic changes than the cells cultured under 
physiological oxygen (2%), as compared to their parental 
lines. These observations imply that the high oxygen tension 
could be responsible for promoting chromosome abnorma-
lities, probably due to oxidative stress. However, larger 
numbers of cell lines examined are required to draw definite 
conclusions. 
 It is known that culture conditions influence gene 
expression and, hence, probably many properties of the cells. 
For example, Koivisto et al. [73] recently reported that 
hESCs cultured in knock-out serum replacement (KOSR) -
containing medium display an increased growth rate com-
pared with those grown in fetal calf serum (FCS) -containing 
medium. To further understand the mechanisms supporting 
this enhanced growth of hESCs in KOSR-containing 
medium, Skottman et al. [74] performed gene expression 
profiling using DNA microarrays to compare whole genome 
gene expression changes between hESCs cultured in serum- 
and KOSR- containing medium. Among the genes expressed 
at similar levels in cells cultured in either medium, there are 
many ESC markers, such as OCT-3/4, NANOG, Cripto, and 
DNMT3B, suggesting a non-pluripotency related cause for 
enhanced growth in serum replacement. Several genes 
involved in the regulation of transcription, RNA processing, 
and cell proliferation were upregulated in the cells cultured 
in KOSR medium. For example, the downregulation of 
SULF1 expression may enhance growth signaling in cancer, 
and cells expressing SULF1 have diminished proliferation 
[75]. In their study, the expression of SULF1 was upregu-
lated in the cells cultured in serum medium, suggesting a 
possibility that also in hESCs, SULF1 expression may 
diminish cell proliferation rate. They also found that CER1 
was expressed only in the cells cultured in serum medium. 
CER1 inhibits Nodal signaling during embryonic develop-
ment in mouse, and cell proliferation is inhibited in the same 
regions where CER1 is expressed [76], thus suggesting that 
CER1 might have similar effect in hESCs, i.e. reduced cell 
proliferation in serum medium. In addition, over 100 genes 
were found to be significantly differentially expressed 
between hESCs cultured in serum-containing medium and 
those cultured in KOSR medium. For example, this study 
revealed that a group of 50 adhesion-related genes (including 
integrins, laminin receptors, and TGFBR1) were upregulated 
in hESCs cultured under FCS-containing medium, consistent 
with the observed decrease in adhesion of hESCs grown in 
KOSR. Such changes may have fundamental importance for 
the selection process in vitro prolonged hESC culture period. 
In addition, we recently reported that the tumor necrosis 
superfamily member CD30, a surface biomarker for malig-
nant cells in Hodgkin’s disease and EC cells [77, 78], is 
induced through an epigenetic mechanism by ascorbate 
contained in KOSR medium [79]. We further showed that 
CD30 signaling enhances single cell survival and leads to 
transcriptome changes related to cell signalling, lipid 
metabolism and tissue development. Collectively, these 
reports provide evidence of altered hESC behavior as a result 
of culture induced changes in hESCs following prolonged 
culture in vitro.  

EPIGENETIC INSTABILITY OF HUMAN 
PLURIPOTENT STEM CELLS 

Occurrence of Epigenetic Changes in Human Pluripotent 
Stem Cells in vitro 

 Although genetic instability of hESCs has received some 
attention, little is know about their epigenome. It has been 
proposed by Baylin et al. that epigenetic changes precede 
genetic alterations and predispose cells to malignant trans-
formation [70]. This implies that epigenetic changes may 
precede and contribute to the genetic instability during cul-
ture. Epigenetic changes may therefore have profound impli-
cations for the use of hESCs in regenerative medicine by 
affecting differentiation capacity and tumorgenic potential 
[7]. 
 DNA methylation defects can affect different compo-
nents of the genome, including CpG islands in promoter 
regions, repetitive sequences, and imprinted genes [80]. 
Methylation alteration in imprinted genes can be induced by 
cellular stress [81] and specific culture conditions [7]. A 
recent study by Rugg-Gunn et al. showed that one line of 
four examined showed evidence of imprinting instability in 
undifferentiated hESCs and only at high passage number 
(p66-p101) [82]. Another recent study by Pick et al. [83] 
shows that abnormal expression of imprinted genes 
associated with DNA demethylation occurs in different iPSC 
lines at various levels. In addition, a more extensive study by 
Rugg-Gunn et al. as part of the International Stem Cell 
Initiative, reported that some hESCs show loss of allele-
specific expression, which could have implication for hESC 
differentiation and epigenetic stability [84]. For example, 
they found that the imprinting status of H19, IGF2 and 
MEG3 are highly variable. The reasons for this variability 
among different cell lines remain unclear. Loss of stable 
imprinted gene expression, leading to bi-allelic expression, 
can change the dosage of the corresponding gene products 
and the relative biochemical activities of the pathways they 
mediate. Thus, depending on the gene in question, this 
increase in expression may result in changes in hESC 
behavior and/or differentiation. For example, a recent report 
showed that IGF2 may be an important survival factor for 
hESCs; therefore, hESCs with increased IGF2 expression 
(caused by upregulation of transcription and/or loss of 
imprint stability to biallelic expression) may result in a 
selective advantage in culture.  
 Alteration of DNA methylation at non-imprinted genome 
loci can induce genomic instability and is associated with 
cancer [85, 86]. Both DNA hypo-methylation (activating 
oncogenes) and hyper-methylation (inactivating tumor sup-
pressors) at diverse genomic sequences are found in tumors 
[87]. Indeed Allegrucci et al. showed the occurrence of 
epigenetic instability in hESCs by examining the DNA 
methylation profiles of >2000 genomic loci by Restriction 
Landmark Genome Scanning [88]. Six independently 
derived hESC lines are found to inherit further epigenetic 
changes over time in culture, with most changes arising in 
the earliest stages post-derivation. Notably, the loci affected 
varied between lines. The majority of culture-induced 
changes were losses of DNA methylation. The epigenetic 
changes (82.3-87.5%) were stably inherited both within the  
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undifferentiated cells and post-differentiation. They further 
reported that adapting a line to a serum-free culture system 
resulted in additional epigenetic instability. Overall 80.5% of 
the unstable loci uncovered in hESCs have been associated 
previously with an adult tumor phenotype. Their study stron-
gly suggested that current methods of hESC propagation can 
rapidly program stable and unpredictable epigenetic changes 
in the stem cell genome. 
 Epigenetic variation between hESCs may also perturb X 
chromosome inactivation. X chromosome inactivation is re-
quired for dosage compensation of X-linked genes in female 
cells [89]. A few studies have reported variable failure of X 
chromosome inactivation in female hESCs. For example, 
Hoffman et al. observed the XIST expression indicative of X 
–inactivation in both undifferentiated and differentiated cells 
of H9 and CyT25, but not H7 [90]. Sperger et al. reported 
that H7 and H13 cell lines also expressed XIST in the 
undifferentiated state, whereas H9 did not [91]. Another 
report by Dhara et al. showed the variation within a cell line; 
undifferentiated H9 cells in an independent study exhibited 
only active X chromosomes, although X-inactivation was 
established after differentiation [92]. Furthermore, undiffe-
rentiated H7 cells demonstrated XIST expression that was 
lost in high passage aneuploid cells from the same line, even 
after their differentiation [35]. It is not clear why differences 
in X chromosome inactivation (XCI) between hESC lines are 
observed.  
 Kathrin Plath and colleagues [93] have characterized XCI 
status upon reprogramming of female human somatic cells 
into female hIPCs and have shown consistently that comp-
letely reprogrammed hiPSCs, derived under standard b-FGF 
culture conditions, carry an inactive x-chromosome (Xi) with 
XIST RNA coating and classic markers of Xi heterochro-
matin. This mutually exclusive, nonrandom pattern of XCI 
among hiPSC lines is consistent with the notion that the Xi 
does not reactivate during reprogramming of human somatic 
cells and that a single cell from the mosaic fibroblast popu-

lation that has silenced either the maternally or the paternally 
inherited X chromosome gives rise to the reprogramming 
event. Most notably though, upon continued expansion in 
culture, female hiPSCs are prone to lose XIST expression, 
probably through methylation of its promoter, similar to 
what has been observed with female hESCs [94-97]. The 
absence of XIST RNA coating leads to the loss of XIST-
dependent chromatin marks, but it does not reactivate the Xi 
and the possibility of partial derepression of the X chromo-
some accompanying XIST loss must not be excluded. The 
impact of culture conditions on XCI has been clearly shown 
by Lengner and colleagues [94] who described the derivation 
of hESCs with two active X chromosomes (Xas) from 
blastocysts under physiological oxygen conditions and 
clearly demonstrate that hESCs with two Xas initiate XCI in 
response to different kinds of cellular stress, including 
exposure to atmospheric oxygen levels, possibly explaining 
why most hESC lines cultured in labs to date carry an Xi. 
Thus, it appears likely that the epiblast progenitor cells of the 
human blastocyst have two Xas and that cellular stress 
during derivation and especially maintenance of hESCs in 
vitro leads to progressive perturbations of this epigenetic 
state and precocious XCI in the undifferentiated state.  
 Furthermore, during the process of iPSC generation, the 
culture of emerging iPSC clones under serum free culture 
conditions is thought to either induce further epigenetic 
modifications that will sustain undifferentiated growth of 
pluripotent cells or select for iPSCs that possess such 
epigenetic changes [98]. 

Culture Induced Epigenetic Changes in vitro 

 Our group, for the first time, demonstrated that ascorbate, 
a medium component in the widely used KOSR medium for 
hESC and iPSC culture, causes widespread, consistent and 
remarkably specific DNA demethylation of 1,847 genes in 
hESCs (Fig. 1), including important stem cell genes such as 
Jagged-2, Lefty2, Piwil2, Cdx4 and Fox [99]. Previously 

 
Fig. (1). Overall methylation levels are decreased in ascorbate-treated samples. Among 1,472 highly variable probes, the vast majority were 
methylated in ASC- samples (red, pink) and unmethylated in ASC+ (blue,cyan) samples. Notice that HES3 P63+15 (dotted cyan line), cells 
cultured in ASC+ media for a large number of passages, have significantly less methylation than the rest of the ASC+ lines which were 
cultured in ascorbate for between 10-20 passages. Abbreviations: KSR, knock-out serum replacement; KSR-A, knock-out serum replacement 
without ascorbate; TG30+, TG30+ FACS-sorted; CD30+/TG30+, CD30+ and TG30+ FACS-sorted. 
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Allegrucci et al. [88] reported that switching BG01 hESC 
cultures from serum-containing (ascorbate-free) standard 
conditions to serum-free or feeder-free (ascorbate-contain-
ing) conditions  resulted  in  epigenetic changes regardless of  
passage methods. These mainly comprised DNA methylation 

losses. Our data showing vitamin C induces DNA demethy-
lation provides a rationale for this observation. In addition, 
specific DNA demethylation of the hESC epigenome by 
ascorbate significantly overlaps with bivalent domains [100] 
and gene sets that are demethylated during reprogramming 

 
Fig. (2). Analysis of genome-wide copy number variation of hESCs cultured with ascorbate or without ascorbate using illumina 610-Quad 
beadchip. H2K, HES2 hESC line with ascorbate; H2KM, HES2 without ascorbate; H3K, HES3 with ascorbate; H3KM, HES3 without 
ascorbate; red, region with copy number amplification; blue, region with copy number deletion.  

 
Fig. (3). A stochastic model of the intrinsic and especially extrinsic factors that are most likely causative of culture-induced genetic and 
epigenetic abnormalities in hESCs and hiPSCs over increasing period of time. 
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[101]. Furthermore, we have not found hESCs cultured with 
ascorbate display more micro-deletion or amplification on 
the genome than those cultured without ascorbate (Fig. 2, 
unpublished data). Therefore, ascorbate-mediated DNA 
demethylation might affect differentiation capacity of 
pluripotent stem cells.  

CONCLUSION 

 It has become clear now that both hESCs [88, 99] and 
iPSCs [83, 98] undergo progressive epigenetic changes 
during in vitro culture and that these changes can potentially 
affect both their genetic stability and their ability to 
efficiently differentiate into specific lineages (Fig. 3). There-
fore, it seems increasingly evident that an extremely 
thorough analysis of genomic integrity must be carried out to 
identify even minor deletions, inversions or loss of indivi-
dual alleles to absolutely ensure the safety of future human 
hESCs and iPSCs for regenerative medicine applications. 
Current characterization methods that involve simply 
traditional karyotype analysis are not sufficient. Taken toge-
ther, all these observations highlight the need for (i) novel 
screening strategies to determine the experimental utility and 
biosafety of hESCs or iPSCs and (ii) optimization and 
standardization of procedures for the generation and culture 
of hESC and iPSC lines that minimize culture-induced 
epigenetic and genetic instability. 
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