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ABSTRACT
Pluripotent stem cells must be endowed with efficient genome surveillance. Here we describe the multiple
mechanisms that ensure their genome integrity, including high susceptibility to apoptosis and efficient
prevention of DNA lesions. In induced pluripotent stem cells, apoptosis hypersensitivity is mediated by
increased expression of proapoptotic BCL-2 protein, whereas DNA damage is prevented by the
upregulation of several antioxidant enzymes. Antioxidants might be therefore employed for safer stem
cell therapies.
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Pluripotent stem cells have the capacity to self-renew and to
differentiate into all cell types of the organism. Therefore,
maintenance of their genomic stability must be stringently
controlled, as any genetic alteration could impair their func-
tionality and tissue renewal. Mutations can also favor
uncontrolled proliferation or predispose cells to further
mutations associated with cancer development. In fact, there
is evidence that embryonic and induced pluripotent stem
cells (iPSCs) have enhanced tumorigenic potential and share
several features with cancer cells.1 Because they originate
from differentiated somatic cells, potential genomic instabil-
ity and tumorigenicity are relevant concerns for iPSCs. A
better understanding of genomic surveillance mechanisms is
therefore crucial with regard to future therapeutic applica-
tions of iPSCs.

To date, the mechanisms that maintain genomic integrity in
human iPSCs have been largely elusive. We and others recently
found that genome surveillance in pluripotent stem cells is basi-
cally achieved by 2 mechanisms, namely a very low accumula-
tion of DNA lesions and a hypersensitivity to apoptosis, which
enables rapid removal of cells once DNA damage has
occurred.2,3 Compared to differentiated cells such as fibroblasts,
iPSCs were found to be exceptionally sensitive to apoptosis and
readily died even after exposure to low-damage doses of geno-
toxic agents. Unlike human embryonic stem cells,4 in iPSCs this
apoptosis hypersensitivity is not restricted to genotoxic insults,
but is also observed after treatment with agents causing Golgi or
ER stress. Interestingly, as a result of the low expression level of
death receptors iPSCs are largely resistant to stimuli activating
the extrinsic apoptosis pathway. Thus, iPSCs display a selective
sensitivity to the mitochondrial death pathway.

To explore the mechanisms underlying this apoptosis-prone
state of iPSCs, we investigated the expression of various

apoptosis regulators. Transcript levels of members of the inhib-
itor-of-apoptosis protein family, including XIAP, BIRC2, and
particularly BIRC3, were considerably reduced in iPSCs com-
pared to fibroblasts. Human embryonic stem cells have been
previously reported to be primed for apoptosis by the presence
of constitutively active BAX at the Golgi that can rapidly trans-
locate to mitochondria upon genotoxic insults.4 In human
iPSCs, however, BAX is evenly distributed in the cytosol but
not localized at the Golgi.2 Nevertheless, in line with constitu-
tive expression of p53 (TP53), mRNA expression of proapop-
totic p53 target genes of the BCL-2 family including BAK1,
BIM (BCL2L11), and NOXA (PMAIP1) is strongly upregulated,
whereas the levels of several antiapoptotic regulators including
BCL2, BCLX (BCL2L1), BCLW (BCL2L2), and BCL2A1 are
reduced. Thus, iPSCs reveal increased mitochondrial priming
and a strong p53 response, resulting in a shift of the balance of
from anti- to proapoptotic BCL-2 proteins.

Even the reprogramming of somatic cells to iPSCs is thought
to cause DNA damage, which might explain why the absence of
p53 improves reprogramming efficiency. Other sources of
DNA damage include replication stress or reactive oxygen spe-
cies (ROS) generated during mitochondrial respiration.5 To
assess DNA damage in iPSCs we employed the highly sensitive
LORD-Q (long-run real-time PCR-based DNA-damage quan-
tification) method, which detects gene locus-specific DNA
lesions of both the mitochondrial and nuclear genome.6 Inter-
estingly, upon exposure to various genotoxic conditions, the
accumulation of nuclear and mitochondrial (mt) DNA lesions
was significantly lower in iPSCs than in fibroblasts.2 Moreover,
comparison with a large panel of tumor cell lines revealed less
frequent DNA damage in iPSCs than in transformed cells.
Remarkably, when undifferentiated and differentiated iPSCs
were exposed to genotoxins, differentiated iPSCs clearly
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displayed enhanced DNA damage compared to their undiffer-
entiated counterparts, suggesting that protection of pluripotent
stem cells against DNA damage is rapidly lost upon
differentiation.2

The reduced DNA damage in iPSCs could be mediated by
increased expression of DNA repair genes. However, since
iPSCs exhibit protection against both nuclear and mtDNA
damage, another explanation could be that there is less oxida-
tive damage occurring, possibly due to higher levels of antioxi-
dants. Indeed, measurement of the levels of glutathione (GSH),
the most important cellular antioxidant, revealed 3- to 4-fold
elevated levels of GSH in iPSCs compared to fibroblasts. Nota-
bly, the increase in ROS levels in fibroblasts was up to 10-fold
higher, suggesting that oxidative stress is efficiently prevented
in iPSCs.

In addition to GSH, iPSCs upregulate the expression of sev-
eral antioxidant enzymes. For instance, we found that several
glutathione S-transferases (GSTs), which act as antioxidant and
detoxifying enzymes, were upregulated in iPSCs compared to
their somatic precursor cells.2 Most prominent was GSTA2,
transcript levels of which were more than 80,000-fold higher in
iPSCs than in primary fibroblasts. In addition, iPSCs revealed
more than 10,000-fold higher mRNA expression of glutathione
peroxidase 2 (GPX2). Furthermore, expression of several perox-
iredoxins, which scavenge ROS and organic hydroperoxides,
and of glutathione reductase was considerably elevated, further
supporting the potent antioxidant status of iPSCs.

In GSH-depleted cells knockdown of GPX2, but not of
GSTA2, rendered the cells significantly more vulnerable to
DNA damage following hydrogen peroxide exposure.2 Vice
versa, ectopic overexpression of GPX2 in fibroblasts was suffi-
cient to confer DNA protection. Interestingly, the expression of
GPX2 has been implicated in the proliferation and self-renewal
capacity of gastrointestinal crypt stem cells and malignant epi-
thelial cells.7 GPX2 expression is largely controlled by NRF2, an

antioxidant transcription factor, which can considerably
improve the self-renewal capacity of stem cells.7,8 It is thus con-
ceivable that the strong antioxidant defense is not only involved
in genome surveillance, but also required for self-renewal and
delayed differentiation of iPSCs.

Several lines of evidence suggest that the occurrence of
mtDNA lesions in particular must be prevented for the mainte-
nance of pluripotency. This is for exemplified in mice with
defective proof-reading by DNA polymerase g; these mice
exhibit not only an accumulation of mtDNA mutations, but
also demonstrate stem cell exhaustion and premature aging.9

Moreover, iPSCs reveal reduced mitochondrial biogenesis and
appear to rely more on anaerobic, rather than aerobic, mito-
chondrial respiration.10 Thus, stem cells maintain low ROS lev-
els not only by their high antioxidant activity, but also by
reduced oxygen consumption.

In conclusion, studies by us and others suggest that pluripo-
tent stem cells are able to defend their genomic integrity
through their exceptional hypersensitivity to apoptosis as well
as by maintaining low ROS levels to prevent DNA damage
(Fig. 1). Antioxidant supplementation might therefore improve
the safety of iPSCs for future therapeutic applications.
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Figure 1. Maintenance of genome integrity in pluripotent stem cells. Pluripotency
requires strict genome surveillance to prevent transmission of mutations. Induced
pluripotent stem cells (iPSCs) maintain genomic integrity through hypersensitivity
to apoptosis and strong protection from DNA damage. Unlike fibroblasts, iPSCs
upregulate glutathione peroxidase-2 (GPX2) and glutathione (GSH), which scav-
enge reactive oxygen species (ROS) and prevent DNA damage.
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