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ABSTRACT

In this study the role of nucleotide excision repair
(NER) in protecting mouse embryonic stem (ES) cells
against the genotoxic effects of UV-photolesions was
analysed. Repair of cyclobutane pyrimidine dimers
(CPD) in transcribed genes could not be detected
whereas the removal of (6–4) photoproducts (6–4PP)
was incomplete, already reaching its maximum (30%)
4 h after irradiation. Measurements of repair replication
revealed a saturation of NER activity at UV doses
>5 J/m 2 while at a lower dose (2.5 J/m 2) the repair
kinetics were similar to those in murine embryonic
fibroblasts (MEFs). Cytotoxic and mutagenic effects
of photolesions were determined in ES cells differing
in NER activity. ERCC1-deficient ES cells were hyper-
mutable (10-fold) compared to wild-type cells, indi-
cating that at physiologically relevant doses ES cells
efficiently remove photolesions. The effect of the
NER deficiency on cytoxicity was only 2-fold. Expo-
sure to high UV doses (10 J/m 2) resulted in a rapid
and massive induction of apoptosis. Possibly, to
avoid the accumulation of mutated cells, ES cells rely
on the induction of a strong apoptotic response with
a simultaneous shutting down of NER activity.

INTRODUCTION

Mammalian embryonic stem (ES) cells are rapidly dividing
cells of the inner cell mass of embryos at the blastocyst stage of
development. ES cells are pluripotent and will differentiate
into the various different cell types of the embryo proper. This
characteristic pluripotency of mouse ES cells has been
exploited to generate genetically altered mice (1,2).

It has been estimated that the inner cell mass of the mouse
blastocyst contains between 20 and 40 cells (3). The small size
of the population of cells that are at the basis of early embryo-
nal development implies that ES cells should be equipped with

efficient cellular defence mechanisms to cope with DN
damage, to avoid the production of mutated daughter cells t
will have detrimental effects on embryogenesis. Such cellu
defence systems include the removal of DNA damage, eit
endogenous or exogenous in source, by DNA repair mec
nisms and the elimination of damaged ES cells via apopto
(4). The latter process has been shown to be efficiently induc
in ES cells within 9 h after UV-C exposure (5,6).

The nucleotide excision repair (NER) pathway is an impo
tant DNA repair pathway involved in the removal of a wid
variety of DNA lesions, including photoproducts induced b
ultraviolet (UV) light and chemically-induced bulky lesions
Mammalian NER has been studied extensively in rodent a
human diploid fibroblasts as well as established cell line
These studies revealed that mammalian NER can be s
divided into two subpathways. The transcription couple
repair (TCR) pathway removes DNA damage preferentia
from the transcribed strands of active genes, while the glo
genome repair (GGR) pathway removes DNA damage ind
criminate of the transcriptional status of the DNA (7).

Despite vast knowledge of NER in somatic cells, little
known of NER in cells of early embryos. Measurements
unscheduled DNA synthesis (UDS) which is indicative o
repair of DNA lesions have been performed on pre-implantati
stage embryos such as morulae and blastocysts, showing
cells of the inner cell mass perform little UV-induced UDS i
comparison to trophoblast cells or morula nuclei (8). Embryon
carcinoma (EC) cells resemble ES cells in many characterist
such as the ability to differentiate in various cell type
Whereas undifferentiated EC cells were proficient in repair
UV-induced photolesions, the capacity to remove photolesio
was significantly reduced afterin vitro differentiation (9). It is
unclear, however, whether NER activity in tumour-derived E
cells is representative for normal embryonic tissue.

The present study describes the analysis of NER activity
ES cells and the role of NER in protecting ES cells against ge
toxic effects induced by DNA damaging agents using cultu
conditions that prevent differentiation of ES cells. Although
recent study has shown that undifferentiated ES cells perfo
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UV-induced repair synthesis in the active dihydrofolate reductase
(Dhfr) gene via TCR, it is unclear whether this synthesis is the
result of the removal of cyclobutane pyrimidine dimers (CPD)
and/or the removal of (6–4) photoproducts (6–4PP) (10).

Here, we determined the removal of CPD and 6–4PP from
the transcriptionally active genes encodingp53 andHprt and
the inactivec-mosgene. Moreover, UV-induced repair syn-
thesis was measured in the genome overall. The contribution of
NER in protecting undifferentiated ES cells against the cyto-
toxic and mutagenic effects of UV-C light was studied using
wild-type ES cells and ES cells lacking the ERCC1 protein,
which is required for the 5'-incision step in the NER pathway
(11). In addition, induction of apoptosis was determined in ES
cells exposed to UV-C light.

MATERIALS AND METHODS

Cell lines and cell culture

The E14 (129/Ola) derived ES cell lines IB10.51 and ERCC1–/–

were cultured on a feeder cell layer of lethally X-ray irradiated
(40 Gy) mouse embryonic fibroblasts (MEFs) in DMEM high
glucose (Gibco BRL) supplemented with 10% ES-qualified
foetal bovine serum (FBS), 0.1 M non-essential amino acids
(MEM), 50 µM 2-mercaptoethanol, 500 U LIF/ml (ESGRO),
50 IU/ml penicillin, 50µg/ml streptomycin (all obtained from
Life Technologies, Breda, The Netherlands) and 3.33µM
nucleosides (Sigma, St Louis, MO) hereafter referred to as ES
complete medium (12). When plated on 0.1% gelatin (Sigma,
St Louis, MO) coated culture dishes, ES complete medium
without nucleosides was made up with 50% BRL conditioned
medium (DMEM high glucose with 10% FBS) (13), hereafter
referred to as BRL-complete medium. MEFs were isolated
from embryos at mid-gestation (14.5 d.p.c.) essentially as
described (14) and cultured in DMEM high glucose supple-
mented with 10% ES-qualified FBS and 50 IU/ml penicillin,
50 µg/ml streptomycin hereafter referred to as MEF culture
medium.

Analysis of CPD removal from defined sequences

The removal of CPD from the DNA was analysed as described
by Bohret al. (15) with slight modifications. Cells were plated
at a density of 3× 106 cells per 100 mm dish on culture dishes
coated with gelatin and incubated in BRL complete medium,
16–20 h prior to UVC irradiation with a Philips T.U.V. lamp at
a dose rate of 0.275 J/m2/s. Following exposure to UV-C, it
was observed that at the latest time points few cells remained
attached to the culture dishes. For these time points the number
of dishes plated with irradiated cells was increased 3-fold.
Before irradiation, medium was removed and the cells were
washed once with phosphate-buffered saline (PBS). After
irradiation, cells were either immediately lysed in NET buffer
(150 mM NaCl, 10 mM EDTA and 10 mM Tris–HCl pH 8.0)
supplemented with 0.5% sodium dodecyl sulfate (SDS) and
100 µg/ml proteinase K or incubated for up to 24 h in BRL
complete medium to allow repair of photolesions. Pilot experi-
ments had shown that the proportion of ES cells in the pop-
ulation that undergo cell division after a dose of 20 J/m2 UV-C
light was very small (<10%). Therefore, CsCl density gradient
centrifugation to separate parental from newly synthesised
DNA was not required (16). After lysis of the cells, DNA was

isolated and purified by phenol–chloroform extraction an
ethanol precipitation before digestion withBamHI or EcoRI.
Equal portions of DNA were treated or mock-treated with T
endonuclease V and separated by alkaline gel electrophor
(15,16). The DNA was transferred to Hybond-N+ (Amersham,
Roosendaal, The Netherlands) and resulting blots were hyb
ised with strand-specific DNA probes for theHprt, p53andc-mos
genes as previously described (17,18). Quantification of t
radioactive signal in full-size restriction fragments was pe
formed by scanning of the filters using the InstantImager
(Packard Instrument Company, Meriden, CT). The frequen
of CPD in various restriction fragments was calculated
comparing the relative band intensities in lanes containi
DNA treated with T4 endonuclease V or mock-treated, assu
ing a Poisson distribution of lesions.

Analysis of 6–4PP removal from defined sequences

Prior to analysis of the frequencies of 6–4PP in thep53 gene,
CPD were removed by treatment of the DNA with photolya
in the presence of photoreactivating light (425 nm) (19). T
6–4PPs were subsequently detected by incubating eq
portions of EcoRI digested DNA with or without UvrABC
complex (20). Alkaline electrophoresis, blotting and hybridisatio
with p53 strand-specific probes was performed as describ
above for the analysis of CPD removal.

Measurements of DNA repair replication

DNA repair replication assays were performed with ES ce
and MEFs essentially as described by Van Zeelandet al. (21).
Briefly, ES cells were grown at a density of 3× 106 cells per
100 mm on gelatin-coated culture dishes in BRL comple
medium containing 0.3µCi/ml 32P-orthophosphate. For each
UV dose, three dishes were used. After 24 h, medium w
changed to ES complete medium without nucleosides or la
to allow optimal incorporation of thymidine analogues. On
hour before irradiation, 10µM 5-bromodeoxyuridine (BrdU)
and 1 µM fluorodeoxyuridine (FdU) were added to this
medium. After irradiation with UV-C light at a dose rate o
0.275 J/m2/s, the cells were incubated for 5 h in ES comple
medium without nucleosides containing 10µCi/ml [3H]thymidine
(82 Ci/mmol), 10µM BrdU and 1µM FdU.

MEFs were incubated at a density of 3× 106 cells per
100 mm dish in MEF culture medium supplemented wi
0.3µCi/ml 32P-orthophosphate. For each UV dose, three dish
were used. After 65 h, medium was changed to medium wi
out label for another 24 h incubation. One hour before irrad
tion, 10µM BrdU and 1µM FdU were added to this medium
After irradiation with UV-C light, the cells were incubated fo
5 h in MEF culture medium containing 10µCi/ml [3H]thymidine
(82 Ci/mmol), 10µM BrdU and 1µM FdU.

ES cells, as well as MEFs cells, were lysed in NET buff
supplemented with 0.5% SDS and 100µg/ml proteinase K and
incubated at 37°C for 16 h. Genomic DNA was phenol-
extracted, ethanol precipitated and sheared. Two rounds
neutral CsCl gradient centrifugation were performed to separ
replicated DNA from parental DNA. Four or five fractions
containing most of the parental DNA were pooled and alkali
CsCl gradient centrifugation was performed to remove remain
traces of replicated DNA. Fractions were collected, DNA w
precipitated with trichloroacetic acid, and3H and 32P counts
were measured in each fraction by scintillation counting. T
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specific activity of the32P-labelled DNA (32P c.p.m./µg DNA)
was determined from parallel cell cultures that were not UV-
irradiated. Repair replication was expressed as3H c.p.m./µg of
DNA.

Analysis of UV-induced cytotoxicity and induction of
mutations at the Hprt gene

ES cells were seeded at a density of 5× 106 cells per 100 mm
gelatin-coated culture dish and incubated in BRL complete
medium 16 h before UV-C irradiation. The cells were rinsed
once with PBS and irradiated at a dose rate of 0.075 J/m2/s
using a Philips T.U.V. lamp. After UV-C irradiation, cells
were trypsinised and seeded on gelatin-coated dishes in BRL
complete medium without LIF at a density of 500–1000 cells
per 100 mm dish (five dishes per dose) to determine cell survival.
Mass cultures of UV-irradiated cells were propagated for
6 days on MEF feeder layers in ES complete medium at cell
densities of 3–4× 106 cells per 100 mm dish. Cells were
passaged every 2 days and at least 9× 106 cells were plated
per dose after each passage. After the 6-day expression period,
1 × 106 cells per dose were plated for selection with 2.5µg/ml
6-thioguanine (Sigma, St Louis, MO) in BRL complete
medium without LIF at a density of 2× 105 per 100 mm dish.
Additionally, the cloning efficiency was determined by seed-
ing 500 cells per dish (five dishes per dose) in medium without
6-thioguanine. Colonies were fixed, stained and counted 6–7
days after seeding of the cells.

Analysis of ploidy of cells exposed to UV-C light

ES cells were exposed to UV-C light and seeded as in the
mutation induction experiments described above. Six days
after exposure, cells were trypsinised, pelleted and sub-
sequently fixed using ice-cold 0.75 M KCl. Metaphase spreads
were prepared, stained with Giemsa and chromosomes were
counted (3).

Analysis of UV-induced apoptosis

Cells were plated on gelatin-coated culture dishes and incubated
as described for repair experiments in BRL complete medium.
At 8, 12 and 24 h after UV-C irradiation, medium was collected
from the plates and detached cells were pelleted by centrifugation
(1000 r.p.m.) before lysis. Cells still attached to the culture dish
were also lysed. After digestion with proteinase K, DNA from
both lysates was purified by phenol–chloroform extraction
followed by ethanol precipitation. After treatment with RNase
(100µg/ml) in TE for 1 h at 37°C, DNA was loaded on a 1.5%
neutral agarose gel containing ethidium bromide. Electrophore-
sis was performed for 4 h at 60 V. The size of DNA fragments was
estimated using a size marker generated by digestion of pUC13
DNA with HpaII.

RESULTS

Induction of UV-C-induced photolesions in DNA of ES cells

The frequency of the two major UV-C-induced photoproducts
in ES cells was determined in thep53gene as a function of the
dose and compared to the frequency obtained at similar doses
in V79 Chinese hamster cells. The induction of both CPD and
6–4PP in ES cells was consistently 2-fold lower than observed
in V79 cells (results not shown). To obtain a lesion frequency

of one CPD or 6–4PP/15 kb, ES cells had to be exposed to
and 60 J/m2 UV-C irradiation, respectively, hereafter referre
to as effective doses of 10 and 30 J/m2.

Analysis of gene-specific removal of UV-C-induced
photolesions

To determine NER activity in ES cells, removal of CPD i
specific genes of ES cells exposed to an effective dose of 10 J2

of UV-C was studied using T4 endonuclease V digestion a
alkaline Southern blotting (15,16). Removal of CPD in tim
from the transcribed strand and non-transcribed strand of
activep53 andHprt genes was measured in 16 kbEcoRI and
11 kb BamHI fragments respectively, using strand-specif
probes. Removal of CPD from the inactivec-mosgene was
measured in a 22 kbBamHI fragment. Within a 24-h repair
period no removal of CPD could be observed from the tra
scribed strand of either of the active genes. CPD were also
removed from the non-transcribed strand of the active gene
from the inactivec-mosgene (Fig. 1A; Table 1).

Since NER has been shown to act much more efficiently
6–4PP than on CPD (22), the removal of 6–4PP was a
measured. ES cells were exposed to an effective dose of 302

and allowed to repair photolesions for up to 12 h. Afte
removal of CPD from the DNA by photoreactivation, th
remaining 6–4PP were detected using UvrABC excinuclea
digestion and alkaline Southern blotting (19,20). Using prob
that recognised either the transcribed or the non-transcrib
strand of thep53gene, it was observed that for both strands t
removal of 6–4PP reached its maximum (30%) within a 4
repair period (Fig. 1B; Table 1). No further increase in 6–4P
repair could be detected between 4 and 12 h after UV
exposure. Taken together these results suggest that ES cell
proficient in NER although NER activity seemed to be inhibite
shortly after UV-C treatment.

Repair replication in ES cells and MEFs

To determine whether the level of repair was affected by do
we measured UV-C-induced repair synthesis in the genom
overall using the repair replication assay (21). In contrast
gene-specific repair measurements that require lesion frequ
cies of one CPD per 15 kb, i.e. 10 J/m2, repair replication
measurements can be performed at effective doses as low
2.5 J/m2. In these experiments, MEFs were included as
positive control, since these cells have been shown to rem
UV-C-induced photolesions as efficiently as establish
rodent cell lines (19,23). The level of repair synthesis in MEF
showed a linear dose-relationship up to a dose of 15 J/m2 which
corresponds to a lesion frequency of one CPD per 10 kb.
higher doses some saturation of repair synthesis was obser
In contrast to MEFs, ES cells showed saturation of repair sy
thesis already at effective doses higher than 5 J/m2 of UV-C.
Only at the lowest dose tested was the level of repair synthe
in ES cells similar to that in MEFs (Fig. 2).

UV-induced cell killing and mutation induction in ES cells
differing in NER activity

To extend the finding that ES cells exposed to low levels
UV-C light were capable of removing photolesions, the role
NER in protecting ES cells against cytotoxic and mutagen
effects of UV-C light was examined. In this study, ERCC1
deficient ES cells, which are unable to perform the 5'-incisio
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step during NER, were used (11). Previous reports have shown
that ERCC1-deficient mammalian cells are also disturbed in
recombinational processes resulting in sensitivity to crosslinking
agents such as Mitomycin C (24,25). Wild-type ES cells and
ERCC1–/– ES cells were exposed to effective doses up to 2 J/m2

UV-C light and assayed for cell survival and mutation induction.
For ERCC1–/– ES cells the effective dose that results in 37%
survival was 2-fold lower than for wild-type ES cells, clearly
indicating that NER has a protective effect on UV-C-induced
cytotoxicity (Fig. 3A). The frequencies of UV-C-induced
mutants were measured at the X-chromosomalHprt locus
which is hemizygous in diploid male ES cells, therefore requiring
only one mutational event to become functionallyHprt deficient.
The mutation induction in ERCC1–/– ES cells was only 2–3-fold
increased compared to wild-type ES cells. Analysis of the
ploidy of untreated ERCC1–/– ES cells revealed however that

~30% of the cells in the population were tetraploid. Th
number increased up to 76% after exposure to an effective d
of 1 J/m2 UV-C light while <2% tetraploid cells was observed
either in untreated or UV-C-exposed wild-type ES cell po
ulations. Since tetraploid ES cells contain two functionalHprt
genes these cells will hardly contribute to the recovery ofHprt
mutants. For direct comparison to wild-type ES cells, th
mutation frequencies in ERCC1–/–– ES cells were corrected for
the number of diploid cells in the surviving population
Following this correction, a dramatic increase inHprt mutant
frequency was observed in the NER-deficient ERCC1–/– ES
cells compared to the wild-type cells (Fig. 3B). For compar
son, data from the literature were included on cell killing an
mutation induction in repair proficient (CHO9) and ERCC1
deficient (43–3B) Chinese hamster cells (26,27). In conclusi
these data indicate that NER plays an important role in t
removal of photolesions from the DNA of ES cells when the
cells are exposed to relatively low doses of UV-C light.

Measurements of apoptosis induced by UV-C light

In the course of the gene-specific repair experiments it w
observed that ES cells started to detach from the culture d

Table 1. Repair of CPD and 6–4PP in different genomic regions at various time points after UV-C irradiation

Effective doses of 10 and 30 J/m2 were used in studies of CPD and 6–4PP removal respectively. Percentage removal and standard
error of the mean are given. TS, transcribed strand; NTS, non-transcribed strand.

Repair of CPD Repair of 6–4PP

Time (h) Hprt TS Hprt NTS p53TS p53NTS c-mos Time (h) p53TS p53NTS

2 –0.5 ± 3.1 –0.9 ± 11.1 1.7 ± 3.2 13.5 ± 4.2 14.5 ± 8.7 2 22.4 ± 14.6 37.3 ± 7.2

4 9.6 ± 2.6 3.4 ± 10.9 6.4 ± 9.5 6.6 ± 5.8 11.8 ± 10.8 4 31.5 ± 2.2 27.4 ± 0.5

8 0.5 ± 8.4 –4.6 ± 3.8 11.5 ± 6.0 11.5 ± 5.3 9.7 ± 11.3 8 9.1 ± 2.3 12.9 ± 7.1

24 –24.2 ± 4.4 –6.6 ± 2.1 10.3 ± 16.8 1.7 ± 23.6 0.8 ± 14.5 12 10.8 ± 12.7 26.6 ± 5.1

Figure 1. (A) Representative autoradiograms showing removal of CPD after an
effective UV dose of 10 J/m2 from the transcribed strand (TS) and non-transcribed
strand (NTS) of the activep53 and Hprt genes and the inactivec-mosgene.
(B) Representative autoradiograms showing strand-specific removal of 6–4PP
from the activep53gene after exposure to an effective UV dose of 30 J/m2.

Figure 2. DNA repair replication in ES cells (circle) and MEFs (square) afte
irradiation with different UV-C doses. Representative experiments are show
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only 8 h after irradiation with an effective dose of 10 J/m2 UV-C
light. To determine if this observed cell death resulted from
UV-C-induced apoptosis, DNA was isolated from both
attached and detached cells at 8 or 24 h after UV irradiation.
Neutral agarose gel analysis of DNA isolated from the attached
cells (~10% of the total cell population) revealed that this DNA was
still intact after 24 h. DNA isolated from detached cells showed,
however, the nucleosomal laddering pattern characteristic of apop-
tosis indicating that ES cells indeed undergo rapid and massive
apoptosis after exposure to UV-C light (Fig. 4).

DISCUSSION

The small number of stem cells and their rapid cell division
inherently sensitises the early developing embryo to the detri-
mental consequences of DNA damage. To avoid the induction
of mutations and their transmittance to daughter cells, ES cells
should be equipped with efficient cellular defence mechanisms. In
this study, we have analysed the capacity of mouse ES cells to
remove bulky lesions, such as UV-C-induced photoproducts,
from their DNA via the NER pathway. Furthermore, the role of
NER and apoptosis in protecting early embryonic cells from the
cytotoxic and mutagenic effects of UV-C light was investigated.

The capacity of ES cells to remove UV-induced photolesions
by NER was investigated in transcriptionally active and inactive
genes. Removal of CPD could not be detected in either class of
genes even 24 h after UV exposure. The repair of 6–4PP measured
in both strands of the activep53 gene was incomplete and
reached its maximum (30%) only 4 h after UV irradiation. The
level of repair observed in ES cells sharply contrasted to the NER
activity measured using the same assays in established rodent cell
lines and MEFs (19,23). The latter cells efficiently removed up
to 80% of the CPD from actively transcribed DNA within 24 h
after UV exposure whereas CPD were not removed from non-
transcribed DNA. The removal of 6–4PP was more rapid than
CPD and showed no influence of the transcriptional activity of
the gene, resulting in the removal of 40–70% of the 6–4PP

within 12 h after UV-C exposure (23). Therefore, the questio
remains as to what causes the low NER activity in ES ce
observed in these gene-specific repair experiments?

To answer this question, we first determined the dos
response relationship of photolesion-repair in ES cells a
MEFs using repair replication assays. In contrast to gen
specific repair experiments that require relatively high dos
(10–30 J/m2) of UV-C light, repair replication assays allow
measurements of repair synthesis at effective doses as low
2.5 J/m2. MEFs showed a linear dose-relationship up to 15 J/2

similar to established rodent cell lines (28). In ES cells, rep
synthesis was saturated after exposure to effective doses >5 J2.
However, at the lowest dose tested (2.5 J/m2) the levels of repair
replication in ES cells and MEFs were similar. The saturation
repair in ES cells with increasing dose might explain why on
a fraction of the induced 6–4PP were removed 12 h after ex
sure to an effective dose of 30 J/m2. The notion that ES cells
efficiently repair photolesions induced at low UV doses
supported by a recent report (10) which shows that ES ce
actively repair photolesions in the transcribed strand of t
Dhfr gene after exposure to an effective dose of 5 J/m2.

Additional evidence for efficient removal of photolesions i
ES cells, induced at low UV doses, comes from the analysis
Hprt mutation frequencies in wild-type and NER-deficient E
cells. ERCC1-deficient ES cells that, apart from having
NER-defect are also defective in recombinational pathwa
(25,29), exhibited a 10-fold higher UV-induced mutatio
induction compared to wild-type ES cells. A similar hype
mutability has been reported for the ERCC1-deficient rode
cell line 43–3B (26,27). Moreover, the mutability of wild-type
ES cells is similar to that of NER proficient hamster cell line
following exposure to low doses of UV-C (26,27).

In contrast to UV-induced mutagenesis, ES cells differe
markedly from established rodent cells with respect to UV
induced cytotoxicity, i.e. wild-type ES cells were much mor

Figure 3. UV survival (A) and mutation induction at theHprt locus (B) in
wild-type ES cells (closed circle), ERCC1-deficient ES cells (closed square)
and ERCC1-deficient ES cells that were corrected for ploidy (triangle). Each
point represents the mean of at least three experiments. UV survival and
mutation induction curves in CHO9 (open circle) and 43–3B (open square)
cells have been published previously (27).

Figure 4. Detection of UV-induced nucleosomal degradation in DNA isolate
from cells after irradiation with an effective dose of 10 J/m2. Lane 1, DNA
from cells that remained attached to the culture dishes 24 h after irradiati
Lanes 2 and 3, DNA from detached ES cells isolated from the medium at 8 a
24 h after irradiation respectively. The genomic DNA was separated on a 1.
agarose gel and stained with ethidium bromide. Lane 4, the size-marker u
is pUC13 digested withHpaII.
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sensitive to the toxic effects of UV-C light compared to NER-
proficient established rodent cell lines when exposed to a
similar effective dose. The latter cells did not show any reduction
in cell survival up to an effective dose of 2 J/m2 (26,27) while
only 20% of the ES cells survived at this dose.

The impact of a NER defect on UV-induced cytotoxicity is
more pronounced (12-fold) in established hamster cell lines
(43–3B versus CHO9) than in ES cells, which showed only a
2-fold reduction in cell survival after UV exposure (ERCC1–/–

versus wild-type cells). This difference in UV sensitivity probably
stems from differences between established cell lines and ES
cells in their apoptotic response after exposure to UV-C light.
ES cells were shown to rapidly undergo apoptosis after the
induction of DNA damage (5,6,30). In this study, only 8 h after
irradiation, nucleosomal degradation of DNA, a late step in the
apoptotic process, was observed. Such rapid and extensive induc-
tion of apoptosis has not been observed in CHO cells after
exposure to UV-C light (31), possibly as a result of a mutation
in thep53gene in these cells (32,33).

Interestingly, a massive induction of apoptosis after UV-C
exposure has been reported for mouse erythroid leukemia
(MEL) cells and mouse GRSL 13-2 cells. These cells, like ES
cells, also have (i) a low clonal survival, (ii) a normal mutability
and (iii) a similar saturation of repair replication after UV-
exposure (34). It has been proposed that the repair of photo-
lesions was masked by the large fraction of cells undergoing
apoptosis within the first few hours after UV exposure. MEL
and GRSL cells that survived the treatment for 24 h and did not
show DNA fragmentation efficiently removed photolesions
from their DNA, as measured by gene-specific repair experi-
ments (34). Thus, the induction of apoptosis and the poor
removal of photolesions appear to be correlated suggesting an
interfering role of apoptosis with NER in these cell types. This
interference may be caused by double-strand breaks induced
during nucleosomal degradation of the DNA which might
directly inhibit NER. It has, for instance, been shown that
DNA end-binding proteins inhibit the interaction of repair
proteins with double-strand breaksin vitro (35).

In intact cells, inhibition of NER has also been reported to
result from the induction of single-strand breaks that may lead
to a loss of supercoiling (36). However, in ES cells, the inhibition
of NER was complete 4 h after irradiation, while the nucleo-
somal degradation did not become apparent until 8 h after
irradiation. NER was also severely inhibited in the subpopulation
of ES cells that remained attached to the culture dish 24 h after
UV-irradiation. These observations suggest that the inhibition
of NER in ES may be mediated by cellular factors produced
during the early stages in the process of apoptosis. The nature
of these cellular factors remains to be determined. Several
studies suggest that different signal transduction pathways
operate in the process of DNA damage-induced apoptosis in
ES cells (5,6,30). The induction of apoptosis in ES cells after
UV-irradiation is probably mainly mediated by the p53 protein
which is highly expressed in proliferating undifferentiated ES
cells compared to differentiated ES cells and MEFs (5,30) and
is induced upon exposure to UV-C (6). Accordingly, a significant
reduction in the UV-induced apoptotic response has been
observed in p53-deficient ES cells (5,6). The residual apoptotic
response detected in these cells indicates that also p53-independent
apoptotic pathways function in ES cells after UV-exposure (6). In

addition, it should be noted that, in contrast to UV-irradiatio
exposure toN-ethyl-N-nitrosourea (ENU) or X-rays did not
elicit such a strong cytotoxic response in ES cells compared
established cell lines (unpublished observations; 37), sugges
that the induction of apoptosis in ES cells also depends on
type of DNA damaging agent.

In conclusion, the results obtained in this and other stud
indicate that for protection against the deleterious effects
UV-induced DNA damage, early embryonal cells not only re
on processes that efficiently remove lesions from their DN
In addition, the induction of apoptosis in cells with remainin
lesions is very efficient and functions to avoid the expansion
mutated cells within the embryo. It will be interesting to furthe
unravel the mechanisms by which ES cells limit the number
mutations induced by various DNA damaging agents and
gain insight in the mutational risks for embryos at the earlie
stages of development. Somatic stem cells, like ES cells,
undifferentiated, proliferating cells that undergo apoptosis
response to DNA damage (38–40). Mutations in somatic st
cells with the potential to divide and self-renew during th
whole life span of the organism could result in the initiation o
tumour formation. Therefore, studies of ES cells may provi
insight in the mechanisms employed by somatic stem cells
avoid the induction of mutations.

ACKNOWLEDGEMENTS

The authors wish to thank A. R. Filon for performing the repa
replication experiments and J. M. Kool for determining th
ploidy of ES cells. We thank M. P. G. Vreeswijk for helpfu
discussion and assistance with gene-specific repair experimen

REFERENCES
1. Thomas,K.R. and Capecchi,M.R. (1987)Cell, 51, 503–512.
2. Bradley,A. (1993)Recent Prog. Horm. Res., 48, 237–251.
3. Hogan,B., Constantini,F. and Lacy,E. (1986)Manipulating the Mouse

Embryo: A Laboratory Manual.Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY.

4. Evan,G. and Littlewood,T. (1998)Science, 281, 1317–1322.
5. Sabapathy,K., Klemm,M., Jaenisch,R. and Wagner,E.F. (1997)EMBO J.,

16, 6217–6229.
6. Corbet,S.W., Clarke,A.R., Gledhill,S. and Wyllie,A.H. (1999)Oncogene,

18, 1537–1544.
7. Mullenders,L.H., van Hoffen,A., Vreeswijk,M.P., Ruven,H.J., Vrieling,H.

and van Zeeland,A.A. (1997)Recent Results Cancer Res., 143, 89–99.
8. Pedersen,R.A. and Cleaver,J.E. (1975)Exp. Cell Res., 95, 247–253.
9. Rasko,I., Georgieva,M., Farkas,G., Santha,M., Coates,J., Burg,K.,

Mitchell,D.L. and Johnson,R.T. (1993)Somat. Cell Mol. Genet., 19,
245–255.

10. Gowen,L.C., Avrutskaya,A.V., Latour,A.M., Koller,B.H. and
Leadon,S.A. (1998)Science, 281, 1009–1012.

11. Weeda,G., Donker,I., de Wit,J., Morreau,H., Janssens,R., Vissers,C.J
Nigg,A., van Steeg,H., Bootsma,D. and Hoeijmakers,J.H.J. (1997)
Curr. Biol., 7, 427–439.

12. Van Sloun,P.P., Wijnhoven,S.W., Kool,J.M., Slater,R., Weeda,G.,
van Zeeland,A.A., Lohman,P.H. and Vrieling,H. (1998)Nucleic Acids
Res., 26, 4888–4894.

13. Smith,A.G. and Hooper,M.L. (1987)Dev. Biol., 121, 1–9.
14. Joyner,A.L. (1993)Gene Targeting: A Practical Approach.Oxford

University Press, New York, NY.
15. Bohr,V.A., Smith,C.A., Okumoto,D.S. and Hanawalt,P.C. (1985)Cell,

40, 359–369.
16. Venema,J., van Hoffen,A., Natarajan,A.T., van Zeeland,A.A. and

Mullenders,L.H. (1990)Nucleic Acids Res., 18, 443–448.
17. Ruven,H.J., Seelen,C.M., Lohman,P.H., van Kranen,H., van Zeeland,A.A.

Mullenders,L.H. (1994)Oncogene, 9, 3427–3432.



3282 Nucleic Acids Research, 1999, Vol. 27, No. 16

.,
)

18. Ruven,H.J., Seelen,C.M., Lohman,P.H., Mullenders,L.H. and
van Zeeland,A.A. (1994)Mutat. Res., 315, 189–195.

19. Vreeswijk,M.P., van Hoffen,A., Westland,B.E., Vrieling,H.,
van Zeeland,A.A. and Mullenders,L.H. (1994)J. Biol. Chem., 269,
31858–31863.

20. Visse,R., de Ruijter,M., Moolenaar,G.F. and van de Putte,P. (1992)
J. Biol. Chem., 267, 6736–6742.

21. van Zeeland,A.A., Bussmann,C.J., Degrassi,F., Filon,A.R.,
van Kesteren-van Leeuwen,A.C., Palitti,F. and Natarajan,A.T. (1982)
Mutat. Res., 92, 379–392.

22. Mitchell,D.L. and Nairn,R.S. (1989)Photochem. Photobiol., 49, 805–819.
23. Cheo,D.L., Ruven,H.J., Meira,L.B., Hammer,R.E., Burns,D.K.,

Tappe,N.J., van, Zeeland,A.A., Mullenders,L.H. and Friedberg,E.C.
(1997)Mutat. Res., 374, 1–9.

24. Westerveld,A., Hoeijmakers,J.H., van Duin,M., de Wit,J., Odijk,H.,
Pastink, A, Wood,R.D. and Bootsma,D. (1984)Nature, 310, 425–429.

25. Sargent,R.G., Rolig,R.L., Kilburn,A.E., Adair,G.M., Wilson,J.H. and
Nairn,R.S. (1997)Proc. Natl Acad. Sci. USA, 94, 13122–13127.

26. Wood,R.D. and Burki,H.J. (1982)Mutat. Res., 95, 505–514.
27. Zdzienicka,M.Z. and Simons,J.W. (1986)Mutat. Res., 166, 59–69.
28. Zdzienicka,M.Z., van der Schans,G.P., Westerveld,A., van Zeeland,A.A.

and Simons,J.W. (1988)Mutat. Res., 193, 31–41.

29. Sijbers,A.M., van der Spek,P.J., Odijk,H., van den Berg,J., van Duin,M
Westerveld,A., Jaspers,N.G., Bootsma,D. and Hoeijmakers,J.H. (1996
Nucleic Acids Res., 24, 3370–3380.

30. Aladjem,M.I., Spike,B.T., Rodewald,L.W., Hope,T.J., Klemm,M.,
Jaenisch,R. and Wahl,G.M. (1998)Curr. Biol., 8, 145–155.

31. Havre,P.A., Rice,M.C., Noe,M. and Kmiec,E.B. (1998)Cancer Res., 58,
4733–4739.

32. Lee,H., Larner,J.M. and Hamlin,J.L. (1997)Gene, 184, 177–183.
33. Hu,T., Miller,C.M., Ridder,G.M. and Aardema,M.J. (1999)Mutat. Res.,

426, 51–62.
34. Vreeswijk,M.P., Westland,B.E., Hess,M.T., Naegeli,H., Vrieling,H.,

van Zeeland,A.A. and Mullenders,L.H. (1998)Cancer Res., 58, 1978–1985.
35. Calsou,P., Frit,P. and Salles,B. (1996)J. Biol. Chem., 271, 27601–27607.
36. Erixon,K. (1980) PhD Thesis, University of Stockholm, Stockholm,

Sweden.
37. Rijkers,T., Van Den Ouweland,J., Morolli,B., Rolink,A.G.,

Baarends,W.M., van Sloun,P.P., Lohman,P.H. and Pastink,A. (1998)
Mol. Cell. Biol., 18, 6423–6429.

38. Trosko,J.E. (1995)Stem Cells, 13, (suppl. 1), 231–239.
39. Potten,C.S., Wilson,J.W. and Booth,C. (1997)Stem Cells, 15, 82–93.
40. Clarke,A.R., Howard,L.A., Harrison,D.J. and Winton,D.J. (1997)

Oncogene, 14, 2015–2018.


	The role of nucleotide excision repair in protecting embryonic stem cells from genotoxic effects ...
	In this study the role of nucleotide excision repair (NER) in protecting mouse embryonic stem (ES...
	INTRODUCTION
	MATERIALS AND METHODS
	Cell lines and cell culture
	Analysis of CPD removal from defined sequences
	Analysis of 6–4PP removal from defined sequences
	Measurements of DNA repair replication
	Analysis of UV-induced cytotoxicity and induction of mutations at the
	Analysis of ploidy of cells exposed to UV-C light
	Analysis of UV-induced apoptosis

	RESULTS
	Induction of UV-C-induced photolesions in DNA of ES cells
	Analysis of gene-specific removal of UV-C-induced photolesions
	Repair replication in ES cells and MEFs
	UV-induced cell killing and mutation induction in ES cells differing in NER activity
	Measurements of apoptosis induced by UV-C light
	DISCUSSION

	ACKNOWLEDGEMENTS
	REFERENCES


