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Abstract
DNA double strand breaks (DSB) may be caused by ionizing radiation. In contrast, UV exposure
forms dipyrimidine photoproducts and is not considered an inducer of DSB. We found that
uniform or localized UV treatment induced phosphorylation of the DNA damage related (DDR)
proteins H2AX, ATM and NBS1 and co-localization of γ-H2AX with the DDR proteins p-ATM,
p-NBS1, Rad51 and FANCD2 that persisted for about 6 h in normal human fibroblasts. This post-
UV phosphorylation was observed in the absence of nucleotide excision repair (NER), since NER
deficient XP-B cells (lacking functional XPB DNA repair helicase) and global genome repair-
deficient rodent cells also showed phosphorylation and localization of these DDR proteins.
Resolution of the DDR proteins was dependent on NER, since they persisted for 24 h in the XP-B
cells. In the normal and XP-B cells p53 and p21 was detected at 6 h and 24 h but Mdm2 was not
induced in the XP-B cells. Post-UV induction of Wip1 phosphatase was detected in the normal
cells but not in the XP-B cells. DNA DSB were detected with a neutral comet assay at 6 h and 24
h post-UV in the normal and XP-B cells. These results indicate that UV damage can activate the
DDR pathway in the absence of NER. However, a later step in DNA damage processing involving
induction of Wip1 and resolution of DDR proteins was not observed in the absence of NER.
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1.0 INTRODUCTION
DNA double-strand breaks (DSB) are severe genomic lesions that are dangerous when they
arise in proliferating cells. DNA DSB can arise within cells by several different
mechanisms. Exogenous sources such as ionizing radiation and chemical DNA-damaging
agents produce multiple types of DNA damage. Endogenous sources of DSB include
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intracellular nucleases, reactive free radicals from oxygen metabolism, and processes
leading to the arrest and collapse of DNA replication forks [1,2].

The cellular response to DSB includes activation of a group of DNA damage related (DDR)
proteins including the ataxia-telangiectasia mutated (ATM) protein kinase, which leads to
phosphorylation of downstream targets critical for cell cycle arrest, DNA repair and
apoptosis [3]. ATM molecules are inactive in undamaged cells. Following DNA damage
including UV, ATM molecules are phosphorylated on serine residue 1981 [4,5]. Functional
Mre11/Rad50/Nbs1 (MRN) complex is required for ATM activation after DNA damage
[6,7]. In addition, FANCD2 colocalizes with Rad51 at sites of UV-B damage [8]. Thus, the
presence of DNA damage in mammalian cells elicits a complex array of responses that
results in the onset of apoptosis, cell cycle checkpoint arrest and/or DNA repair.

Histone H2AX, one of several variants of the nucleosome core histone H2A [9,10], becomes
phosphorylated on serine 139 in response to DNA damage that involves formation of DSB
[11,12] (referred to as γ-H2AX) and is widely used as a sensitive DSB marker. After
exposure to ionizing radiation (IR), γ-H2AX foci, which can be visualized by
immunofluorescence, are formed at DSB sites. IR-induced DSB activate the ATM pathway
of the DDR proteins and this activation depends on chromatin interactions that occur prior to
the IR-induced damage [13]. DSB are repaired by two major repair pathways, non-
homologous end-joining and homologous recombination, which are highly conserved in
eukaryotes [14,15]. Incorrect repair of DNA may give rise to genomic instability, therefore,
the recognition and repair of DSB is of critical importance to living organisms.

In contrast to IR, the formation of DSB by ultraviolet radiation (UV) is reported to be
extremely rare. UV does not induce DSB directly but rather induces cyclobutane pyrimidine
dimers (CPD) and bulky 6-4 adducts in mammalian cells. These lesions are repaired by
nucleotide excision repair (NER). Limoli et al. [16] showed that UV exposure of sensitized
chromatin induces single strand breaks (SSB) and DSB. UV exposure has also been shown
to induce phosphorylation of H2AX [17–23].

The NER pathway is comprised of two distinct subpathways, global genome NER (GG-
NER) and transcription-coupled NER (TC-NER). Individuals with NER-deficiency
syndromes have defects in these repair pathways. The human XPB DNA helicase is
involved in the early steps of NER and is also part of the basal transcription repair factor
TFIIH. XP-B cells are defective in both GG-NER and TC-NER. Mutations in the XPB gene
give rise to three different clinical phenotypes, xeroderma pigmentosum (XP), the XP
Cockayne syndrome complex (XP/CS) or trichothiodystrophy [24].

In this work we investigated the relationship between the phosphorylation of histone H2AX
and the recruitment and persistence of DDR proteins following UV-induced DNA damage.
We used two different NER-deficient XP-B cell lines (XP33BR with relatively mild XP
without CS and XP183MA with severe XP/CS complex [25]) to investigate whether UV
radiation results in phosphorylation of H2AX, ATM and Nbs1 in NER-deficient and normal
cells. To determine whether these DDR related factors co-localize with γ-H2AX after local
UV damage, we employed a local UV-irradiation technique combined with fluorescent
antibody labeling [25,26]. We also used the neutral comet assay to assess the formation of
DSB in normal and XP-B cells. In summary, we found phosphorylation and accumulation of
DDR proteins in the absence of NER. However, a later step in DNA damage processing
involving induction of Wip1 (PPM1D) and redistribution of DDR proteins was not observed
in the absence of NER.
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2.0 MATERIALS AND METHODS
2.1 Cells

Normal skin fibroblasts (AG13145) and XP-B cells from XP patients without (XP33BR-
GM21071 [DNA repair 5% of normal; XPB mutations: p.F99S and p.R425X] and
XPCS1BA-GM13025 [DNA repair 5–10%;p.F99S and p.K157insTSDSX]) or with the
severe XP/CS complex (XP131MA-GM21153 [DNA repair 4%; p.D474EfsX475 and
p.Q739insX42] and XP183MA-GM21072 [DNA repair 8%; p.Q545X and p.Q739insX42])
[25] and XP-G cells (XP96TA-GM16180) [DNA repair <1% [27]] were obtained from the
Human Genetic Mutant Cell Repository, Camden, NJ. The cells were grown in Dulbecco's
modified Eagle medium (DMEM; Invitrogen, Grand Island, NY) containing 40 mM
glutamine, and 10% fetal bovine serum (FBS; Invitrogen) in an 8% CO2 humidified
incubator at 37 °C.

2.2 UV Irradiation and Immunofluorescence
The cytoplasm of normal and XPB cells was labeled with different size plastic beads
(Carboxylate Microspheres, Polysciences, Warrington, PA): AG13145 (normal fibroblasts -
0.8 μm), XP-B cells (2.0 μm) [28]. These cells were then grown (in a 1:1 ratio) for 1 day on
coverslips in a culture dish. For local UV irradiation the cells on coverslips were washed
thoroughly with phosphate buffered saline (PBS) without phenol red (DPBS, Invitrogen),
which was then removed and the cells were covered with an Isopore polycarbonate filter
with pores of 5 μm diameter (Millipore, Billerica, MA) during UV irradiation [26,29]. Cells
fixed with 1.6 % formaldehyde were analyzed as described previously using Alexa Flour
488 (green) goat anti-rabbit immunoglobulin G (IgG) conjugate for staining polyclonal
antibodies or Alexa Flour 568 (red) goat anti-mouse IgG conjugate for staining monoclonal
antibodies [26,29,30]. The normal and XPB cells were on the same slide. Thus the XPB and
control cells were treated identically. Digital images were taken of more than 100 XPB
nuclei and more than 100 normal nuclei per slide. The fluorescence intensity of individual
XP and normal nuclei was measured using confocal software by Image Pro Plus (Media
Cybernetics Bethesda, MD).

Primary rabbit polyclonal or mouse monoclonal antibodies for immunofluorescence were as
follows: rabbit polyclonal anti-XPA (Santa Cruz Biotechnology, Santa Cruz, CA, diluted
1:50), anti-XPB (Santa Cruz, 1:100), anti-XPC (gift from N.G.J. Jaspers, Rotterdam, The
Netherlands, 1:100), anti-Rad51 (Santa Cruz, 1:100), anti-CAF-1 (Santa Cruz, 1:100), anti-
phospho-NBS1 (Novus, Littleton, CO 1:100), anti-phospho-histone H2AX (Cell Signaling,
Danvers, MA, 1:100 and Upstate, Temecula, CA, 1:100), anti-phospho ATM (Rockland,
Gilbertsville, PA, 1:100), anti-FANCD2 (Novus, 1:100), anti-PCNA (Santa Cruz, 1:100),
monoclonal anti-CPD (TDM-2) and anti-6-4PP (both gifts from T. Mori, Nara, Japan).

2.3 Post-UV Cell Viability
The measurement of cell viability was carried out as described previously by using a 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-4(-sulfophenyl)-2H-tetrazolium
(MTS; Promega, Madison, WI) analysis [25]. One day after plating in 48-well plates, cells
were irradiated with 254-nm UV radiation (UV-C) and were incubated up to 4 days.
Viability was assessed by the ability of cells to convert MTS into formazan. Percentage of
viability was expressed relative to unirradiated cells.

2.4 Western Blotting
Western blotting was performed as described previously [25]. For the Western blotting,
primary mouse monoclonal anti-p53 (Santa Cruz, 1:500), anti-MDM2 (Gene Tex, Irvine,
CA, 1:500), anti-actin (Chemicon, Millipore, 1:4000) and anti-phospho-Histone H2AX (Cell
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Signaling, 1:500), Wip1 mouse monoclonal antibody custom preparation targeting amino
acids 420–605 (BD Biosciences, CA, 1:1000) [31], p21 C19-G (sc-397-G, Santa Cruz,
1:1000) were used.

2.5 Flow Cytometry
For the determination of the cellular intensity of γ-H2AX staining by flow cytometry, a
H2AX phosphorylation assay kit was used (Upstate Biotechnology, Lake Placid, NY)
according to the manufacturer's instructions [21]. Cells were analyzed by using a FACS
Caliber Flow Cytometer (Becton Dickinson, Franklin Lakes, NJ) equipped with CELL
QUEST. Data were analyzed by both CELL QUEST and FLOJO software (Tree Star, San
Carlos, CA).

2.6 Neutral Comet assay
For the detection of DSB, a neutral COMET (single cell gel electrophoresis assay) was
performed according to the manufacturer's instructions (Trevigen, Gaithersburg, MD). The
quantification of tail moments were determined by CometScore software.

3.0 RESULTS
3.1 Detection of DDR proteins after UV

To determine whether phosphorylation of DDR proteins H2AX, ATM and NBS1 is induced
by UV, normal (0.8 μm beads – red arrows) and XP-B (2 μm beads – yellow arrows) cells
were co-cultured on the same coverslips and exposed to 5 Gy uniform ionizing radiation
(IR) (Figure 1- top row) or 10 J/m2 uniform UV irradiation (Figure 1 bottom row). Analysis
of cellular DNA content with DAPI staining showed similar intensity and location of DNA
in the normal and XP-B cells (Figure 1 left column). Immunofluorescent double labeling
revealed that IR and UV irradiation led to phosphorylation of the DDR proteins, H2AX
(phosphorylated on Ser-139) and ATM (phosphorylated on Ser-1981). Uniform IR (Figure 1
top row) resulted in multiple foci of γ-H2AX (green dye second column) and p-ATM (red
dye third column) staining after 3 h incubation in normal and XP-B cells. Uniform UV
exposure resulted in staining of γ-H2AX (green dye second column) and p-ATM (red dye
third column) after 6 h incubation, which was more intense in the XP-B than in the normal
cells (Figure 1 bottom row). As reported by others [17,21] both uniform and localized
accumulation of these DDR proteins were observed after UV.

In order to determine the time course of accumulation of phosphorylated DDR proteins, we
exposed the bead labeled normal cells (red arrows) and XP-B cells (yellow arrows) on the
same coverslips to UV, incubated for various time intervals and performed
immunofluorescent double labeling and Western blotting (Figure 2). Phosphorylation of
H2AX, ATM and Nbs1 (phosphorylated on Ser-343) was detected by
immunocytochemistry. In the absence of UV, only DAPI staining of the DNA was observed
(data not shown). After 3 h incubation following UV exposure, diffuse staining of the nuclei
of was observed for γ-H2AX, p-ATM, and p-Nbs1 (Figure 2A second column). There was a
large variation in intensity of staining in both the XP-B cells (yellow arrows) and the normal
cells (red arrows) with darkly staining and faintly staining cells present. After 6 h and 24 h
incubation, the intensity of the staining of γ-H2AX, p-ATM, and p-Nbs1 diminished in the
normal cells but increased in the XP-B cells (Figure 2A third and fourth columns). Similar
results were obtained with XP-G cells (with <1% DNA repair), showing intense γ-H2AX
staining 24 h after 10 J/m2 UV in the XP-G cells but not in the normal cells (Supplemental
figure 1).
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The intensity of immunofluoresence staining was assessed in normal and XP-B cells (Figure
2B). Increased levels of γ-H2AX, p-ATM and p-NBS1 after UV irradiation were observed
in the normal cells with peak intensity at 3 h (γ-H2AX) and 6 h (p-ATM and p-NBS1). They
returned to baseline levels by 24 h. NER-deficient XP-B cells from two different patients
(XP183MA and XP33BR) (on the same coverslips as the normal cells) showed increased
induction of phosphorylation of H2AX, ATM and Nbs1. Although there was large variation
in staining intensity, analysis of more than 100 nuclei each of the XP-B and the normal cells
showed no significant differences in these phosphorylated DDR proteins at 3 h. This
staining increased in the XP-B cells and reached maximum intensity by 6 hr post-UV. Thus
post-UV accumulation of phosphorylated forms of DDR proteins was observed in the
absence of NER. In contrast to the normal cells, γ-H2AX, p-ATM, and p-NBS1 persisted for
at least 24 h in the XPB cells. Disappearance of the phosphorylated forms of these DSB
related proteins was thus not observed in the absence of NER. Previously, we have shown
that NER proteins (XPC, XPG, XPA, XPD and XPF) persist for at least 24 hr at sites of
unrepaired UV damage in these XP-B cells [26]. To assess the frequency distribution of γ-
H2AX positive cells, flow cytometry was performed 6 h and 24 h after exposure to UV.
Analysis of these data indicates that the XP-B fibroblasts had increased numbers of γ-H2AX
positive cells (3% at 6h, 8.6% at 24h) compared with the normal fibroblasts (0.6% at 6h,
0.4% at 24h) in agreement with the immunohistochemical studies. Western blotting shows a
low level of γ-H2AX in the normal cells and increased UV-induced phosphorylation of
H2AX in both XP-B cell strains (Figure 2C), in agreement with the immunofluorescence
results.

Several recent papers have demonstrated that the wild-type p53-induced phosphatase 1
(Wip1) plays a role in reversing the action of DNA damage induced γ-H2AX by
dephosphorylating the Ser 139 phosphate [32–34]. To examine whether Wip1 similarly was
involved in controlling H2AX phosphorylation in fibroblasts, we used a monoclonal
antibody to detect endogenous Wip1 protein in normal and XP-B cells. As shown in Figure
2D, exposure of normal fibroblasts to UV resulted in approximately 50–70% elevation of
Wip1 at 6hr and 24 hr. In marked contrast, the level of endogenous Wip1 was not elevated
after UV at 6 h or 24 h in the XP-B cells.

The XP-B cells showed reduced post-UV cell viability (Figure 2E). The cells from patients
XP183MA and XP33BR had a greater UV sensitivity than normal cells.

To determine whether other DDR proteins co-localized with regions of DNA damage, local
UV irradiation was performed followed by immunofluorescent double labeling using
antibodies against CPD photoproducts and against γ-H2AX, p-ATM, p-NBS1, MRE11,
FANCD2 and RAD51. Immediately after UV irradiation, normal and XP-B cells showed
localized areas in the nuclei that were positive for CPD staining [26]. In agreement with
studies of others [21,22], these positive areas co-localized with γ-H2AX (Supplemental
figure 2). Three hours after localized UV exposure, p-ATM, p-NBS1, MRE11, FANCD2
and RAD51 proteins co-localized with γ-H2AX (Figure 3). These data demonstrate that γ-
H2AX co-localizes with multiple DDR proteins in localized regions of UV damage in
normal and XP-B cells. In the local-UV irradiated cells, more than 90 % of the γ-H2AX
staining regions co-localized with pATM, pNBS or MRE11. In contrast, less than10% of the
γ-H2AX staining regions co-localized with FANCD2 or Rad51 after local UV-irradiation.

3.2 Post-UV DDR proteins in GGR-NER deficient rodent cells
To determine the role of GG-NER in post-UV localization of DDR proteins, we examined
wild type rodent cells, which are naturally deficient in GG-NER [35,36]. We performed
immunofluorescent staining using the local UV-irradiation technique (Figure 4). γ-H2AX
co-localized with CPD positive regions after localized UV exposure in the mouse
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fibroblasts. Phosphorylated ATM and NBS1 proteins also co-localized with γ-H2AX in
these CPD positive regions after localized UV exposure. In normal human cells the NER
proteins rapidly co-localized to the CPD positive sites immediately after localized UV
exposure [26,37]. However, as previously reported by Pines et al [36], the NER proteins,
XPC, XPB and XPA were not localized to the CPD positive sites in the mouse fibroblast
cells. This demonstrates that UV-induced phosphorylation of H2AX, ATM and NBS1 can
be detected in GG-NER deficient mouse cells.

3.3 Reduced post-UV apoptosis in XP-B cells
If DNA damage is not efficiently repaired, the arrested cells may undergo p53-dependent
apoptosis. In response to DNA damage signaling, p53 undergoes extensive post-translational
modification at specific residues, resulting in its accumulation in the nucleus and activation
of numerous downstream genes including p21 and Mdm2. We studied the post-UV
expression of p53 and Mdm2 in relation to apoptosis in XP-B cells. p53 protein was
significantly induced by 6 h in normal and XP-B cells (Figure 5A). By 24 h high levels of
p53 protein accumulated in the XP-B cells but not in the normal cells. Staining of p53 was
visible in nearly all of the XP-B cells at 24 hr but was barely visible in the normal cells
(Supplemental figure 3). In normal cells, Mdm2 was highly induced by 6 h then decreased
by 24 h. However, there was no induction of Mdm2 expression in the XP-B cells up to 24 h
after UV irradiation, a time when p53 had accumulated to a higher level than in normal
cells. A similar accumulation of p53 and lack of induction of Mdm2 after UV was
previously reported for NER deficient XP-G cells [38]. The p53 in the XP-B cells was
functional, as assessed by the induction of p21 (Figure 5B). The timing of p21 induction was
altered in XP-B cells. In normal cells, both p53 and p21 levels were increased at 6 h after
exposure to UV with subsequent reduction in both p53 and p21 levels at 24 h. In XP-B cells
compared to normal cells, p53 was more strongly induced at 6 h and remained elevated at 24
h. Concurrently, p21 levels were reduced at 6 h and only slightly elevated at 24 h following
exposure to UV in the XP-B cells. These results are in agreement with the previously
reported data for XP-D cells [39]. The level of apoptosis was analyzed by FACS at 24 h
after UV irradiation (Figure 5C). In agreement with earlier studies [40], the percentage of
apoptosis in normal cells was higher than in the XP-B cells indicating that XPB mutations
can modulate p53-mediated apoptosis. Thus UV treatment of XP-B cells led to induction of
p53 and p21 but not Mdm2 and did not lead to normally elevated levels of apoptosis.

3.3 Detection of DSB with neutral comet assay
A neutral pH comet assay was used to assess the presence of DSB in the UV-treated cells
[41]. This assay involved lysis of cells in agarose at neutral pH and separation of DNA
fragments from the cells by electrophoresis forming single cell “comets” that are observed
microscopically (Figure 6A). The size of the “tails” on the comets is proportional to the
extent of DNA breakage. IR exposure (10 Gy, 1 hr incubation) resulted in increased tail
moment in the normal and XP-B cells (Figure 6A – 2nd column). The neutral comet assay of
normal and XP-B cells 6 h and 24 h after UV irradiation revealed a tail consistent with DSB
formation (Figure 6A – columns 4 and 5). Quantification of the tail moment was performed.
IR exposure increased the tail moment in the normal and XP-B cells (Figure 6B). There was
an increase at 6 h and 24 h following UV exposure in the normal and XP-B cells
demonstrating presence of DSB in these cells. A t-test comparison of tail moments for the
normal cells (35+1.88)(n=47) vs the XP-B cells (47+2.08)(n=64) at 24 h after exposure to
UV indicates that the formation of DSB is significantly greater in XP-B cells compared to
normal cells (p<0.0001).
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4.0 DISCUSSION
4.1 XP/Cockayne complex

The human XPB and XPD genes code for DNA helicases that are components of the basal
transcription repair factor, TFIIH, and are also involved in NER. Clinically, a few patients
have a combination of XP and Cockayne syndrome (XP/CS complex) with mutations in the
XPB, XPD or XPG genes [24]. Cells from 5 patients with the XP/CS complex and mutations
in the XPD gene were reported to produce DNA breaks in response to UV damage [42,43].
The breaks were not located at the sites of DNA damage but were related to transcription
initiation [43]. Cells from these XP/CS patients had high levels of post-UV DNA repair.
Theron et al [43] reported post-UV γ-H2AX staining in cells from the XP-D/CS patients but
not from patients with XP without CS. We studied cells from XP-B patients with XP/CS
(XP183MA) and with XP without CS (XP33BR)[25]. In contrast to the Theron et al [43]
study, the cells from both of these XP-B patients had very low repair levels [25,26] and had
similar levels of post-UV γ-H2AX staining (Figure 2A and B).

4.2 Recruitment of DDR proteins at sites of UV damage occurs in the absence of NER
Phosphorylation of H2AX following exposure to UV has been reported previously [17–23].
UV-induced H2AX phosphorylation correlated with sites of CPD formation in locally
irradiated cells [21,22] and was undetectable about 6 h after UV treatment [22]. In the
present work, in agreement with others [4,5], we found that phosphorylation of histone
H2AX, ATM and NBS1 was detected post UV in normal cells, indicating that UV
irradiation can induce phosphorylation of ATM and Nbs1 in addition to phosphorylation of
H2AX. Moreover, we observed γ-H2AX staining in S-phase and non-S-phase cells
(Supplemental figure 4) in accord with previous reports of phosphorylation of H2AX in all
phases of the cell cycle after UV irradiation [17,19,21]. However, Zhan et al [23] using flow
cytometry contend that γ-H2AX formation is limited to S-phase cells.

Post-UV γ-H2AX was reported to be present in cells lacking NER. Matsumoto et al [22]
reported that asynchronously growing XPG deficient cells, lacking a UV endonuclease,
showed post-UV γ-H2AX formation but growth-arrested XP-G cells did not. In agreement,
we also found that γ-H2AX was present 24 hr after uniform UV-irradiation of XP-G cells
(Supplemental figure 1). Hanasoge and Ljungman [19] demonstrated that low dose UV (5 J/
m2) induced H2AX phosphorylation in XP-C and XP-A cells. This was potentiated by
treatment with the DNA polymerase inhibitor aphidicolin in the normal and XP-C cells,
suggesting that GG-NER-generated intermediates play a role in this process [19]. Marti et al
[21] reported that 4 h after 20 J/m2 UV XP-C and XP-D cells showed 1.2 fold higher levels
of γ-H2AX than untreated controls. In our study, the induction of γ-H2AX after UV
exposure occurred in DNA repair-deficient XP-B cells lacking GG-NER and TC-NER and
also in rodent cells that are deficient in GG-NER, indicating that phosphorylation of H2AX,
along with phosphorylation of ATM and Nbs1 following UV treatment can occur in the
absence of NER (Figure 7).

4.3 Persistence of DDR proteins and failure of Wip1 induction in XP-B cells
Previously, we found that NER proteins persisted for 24 hr after UV treatment in XP-B cells
in association with unrepaired CPD photoproducts in the DNA [26]. In the present study, at
24 h post-UV H2AX phosphorylation was detected by immune staining and by Western
blotting in XP-B cells but not in normal cells (Figure 2A, B and C). Thus, increased and
persistent accumulation of γ-H2AX, p-ATM, and p-NBS1 was correlated with unrepaired
CPD in XP-B cells after exposure to UV.
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The persistence of phosphorylated forms of DDR proteins in repair-deficient XP-B cells
compared to repair-proficient normal cells suggests that NER is necessary for the expression
of one or more phosphatases that are capable of specifically dephosphorylating these DDR
proteins. Wild-type p53-induced phosphatase 1 (Wip1) is a phosphatase that is induced in
response to IR and UV in a p53 dependent manner [31,44,45]. Several recent papers have
suggested that the Wip1 phosphatase plays a role in reversing the action of DNA damage-
induced γ-H2AX by removing the Ser 139 phosphate [32–34] and in regulating DNA repair
[46]. In AD293 cells, over-expression of Wip1 prevented induction of γ-H2AX following
UV [34] whereas inhibition of Wip1 resulted in enhanced induction of γ-H2AX in MCF7
(human breast cancer) cells [34]. Consequently, we examined the expression of Wip1 by
Western blotting in normal and XP-B cells at several time points after UV. Using a
monoclonal antibody, we detected endogenous Wip1 protein in normal fibroblasts and
observed induction of Wip1 at 6 h and 24 h. In marked contrast, in the XP-B cells the level
of endogenous Wip1 was not elevated after UV at 6 h or 24 h (Figure 2D). These data
suggest that functional NER in normal cells enables the induction of Wip1, with the
resulting de-phosphorylation of the Ser 139 phosphate and the consequent loss of antibody
binding (Figure 7). Thus, at 24 h post-UV there was a return to baseline level of γ-H2AX in
the normal cells and persistence of antibody binding to γ-H2AX in the XP-B cells. Since
Wip1 also de-phosphorylates pATM [47], the lack of Wip1 induction may contribute to the
persistence of pATM and pNBS1 in the XP-B cells.

4.4 XPB is associated with p53-mediated apoptosis after exposure to UV
p53 is a central regulator of the cellular response to DSB formed by IR as well as the
blocking lesions formed by UV. Both the level and activity of p53 are dynamically regulated
in the response to DNA damage. Given the essential role of MDM2 in regulating the level of
p53 [48], our observation of the lack of induction of MDM2 in XP-B cells following
exposure to UV (Figure 5A) provides a basic, mechanistic explanation for the prolonged
accumulation of p53 in XP-B cells (Figure 7). Although p53 was able to induce p21 (Figure
5B), its inability in XP-B cells to induce two of its key negative regulators, Wip1 (Figure
2D) and MDM2 (Figure 5A), may be the consequence of unrepaired photoproducts within
these genes. The inhibition of p53-dependent induction of Wip1 and MDM2 in repair-
proficient human cells following exposure to high but not low doses of UV has been
attributed to the greater than average sizes of these genes [49]. Since the repair of UV-
induced lesions in these XP-B cells is profoundly impaired, the persistence of transcription-
blocking lesions within the 64 kbp (Wip1) and 37 kbp (MDM2) genomic spans would
strongly inhibit induction of these genes.

Highly expressed p53 leads to elevated levels of apoptosis in normal human fibroblasts, but
not in XP-B fibroblasts, suggesting that functional XPB contributes to the p53- mediated
apoptotic pathway [40,50,51]. In accord with these studies, we found that the accumulation
of p53 did not lead to elevated levels of apoptosis in XP-B cells (Figure 5C). Prolonged p53
protein accumulation in trichothiodystrophy fibroblasts, mutated in the XPD gene, was
dependent on unrepaired CPD on the transcribed strands of active genes [39]. UV induced
replication arrest was prolonged in fibroblasts lacking functional p53 and GG-NER
contributes to the recovery from replication arrest following UV exposure [51]. Like the XP-
B cells, a similar elevation of p53 and lack of induction of Mdm2 was reported in XP-G
cells which are also deficient in NER. However in contrast to the XP-B cells the XP-G cells
had increased post-UV apoptosis [38].

4.5 Relation of H2AX phosphorylation to DNA damage and repair
After local UV irradiation the DDR proteins p-ATM, p-NBS1, MRE11, FANCD2 and
RAD51 co-localized with γ-H2AX to the sites of local DNA damage (Figures 3 and 4).
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These proteins are well-known as participants in the repair of DNA DSB. Nbs1 facilitates
ATM-dependent phosphorylation of multiple downstream substrates, including those
required for G1/S arrest [52]. Phosphorylation of Mre11 occurs following exposure to IR or
in association with DNA replication [53, 54]. We found a high frequency of co-localization
of γ-H2AX with pATM, p-NBS and MRE11. This is similar to the previously reported co-
localization of MRE11 and γ-H2AX after UV in normal and XP variant cells [20]. These
may correspond with the pan-nuclear γ-H2AX staining reported by Marti et al [21] that are
not dependent on DNA DSB.

The eukaryotic RecA homologue, Rad51, plays a central role in homologous recombination
repair of DSB. Rad51 accumulates at sites of DNA damage [55]. Ionizing radiation induces
foci of Rad51 and Mre11. However, the Rad51 and Mre11 foci were not found in the same
cells suggesting that the MRN complex and Rad51 independently affect DSB repair [56].
We found a low frequency of co-localization of γ-H2AX staining with Rad51. These may
represent the low frequency of DSB-containing γ-H2AX staining foci reported by deFeraudy
et al [17].

FANCD2, a protein that is defective in the autosomal recessive disorder, Fanconi anemia,
relocates to chromatin upon DNA damage. Bogliolo et al.[57] found that histone H2AX and
FANCD2 are in the same pathway that responds to stalled replication forks. Dunn et al. [8]
found that FANCD2 co-localized with Rad51 at the sites of UV-B damage only in S-phase
cells. We found a low frequency of co-localization of γ-H2AX staining with FANCD2.
These may represent the low frequency of DSB containing γ-H2AX staining foci reported
by deFeraudy et al [17].

To determine whether UV-induced phosphorylation of H2AX involved DNA DSB
formation we performed a neutral comet assay [41]. Using this assay, we detected IR
induced DSB within 1 h, as expected (Figure 6 and [41]). In contrast, DSB are not made
directly by UV and DSB are not detected by the neutral comet assay within 30 min
following exposure to UV [41]. We observed the induction of DSB at 6 h after 20 J/m2 UV
in normal and XP-B cells (Figure 6). At 24 h the mean tail moment was significantly greater
in XP-B cells than in the normal controls after UV.

Taken together with earlier studies on these XP-B cells [26], our results indicate that the
amount and type of DNA damage as well as the phosphorylation of DDR proteins remaining
in normal cells at 24 h differs from those in XP-B cells (Figure 7. Twenty four hours after
exposure to 10 J/m2 UV, cell viability in normal cells was about 80% whereas in the XP-B
cells it was about 50% (Figure 2E). Furthermore, nearly 40% of the normal cells, but only
about 15% of the XP-B cells, underwent apoptosis (Figure 5C). γ-H2AX
immunofluorescence staining intensity remained at a high level in the XP-B cells 24 h after
10 J/m2 UV but returned to low levels in the normal cells (Figure 2B). Flow cytometry
indicated that 24 h after exposure to 10 J/m2 UV about 9% of the XP-B cells exhibited γ-
H2AX staining while this was observed in less about 0.5% of the normal cells. In normal
cells, phosphorylated forms of DDR proteins would have become de-phosphorylated by
Wip1 (and other presently unidentified phosphatases) but DNA damage would still be
present on the DNA. In normal cells about 30% of CPD remained 24 h after exposure to 10
J/m2 UV [26]. However, the NER proteins (XPC, XPG, XPA, XPD or XPF) no longer
localized at the site of these remaining CPD [26]. The comet assay indicated that DNA
breaks were accumulating (Figure 6). In contrast, in the repair- deficient cells, 70 – 80% of
the CPD remained 24 h after exposure to 10 J/m2 UV [26], NER proteins remained
localized, Wip1 was not induced and the DDR proteins remained phosphorylated. The
neutral comet assay revealed even more DNA breaks than in the normal cells. Thus these
combined immunofluorescent, cell viability, apoptosis and DNA breakage assays
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demonstrate a great complexity in the DNA damage processing at different times after UV
damage in normal cells and in cells with defective DNA repair.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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DDR DNA damage related
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ATM ataxia-telangiectasia mutated

NHEJ nonhomologous end-joining

HR homologous recombination

XP xeroderma pigmentosum (XP)

CS Cockayne syndrome

XP/CS XP Cockayne syndrome complex

CPD cyclopurine pyrimidine dimers

Wip1 wild type p53 induced phosphatase 1 (PPM1D – protein phosphatase
magnesium dependent 1 delta isoform)
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Figure 1.
Immunofluorescence of phosphorylated histone H2AX and ATM after uniform ionizing
radiation (IR) compared to uniform UV in normal and XP-B (XP183MA) cells. Normal (0.8
μm beads – red arrows) and XP-B cells (2.0 μm beads- yellow arrows) on the same slide
were exposed to 5 Gy IR (top row) or 10 J/m2 UV (bottom row) and then cultured for 3 h or
6 h before fixation. Immunofluorescent double labeling revealed that IR and UV irradiation
led to phosphorylation of the DSB-related proteins H2AX and ATM in the normal and XP-B
cells.
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Figure 2.
Phosphorylation of histone H2AX, ATM and Nbs1 after exposure to uniform UV in XP-B
cells. A. Normal (0.8 μm beads – red arrows) and XP-B cells (2.0 μm beads – yellow
arrows) on the same slide were irradiated with 10 J/m2 UV and then cultured for various
periods of time before fixation. Immunofluorescent double labeling was performed. γ-
H2AX, p-ATM and p-Nbs1 persisted for more than 24 h in XP-B but not normal cells. B.
Quantification of phosphorylated histone H2AX, ATM and Nbs1 after exposure to UV at
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various post-UV irradiation intervals. The levels of γ-H2AX, p-ATM and p-Nbs1 were
increased by 6 h after 10 J/m2 UV irradiation and persisted for more than 24 h in XP-B but
not normal cells. C. Increased UV-induced phosphorylation of H2AX in XP-B cells by
Western blotting. D. Increased Wip1 level in normal but not in XP-B fibroblasts following
exposure to UV detected by Western blotting. E. Post-UV cell viability of normal and XP-B
cells. Normal (AG13145) and XP-B (XP183MA and XP33BR) cells were treated with 10 J/
m2 UV and cultured for up to 4 days. Cell viability was assessed using MTS assay. The XP-
B cells had reduced post-UV cell viability at all time points tested.
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Figure 3.
Accumulation of DDR proteins at sites of localized UV damage. The DDR proteins p-ATM,
p-NBS, MRE11, FANCD2 and RAD51 all accumulated at regions of localized UV damage
in the normal and XP-B cells. Normal (0.8 μm beads – red arrows) and XP-B cells (2.0 μm
beads – yellow arrows) on the same slide were irradiated with 100 J/m2 UV through 5 μm
pore size filters and cultured for 3 h before fixation. Immunofluorescent labeling was
performed using a rabbit or mouse anti-γ-H2AX, anti-p-ATM, anti-pNBS1, anti-MRE11,
anti-FANCD2 and anti-RAD51.
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Figure 4.
Phosphorylation of H2AX, ATM or NBS1 does not require GG-NER in mouse cells. (A) γ-
H2AX, p-ATM and p-Nbs1 accumulate at sites of localized UV damage in mouse
fibroblasts. (B) No accumulation of NER proteins XPA, XPB and XPC at sites of localized
UV damage in mouse fibroblasts that lack GG-NER. Cells were irradiated with 100 J/m2

UV through 5 μm pore filters and cultured for 3 h before fixation. Immunofluorescent
labeling was performed using a rabbit or mouse anti-γ-H2AX, anti-CPD, anti-pATM, anti-
pNBS1, anti-XPC, anti-XPB and anti-XPA.
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Figure 5.
Effects of UV on the expression of p53 and Mdm2 in normal and XP-B cells. A) Western
blot of levels of p53 and Mdm2 in normal and XP-B (XP183MA and XP33BR) cells at 6 h
and 24 h after exposure to 10 J/m2 UV. There was prolonged p53 accumulation and no
induction of Mdm2 in the XP-B cells in comparison to the normal cells. B) Western blot of
levels of p53 and p21 in normal and XP-B (XP183MA) cells at 6 h and 24 h after UV. The
timing of p21 induction is altered in XPB cells. In normal cells, both p53 and p21 levels
were increased at 6 h after exposure to UV with subsequent reduction in both p53 and p21
levels at 24 h. In XPB cells compared to normal cells, p53 was more strongly induced at 6 h
and remained elevated at 24 h, but p21 levels were reduced at 6 h and only slightly elevated
at 24 h following exposure to UV. C) FACS analysis shows elevated levels of apoptosis in
normal but not XP-B cells at 24h after UV.
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Figure 6.
Neutral single cell electrophoresis assays of normal (AG13145) and XP-B (XP183MA) cells
following UV-C or ionizing radiation treatment. A) Neutral single cell gel electrophoresis
following ionizing radiation (10 Gy, 1 hr incubation) or UV-C (20 J/m2, 1h, 6 h and 24 h
incubation). B) Measurement of comet tail moment. There was a significant increase (p
<0.001) in tail moment compared to the untreated pooled control values for all samples
except for the normal cells at 1 hr after 20 J/m2 UV. [Fifty to 160 cells were evaluated for
each time point. Mean ± SEM shown].
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Figure 7.
Diagram of early and late stages of global genome nucleotide excision repair in cells from
normal and XP-B patients. From 0.5 to 3 h, DDR proteins accumulate in normal and XP-B
cells indicating that NER is not required for this process. Wip1 is induced in the normal
cells. By 24 h in the normal cells the phosphorylated DDR proteins have been removed and
apoptosis has occurred. Wip1 is not induced in the XP-B cells where NER proteins and
phosphorylated DDR proteins persist and are associated with unrepaired CPD and apoptosis
is inhibited.
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