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Figure 3 Functional analyses of mutated XPDs. (a) After UV treatment, survival of WI38VA13 (closed squares), p.WT/XP6BESV (open squares), p.G47R/
XP6BESV (open circles), p.R666W/XPEBESV (open triangles), XP6BESV (closed circles) and p.1619del/XPEBESV (closed triangles). (b) After UV treatment
survival of p.L461V/XP6BESV (open squares), p.A717G/XP6BESVY (open circles), p.[L461V;A717GI/XP6BESV (open triangles), p.[L461V;V716_R730dell/
XP6BESV (closed diamonds) and p.V716_R730del/XP6BESV (open diamonds). (¢) Immunoprecipitation of XPD protein. N-terminally HA- and C-terminally
FLAG-tagged XPD proteins were stably expressed in each XP6BESV-derived cell line shown in (a) and (b). The protein complexes were immunoprecipitated
from whole-cell extracts with anti-FLAG M2-conjugated agarose. Elutants were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and immunoblotting, using the antibodies indicated on the left side of (c). Error bars represent the s.d. from the mean of three independent

experiments.

analysis. As shown in Figure 2b, the RT-PCR products derived from
WT cells were fully cut by Mscl, generating 150- and 38-bp fragments,
whereas the RT-PCR products derived from XPINE primary fibro-
blasts generated both cut and uncut fragments. Additionally, full-
length ¢.[1381C> G;2150C>G] ¢DNA was subcloned from XPINE
cells and used in subsequent experiments. These results indicated that
p.[L461V;A717G] was expressed from the p.[L461V;V716_R730del]-
encoding allele as a result of authentic splicing.

Functional analysis of mutated XPDs

To examine the NER activity of each mutant XPD protein found in
these six patients, we established stable transfectants expressing
N-terminal HA- and C-terminal FLAG-tagged XPD proteins, including

WT, in the XPD-deficient cell line XP6BESV (p.WI/XP6BESV,
p-G47R/XP6BESV, p.L461V/XP6BESV, p.[L461V;V716_R730del]/
XP6BESV, p.[1461V;A717G]/XP6BESV, p.1619del/XP6BESV, p.R666W/
XP6BESV, p.V716_R730del/XP6BESV and p.A717G/XP6BESV).
We then subjected these transfectants to UV survival assays.
p-WT/XP6BESV, p.L461V/XP6BESV and p.A717G/XP6BESV cells
exhibited the same level of UV resistance as WI38VA13 (WT)
(Figures 3a and b). By contrast, p.G47R/XP6BESV, p.[L461V;
V716_R730del]/XP6BESV, p.1619del/XP6BESV, p.R666W/XP6BESV
and p.V716_R730del/XP6BESV exhibited the same UV hypersen-
sitivity as XP6BESV cells. Interestingly, p.[L461V;A717G]/XP6BESV
exhibited UV hypersensitivity intermediate between that of WI38VA13
and XP6BESV (Figures 3a and b). These results indicated that p.G47R,
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p.[1461V;V716_R730del], p.1619del, p.R666W and p.V716_R730del
were completely defective in NER of UV-induced DNA damage.
Additionally, although p.L461V and p.A717G possessed full NER
activity (comparable to p.WT), the combined mutant p.[L461V;
A717G] possessed only partial NER activity.

TFIIH-forming activity of mutated XPDs

The results of the UV survival assays shown in Figures 3a and b
prompted us to investigate the ability of the XPD variants to form the
TFIIH complex. To this end, we subjected whole-cell extracts from
XP6BESV cells expressing various XPD proteins to immunoprecipita-
tion with anti-FLAG antibodies. p.G47R, p.R666W and p.A717G
could bind components of TFIIH, including XPG, as efficiently as
p-WT (Figure 3c, lanes 2-4 and 10), whereas p.I619del,
p.-V716_R730del and p.[L461V;V716_R730del] could not (Figure 3c,
lanes 5, 6 and 9). Additionally, p.L461V and p.[L461V;A717G] co-
immunoprecipitated with components of TFIIH, including XPG, but
only weakly (Figure 3c, lanes 7 and 8). These results indicated that
p.G47R, p.R666W and p.A717G could form TFIIH complex normally,
whereas p.[619del, p.V716_R730del and p.[1461V;V716_R730del]
could not. Additionally, p.L461V and p.[L461V;A717G] formed the
TFIIH complex to some extent, but they could not do so as efficiently
as the WT protein.

DISCUSSION

We describe here two Japanese patients who exhibited COFS
symptoms caused by mutations in the XPD gene. XPD gene
mutations give rise to XP and XP/CS in addition to COFS. On the
basis of XPD genotype-phenotype relationships, different clinical
symptoms were strongly associated with various mutations in the
XPD gene.

COFS-Chibal and COFS-05-135, described in this report, and
XP-D/CS patients XP1JI and XPCS1PV, described previously,!%2%23
had very severe symptoms and died at ages of 5 months to 2 years
(Table 1). COFS represents the most severe end of the CS spectrum;®
therefore, we refer to these cases here as severe-XP-D/CS. p.1619Del,
found in the two COFS patients described here, did not bind to the
core complex of TFIIH (Figure 3¢, lane 6) and could not rescue the
NER defect of XP1BESV cell lines (Figure 3b). From these findings, we
conclude that p.I619del is functionally null, and that only p.G47R or
p-R666W was expressed as functional XPD in these COFS patients;
single expression of p.G47R and p.R666W was the cause of severe
XP-D/CS in XP1JI and XPCS1PV, respectively.'®? Both p.G47R and
p.R666W could bind and form TFITH complex components, including
XPG (Figure 3c, lanes 3 and 4), but neither protein could rescue the
NER defect of XP6BESV cell lines (Figure 3a), indicating that both
p.G47R and p.R666W completely lack NER activity. Previous bio-
chemical examination revealed that p.G47R is defective in ATPase,
helicase, DNA repair synthesis and dual-incision activities.”* There is
no detailed biochemical information regarding human p.R666W,
but structural and biochemical analyses have been performed on
the Sulfolobus acidocaldarius XPD homolog.”® The Sulfolobus acido-
caldarius XPD mutants p.G34R and p.R514W, which, respectively,
correspond to human XPD p.G47R and p.R666W, are defective in
ATPase and helicase activities. These biochemical results indicate that
p-G47R and p.R666W have lost the ability to engage in basal
transcription; nevertheless, both mutants can still form TFIIH com-
plex (Figure 3c, lanes 3 and 4). Based on these observations,
we conclude that sole expression of p.G47R or p.R666W caused the
severe manifestations found in these patients.
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On the other hand, XPINE and XPCS118LV exhibited typical XP
features along with neurological disease, and both patients survived
beyond 30 years of age: XPINE and XPCS118LV died at 43 and 37
years, respectively.!»?0:23 Here we refer to these milder symptoms as
mild XP-D/CS. A previous report indicated that p.[G47R];[L461V;
V716_R730del] and p.[L461V;V716_R730del];[R666W] are the causes
of XPINE and XPCS118LV, respectively.?%>! However, we observed
that authentic splicing resulted in the p.A717G amino-acid change,
and that consequently, p.[L461V;A717G] was expressed from the
p.[L461V;V716_R730del]-encoding  allele (Figure 2). Therefore,
it is clear that three kinds of mutated XPD protein are expressed in
XPINE (p.[G47R};[L461V;A717G,V716_R730del]) and XPCS118LV
(p.[L461V;A717G,V716_R730del];[R666W]), as shown in Table 1.
The p.[L461V;V716_R730del] mutation cannot rescue lethality in a
rad15 mutant of Schizosaccharomyces pombe.?! Furthermore, biochem-
ical analysis revealed that the single p.V716_R730del mutant protein
lacks the ability to bind to p44 (ref. 22) and has a defect in basal
transcription.”* Additionally, p.L461V has NER activity comparable to
that of p.WT, although the p.L461V mutant forms a loose conforma-
tion of TFIIH (Figures 3b and c). These observations indicate that
p.[L461V;V716_R730del] is functionally null because of the
p-V716_R730del mutation. p.A717G formed TFIIH as competently
as p.WT (Figure 3c, lane 10) and rescued the UV hypersensitivity of
XP6BESV as well as p.WT (Figure 3b), indicating that p.A717G might
possess full XPD function. In the case of compound-mutated XPD,
that is, p.[L461V;A717G], the ability to bind core TFIIH was reduced,
as in the case of p.L461V (Figure 3c, lane 10), suggesting that the
p.L461V mutation affected the binding ability of p.A717G. Interest-
ingly, p.[L461V;A717G] had partial NER activity (Figure 3b). These
observations suggest that the low TFIIH-binding capacity of p.[L461V;
A717G] might affect basal transcription and cause the mild XP-D/CS
clinical features, although the basal transcription ability of p.[L461V;
A717G] remains unknown.

The p.[L461V;V716_R730del]-encoding allele has been considered
to be functionally null.?%?1?* However, we conclude that coexpression
of p.[L461V;A717G] because of authentic splicing in the mild
XP-D/CS patients partially rescues the functional defect of p.G47R
or p.R666W, resulting in a more than 10-fold increase in lifespan in
mild XP-D/CS patients relative to patients with severe XP-D/CS.
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The emerging Pig-a gene mutation assay, a powerful and
promising tool for evaluating in vivo genotoxicity, is based
on flow cytometric enumeration of red blood cells (RBCs),
which are deficient in glycosylphosphatidylinositol an-
chored protein. Various approaches for measuring Pig-a
mutant cells have been developed, particularly those fo-
cused on peripheral RBCs and reticulocytes (RETs). Previ-
ously, it had been reported that Pig-a and gpt mutant fre-
quencies were relatively increased in N-ethyl-V-
nitrosourea (ENU)- and benzolalpyrene (BP)-treated mice.
The capacity and characteristics of the Pig-a assay relative
to transgenic rodent (TGR) mutation assays, however, are
unclear in rats. Here, using transgenic gpt delta rats, we
compared the in vivo genotoxicity of single oral doses of
ENU (40 mg/kg) in the gpt gene mutation assay in bone
marrow and liver, and Pig-a gene mutation assays on RBCs
and RETs in the same animals. The Pig-a gene mutation as-
says were conducted at 1, 2, and 4 weeks after treatment,
whereas gpt assays were conducted on tissues collected
at the 4-week terminal sacrifice. Consequently, we detect-
ed that Pig-a and gpt mutant frequencies were clearly in-
creased in ENU-treated rats, indicating that both the Pig-a
and TGR gene mutation assays can detect in vivo ENU
genotoxicity equally.

Key words: transgenic rodent mutation assays; glycosyl-
phosphatidylinositol anchor; red blood cells; reticulocyte

Introduction

Because gene mutations are implicated in the etiology
of cancer and other human diseases, in vivo genotoxici-
ty tests are important as public health management
tools. One such tool is the transgenic rodent (TGR) mu-
tation assay, which permits quantitative and accumula-
tive evaluation of genotoxicity in all organs (1). The
TGR mutation assay fulfills a need for a practical and
widely available in vivo test for assessing gene mutation,
and this assay has been recommended by regulatory
authorities for safety evaluations (2,3) and international
guidelines have been published describing the conduct
of the assay (4).

The emerging Pig-a gene mutation assay, a powerful
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and promising tool for the evaluation of in vivo geno-
toxicity, was recently developed (5-7). Because the Pig-a
gene is X-chromosome linked and involves the first step
of glycosylphosphatidylinositol (GPI) anchor biosyn-
thesis, the forward mutation can result in the loss of
GPI-anchored protein expression (7). Additionally, Pig-
a mutation appears to function in a neutral manner
whereby the accumulated effects of repeat exposures
can be evaluated.

Various approaches for measuring Pig-a mutant cells
have specifically focused on peripheral red blood cells
(RBCs) and reticulocytes (RETs) (8-18). In these
reports, although SYTO 13 dye or an antibody against
the rat erythroid marker, HIS49, was used to label
RETs in whole bloods, there was a limited capacity for
counting RETs by flow cytometer. Conversely, a recent-
ly developed assay for measuring Pig-a mutant RETs,
that is the PIGRET assay, is capable of flow cytometric
cell counting >1x10°RETs for the Pig-¢ mutant by
concentrating RETs in whole bloods (19) and the ap-
proaches can be technically transferred between labora-
tories (20).

In this study, we performed the gpt and Pig-a gene
mutation assays on RBCs (RBC Pig-a assay) and RETs
(PIGRET assay) in the same animals, and we compared
their performance in detecting ENU genotoxicity. This
report describes the performance, effectiveness, and ad-
vantages of the RBC Pig-a and PIGRET assays in com-
parison with the gpt assay.

Materials and Methods

Preparation of chemicals: We dissolved ENU (Sig-
ma-Aldrich Japan, Tokyo) in phosphate-buffered saline
(PBS; pH 6.0) at 10 mg/mL.

Antibodies: We obtained anti-rat CD59 (clone
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THO, FITC-conjugated), anti-rat CD71 (clone OX-26,
PE-conjugated), and anti-rat erythroid marker (clone
HIS49, APC-conjugated) antibodies from BD
Biosciences (Tokyo, Japan).

Treatment of rats: Animal experiments were con-
ducted humanely according to the regulations of the
Animal Care and Use Committee of the National In-
stitute of Health Sciences, Tokyo, and with their per-
mission. gpf delta Wistar Hannover transgenic male rats
were obtained from Japan SLC (Shizuoka, Japan).
They were housed individually under specific pathogen-
free conditions with a 12-h light-dark cycle and given
tap water and autoclaved CRF-1 pellets (Oriental Yeast
Co., Ltd., Tokyo) ad libitum. At 8 weeks of age, 5 rats
per group were given a single oral administration of
ENU (40 mg/kg) or PBS (negative control). Peripheral
blood (120 uL) was withdrawn from a tail vein 1, 2, and
4 weeks after the treatments and used for the RBC Pig-a
and PIGRET assays. At 4 weeks, all rats were sacrificed
and the bone marrow and liver samples were collected
for the gpt assay.

Pig-a mutation assays: The RBC Pig-a and
PIGRET assays were performed as previously described
(5,19,20). Peripheral blood was withdrawn and immedi-
ately transferred into EDTA (dipotassium salt)-coated
Microtainer® Tubes (BD Biosciences). For the RBC Pig-
a assay, 3 uL of blood was suspended in 0.2 mL PBS
and labeled with anti-rat CD59 (1 ug) and anti-rat
erythroid marker (0.133 ug) antibodies. The cells were
incubated for 1 h in the dark at room temperature, cen-
trifuged (1,680 X g, 5 min), resuspended in 1 mL PBS,
and examined using a FACS Canto II flow cytometer
(BD Biosciences). After gating for single cells, approxi-
mately 1 X 10 erythroid marker-positive cells were ana-
lyzed for the presence of surface CD59 and the Pig-a
mutant frequency (MF) was calculated as previously de-
scribed (19,20). For the PIGRET assay, 80 uL of blood
was suspended in 0.2 mL PBS and labeled with 1 ug of
PE-conjugated anti-rat CD71 antibody. The cells were
incubated for 15 min in the dark on ice. After washing
with 2 mL of 1 x IMag Buffer (BD Biosciences) and cen-
trifuged (1680 X g, 5 min), the cells were mixed with 50
uL of BD IMag PE Particles Plus-DM (BD Biosciences)
and incubated for 15 min in a refrigerator (4°C). The
samples were enriched for CD71-positive cells by proc-
essing with a BD IMagnet magnetic stand (BD
Biosciences) according to the manufacturer’s instruc-
tions. The enriched samples were labeled with HIS49
and anti-CD59 antibodies as indicated for total RBC
labeling, with the exception that the incubation time for
labeling enriched RETs was half that for the total
RBCs. The final cell suspension volume was 500 uL.
Pig-a MF of CD71-positive RETs was examined using a
FACS Canto II flow cytometer (BD Biosciences) as
previously described (19,20).
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gpt mutation assay: We extracted high molecular
weight genomic DNA from the liver and bone marrow
samples using a Recover Ease DNA Isolation Kit (Agi-
lent Technologies, Santa Clara, CA, USA), rescued
lambda EG10 phages using Transpack Packaging Ex-
tract (Agilent Technologies), and conducted the gpf mu-
tation assay as previously described (1). gpt Mutant fre-
quencies (MFs) were calculated by dividing the number
of confirmed 6-thioguanine-resistant colonies by the
number of colonies with rescued plasmids (1).

Statistical Analyses: The Mann-Whitney U-test
was used for comparisons between PBS- and ENU-
treated groups at each time point. Statistical analyses
were performed using Prism 6 for Mac OS X
(GraphPad Software, Inc., La Jolla, CA, USA). For
these analyses, a p-value of <0.05 was considered sig-
nificant and one-tailed tests were performed.

Results

The Pig-a assay: Pig-a MFs of whole RBCs (RBC
Pig-a MF) in the ENU-treated rats were significantly in-
creased, and the increase was modestly time-dependent
(mean £ SD for rats treated with PBS: pre-treatment,
3.20+1.79%x107% 1 week after treatment, 1.80+1.30 %
1079 2 weeks after treatment, 0.80+0.45% 107%; and 4
weeks after treatment, 2.20%+2.28 % 107% mean=+SD
for rats treated with 40 mg/kg ENU: pre-treatment,
2.80+£2.28 X 107% 1 week after treatment, 4.60 £+ 1.67 X
1079 2 weeks after treatment, 31.4+5.86x 107% and 4
weeks after treatment, 52.80+8.84 X 1079 (Fig. 1A).

In the case of Pig-a MFs of RETs (RET Pig-a MF),
significant increases were detected 1 week after treat-
ment (mean=*SD for rats treated with PBS: pre-treat-
ment, 3.00£4.81 X 1075 1 week after treatment, 1.80 %
1.92 x107%; 2 weeks after treatment, 2.80+1.64x1075;
and 4 weeks after treatment, 0.80+0.84 X 1075, mean +
SD for rats treated with 40 mg/kg ENU: pre-treatment,
3.60£3.21 x107% 1 week after treatment, 107.6 £10.5
X 107% 2 weeks after treatment, 126.6%15.6%107¢;
and 4 weeks after treatment, 162.6:+ 54.89 x 1079 (Fig.
1B).

The gpt assay on the bone marrow and liver
samples

Compared with the solvent control animals (MF for
PBS control group, 17.05+12.10 % 1079), significant in-
creases in bone marrow gpt MFs were observed in ENU-
treated rats [87.39+60.55%107¢ (Fig. 2)]. gpt MFs
were also increased in the liver samples (MF for PBS
control group, 7.56+7.97x 1075 ENU, 79.04 £31.62
x 1079 (Fig. 2).

Discussion
Here, we showed ENU genotoxicity using three
different methods: the RBC Pig-a, PIGRET, and TGR
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mutation assays in rats. Although TGR mutation as-
says, such as the gpt gene mutation assay performed
here, are well established methods and permit the in
vivo evaluation of genotoxicity in more than one organ
concurrently (1,4,21), they are costly and need TGR
animals. While the Pig-¢ gene mutation assays, includ-
ing the PIGRET assay, analyze only one type of cells
(i.e., blood cells), these assays have the advantage of not
using transgenic animals (5,6) and strong potential to be
integrated into repeat-dose toxicology studies because
accumulated effects can be evaluated (8-10). Addition-
ally, compared with the RBC Pig-g assay, the PIGRET
assay can detect increases in Pig-a MF sooner after ex-
posure (20).

The results of our RBC Pig-a and PIGRET assays in-
dicated that the latter more consistently detected ENU-
induced increases in Pig-a MF at early sampling times
than the former (Fig. 1). These results obtained using a
single oral administration of ENU were consistent with
those previously reported (15,19,20). The ENU-induced
gpt MFs on the bone marrow and liver samples were
well detected as MFs of the RBC Pig-¢ and PIGRET as-
says (Fig. 2), suggesting that both assays were equally
able to detect ENU genotoxicity.

The OECD guideline for TGR assays recommends a
tissue sampling time of 3 days after 28 consecutive daily
treatments (4), making it difficult to integrate TGR as-
says into standard repeat-dose toxicology studies. Be-
cause the Pig-a gene is an endogenous gene, the Pig-a
assay can be combined with a TGR assay as was done in
this present and a previous study (14), and it also can
potentially be integrated into repeat-dose toxicology
studies that do not use TGRs (8,9,11,12,16,17,22-24).
Additionally, the PIGRET assay has strong potential to
detect genotoxicity in an early stage of the study, e.g., at
1 week after exposure. Currently, however, we need ad-
ditional studies that compare mutational responses in
the Pig-a gene and TGR transgenes to help validate the
Pig-q assays.
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Background: In quiescent human cells, UV induces histone H2AX phosphorylation by ATR in a nucleotide excision repair

(NER)-dependent manner.

Results: UV also activates ATM in response to NER-mediated DNA double-strand break (DSB).
Conclusion: The NER reaction in quiescent cells potentially generates multiple types of secondary DNA damage.
Significance: This work highlights the importance of our understanding of the DNA damage response in quiescent cells.

Histone H2A variant H2AX is phosphorylated at Ser'®® in
response to DNA double-strand break (DSB) and single-
stranded DNA (ssDNA) formation. UV light dominantly induces
pyrimidine photodimers, which are removed from the mamma-
lian genome by nucleotide excision repair (NER). We previously
reported that in quiescent G, phase cells, UV induces ATR-me-
diated H2AX phosphorylation plausibly caused by persistent
ssDNA gap intermediates during NER. In this study, we have
found that DSB is also generated following UV irradiation in an
NER-dependent manner and contributes to an earlier fraction
of UV-induced H2AX phosphorylation. The NER-dependent
DSB formation activates ATM kinase and triggers the accumu-
lation of its downstream factors, MRE11, NBS1, and MDC1, at
UV-damaged sites. Importantly, ATM-deficient cells exhibited
enhanced UV sensitivity under quiescent conditions compared
with asynchronously growing conditions. Finally, we show that
the NER-dependent H2AX phosphorylation is also observed in
murine peripheral T lymphocytes, typical nonproliferating qui-
escent cells in vivo. These results suggest that in vive quiescent
cells may suffer from NER-mediated secondary DNA damage
including ssDNA and DSB.

To respond to numerous genotoxic stresses, cells have devel-
oped sophisticated signal transduction pathways that are col-
lectively known as DNA damage response (DDR)* (1-3). The
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DDR senses DNA damage and activates various cellular mech-
anisms such as DNA repair, cell cycle checkpoint, and apopto-
sis. It has been becoming clear that a wide variety of covalent
histone modifications are involved in DDR (4, 5). One of the
best characterized examples is the phosphorylation of histone
H2AX, a variant form of the core histone H2A (6). The H2AX
has a conserved SQ motif known to be a target for the phos-
phoinositide 3-kinase-related protein kinases. In humans, the
serine 139 residue within this motifis rapidly phosphorylated in
response to DNA double-strand breaks (DSB), which is mainly
mediated by ATM (ataxia-telangiectasia mutated), although
DNA-PK (DNA-dependent protein kinase) redundantly func-
tions. The phosphorylated H2AX (yH2AX) plays a pivotal role
in recruiting various DDR factors such as MDC1 around DSB
sites and amplifying the DDR signaling.

Although UV light from germicidal lamps (254 nm) domi-
nantly produces cyclobutane pyrimidine dimers (CPDs) and
6-4 photoproducts (6-4PP) but not DSB directly (7), UV expo-
sure also induces H2AX phosphorylation triggered by single-
stranded DNA (ssDNA) regions formed by at least two different
mechanisms. One is S phase-dependent and is initiated by rep-
lication arrest (8 —10). The second type of UV-induced H2AX
phosphorylation is observed outside the S phase and depends
on nucleotide excision repair (NER) (11-14). The NER-depen-
dent H2AX phosphorylation is much more profound in quies-
cent G, phase compared with cycling G; phase cells (14).
Recently, it has been also reported that ssDNA breaks by Apel
endonuclease might initiate H2AX phosphorylation in non-
cycling cells exposed to UV (15). In all cases, UV-induced
H2AX phosphorylation is triggered by secondary DNA lesions
(i.e. ssDNA regions) and mediated by ATR (ATM- and Rad3-
related), but not ATM.

The NER-mediated secondary DNA damage formation in
quiescent cells would be a serious problem specifically in vivo,

stranded DNA; CPD, cyclobutane pyrimidine dimer; 6-4PP, 6-4photoprod-
ucts; Apel, apurinic/apyrimidinic endonuclease 1; XP, xeroderma
pigmentosum; Ara-C, cytosine-$-p-arabinofuranoside.
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because the majority of in vivo cells are known to be quiescent
or quiescent-like. The NER is a universal and versatile repair
mechanism for removing various helix-distorting DNA lesions
such as UV-induced CPD and 6-4PP, as well as chemical-in-
duced bulky base adducts (16). The NER reaction consists of
multiple steps including lesion recognition, local unwinding
around a lesion, dual incisions, removal of a lesion-containing
oligonucleotide (~30 nucleotides), gap-filling DNA synthesis,
and ligation to parental DNA (17), which require more than 30
polypeptides in an in vitro reconstitution (18). Defects in the
preincision step of NER cause a genetically inherited cancer-
prone disease, xeroderma pigmentosum (XP), characterized by
a hypersensitivity to UV light and a high incidence of skin can-
cer in sun-exposed area (19). The NER-deficient XP patients
are genetically classified into seven different complementation
groups (XP-A through XP-G) depending on which NER gene
contains causal mutation. Under quiescent conditions, primary
fibroblasts derived from XP-A, XP-C, and XP-G patients exhib-
ited no H2AX phosphorylation after UV exposure (14), clearly
indicating its dependence on NER reaction rather than one par-
ticular NER factor. Based on the recruitment of RPA (replica-
tion protein A) and ATRIP (ATR interacting protein) to locally
damaged sites, as well as the strong enhancement of NER-de-
pendent H2AX phosphorylation by cytosine-B-p-arabinofura-
noside (Ara-C) treatment, we proposed a model in which per-
sistent ssDNA gaps caused by uncoupling of dual incision and
gap-filling DNA synthesis might induce ATR-mediated H2AX
phosphorylation. Correspondingly, quiescent cells exhibited
low levels of DNA polymerase & and € catalytic subunits and
PCNA (proliferating cell nuclear antigen) involved in the gap-
filling reaction.

In this study, we have characterized the NER-dependent sec-
ondary DNA damage initiating H2AX phosphorylation in qui-
escent cells in more detail and tested the possibility of its for-
mation in quiescent cells in vivo. We show that, in addition to
ssDNA gaps, DSB is generated in an NER-dependent manner
following UV, leading to the activation of ATM signaling path-
ways. Importantly, the activated ATM signaling partly contrib-
utes to UV resistance in human quiescent cells. We further
show that UV-irradiated peripheral T lymphocytes cause NER-
dependent H2AX phosphorylation, suggesting the applicability
of our model to quiescent cells in vivo.

EXPERIMENTAL PROCEDURES

Cell Culture and UV Irradiation—Human primary fibro-
blasts, TIG-120 (Normal), XP2BI (XP-G) and AT2KY (A-T),
and hTERT-transformed cell lines, SuSa/T-n (Normal), XP30S/
T-n (XP-A) and AT10S/T-n (A-T), were obtained as described
previously (14) and cultured in Dulbecco’s modified Eagle’s
medium (Sigma) supplemented with 10% FBS and 50 pg/ml gen-
tamicin in a 37 °C incubator at 5% CO,. For G, synchronization,
the cells were cultured in normal medium for 4 days to near con-
fluency and subsequently in the medium containing 1% FBS for a
further 3 or 4 days. Under the quiescent condition, labeling
indexes were less than 1% in all cell strains used in this study. UV
irradiation was performed with germicidal lamps (Toshiba,
Tokyo, Japan) as described previously (14).
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In a clonogenic survival assay, appropriate numbers of asyn-
chronously growing or Gy-arrested SuSa/T-n and AT10S/T-n
cells were plated into 60-mm dishes in triplicate per each sam-
ple and incubated for 6 h to attach to the dishes. After washing
with PBS(—) twice, the cells were irradiated with various doses
of UV and incubated for 2—3 weeks. The colonies formed were
fixed with ethanol, stained with 5% Giemsa solution, and
counted under a stereomicroscope (Olympus, Tokyo, Japan).

Antibodies and Chemicals—Specific antibodies used in this
study were anti-MRE11 (Gene Tex, Irvine, CA), anti-NBS1
(Oncogene Science, Cambridge, MA), anti-MDC1 (Bethyl
Laboratories, Montgomery, TX), anti-phospho-H2AX (Ser'*%;
Cell Signaling, Danvers, MA; Upstate, Temecula, CA), anti-
phospho-ATM (Ser'”®!; Epitomics, Burlingame, CA), anti-
phospho-Chk2 (Thr'®®; Cell Signaling), anti-ssDNA (Immuno-
Biological Laboratories, Gunma, Japan), anti-polymerase &
125-kDa CS and anti-polymerase € 258-kDa CS (BD Biosci-
ences, San Jose, CA), anti-PCNA (Merck), and anti-B3-actin (Bio
Vision, Milpitas, CA). Anti-53BP1 antibody was kindly pro-
vided by Dr. Kuniyoshi Iwabuchi (Kanazawa Medical Univer-
sity, Kanazawa, Japan). The PI3K inhibitor LY294002 was pur-
chased from Sigma. The ATM inhibitor KU-55933 and the
DNA-PK inhibitor NU7026 were obtained from Abcam (Cam-
bridge, UK). These inhibitors were dissolved in DMSO and
used at the indicated concentration.

Immunofluorescence Staining—Immunofluorescence stain-
ing was performed essentially as described previously (14). Cells
were fixed either in methanol/acetone (1:1) at —20 °C for 10
min or 4% formaldehyde at room temperature for 15 min. In the
latter case, the fixed cells were further permeabilized with 0.5%
Triton X-100 in 10 mm PBS (pH 7.4) at room temperature for 5
min. For ssDNA staining, cells were treated with 10 mm PBS
(pH 7.4) containing 0.2% Triton X-100 on ice before fixation.
After blocking with 20% FBS in 10 mm PBS (pH 7.4), cells were
treated with appropriate primary antibody and subsequently
Alexa Fluor™ 488 goat anti-mouse IgG (H+L) conjugate or
Alexa Fluor™ 488 goat anti-rabbit IgG (H+L) conjugate
(Molecular Probes, Eugene, OR). For the co-detection of UV-
induced DNA damage, the stained cells were refixed with 2%
formaldehyde and treated with 2 M HCl to denature their DNA.
The cells were sequentially labeled either with anti-CPD mono-
clonal antibody (TDM-2) (20) and Alexa Fluor 594 goat anti-
mouse IgG2a conjugate (Molecular Probes) or with anti-6-4PP
monoclonal antibody (64M-5) (20) and Alexa Fluor 594 goat
anti-mouse IgG conjugate (Molecular Probes). DAPI (Molecu-
lar Probes) was used for nuclear counterstaining. Fluorescence
images were obtained with an all-in-one fluorescence micro-
scope BZ-9000 (Keyence, Osaka, Japan) or confocal laser scan-
ning microscope LSM710 (Carl Zeiss, Jena, Germany).

Western Blotting—Cells were lysed in Nonidet P-40 lysis
buffer (50 mm Tris-HCl, pH 7.5, 150 mMm NaCl, 1% Nonidet
P-40) supplemented with protease inhibitor mixture (Roche
Applied Science) and phosphatase inhibitor cocktails 1 and 2
(Sigma) or SDS sample buffer (125 mm Tris, 4% SDS, 20% glyc-
erol, 0.01% bromphenol blue, 10% B-mercaptoethanol). Cell
lysates were subjected to SDS-polyacrylamide gel electropho-
resis and blotted onto Immobilon-P membrane (Merck). After
blocking with 0.5% skim milk in PBS-T (10 mm PBS, pH 7.4,
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0.05% Tween 20), the membranes were incubated with specific
antibodies listed above and subsequently with horseradish per-
oxidase-conjugated anti-mouse or anti-rabbit IgG (Thermo
Fisher, Rockford, IL). Following a chemiluminescence reaction
with the Immobilon western chemiluminescent HRP substrate
(Merck Millipore), protein bands were visualized using a
LAS4000 lumino-image analyzer and quantified with Multi
Gauge software version 3.0 (GE Healthcare, Pittsburgh, PA) or
Image Studio Analysis software version 4.0 (LI-COR, Lincoln,
NE).

DSB Detection—DSB formation was analyzed by the neutral
comet assay according to the manufacturer’s protocol (Comet
assay kit; Trevigen, Gaithersburg, MD). After UV irradiation,
SuSa/T-n or XP30S/T-n cells were trypsinized and resus-
pended in PBS(—) at 2 X 10°/ml. Cells were mixed with molten
agarose and transferred onto glass slides. The slides were
immersed in prechilled lysis solution for 30 min, followed by
equilibration in 1X Tris borate-EDTA (TBE) buffer for 15 min.
The samples were electrophoresed at 20 V for 20 min in 1X
TBE and stained with SYBR Green I. Images were obtained with
an all-in-one fluorescence microscope BZ-9000, and tail
moment was measured in at least 100 cells using a Comet-
Score™ program (TriTek Corp., Sumerduck, VA).

Isolation of T Lymphocytes and Flow Cytometric Analysis—
Thymus and lymph nodes were isolated from wild-type or xpa
knock-out C57BL/6 mice. The animal experiments were
approved by the animal care and use committee of Kanazawa
University and conducted in compliance with its guidelines. T
lymphocytes were purified by removing B cells using Dyna-
beads M-450 sheep anti-mouse IgG (H+L) (Dynal Biotech,
Oslo, Norway). The isolated T lymphocytes were irradiated
with UV or treated with etoposide (Sigma) and cultured in
RPMI 1640 medium supplemented with 10% heat-inactivated
FBS and 50 pg/ml gentamicin in a 37 °C incubator at 5% CO.,.
Flow cytometric analyses of H2AX phosphorylation were per-
formed with anti-yH2AX antibody as described previously
(14).

RESULTS

Activation of ATM Signaling in Quiescent Human Cells fol-
lowing UV Irradiation—In the previous study, we observed
NER-dependent accumulation of 53BP1 in locally UV-irradi-
ated subnuclear regions of quiescent cells (14). 53BP1 is one of
the DDR factors involved in DSB signaling and co-localizes with
yH2AX foci following ionizing radiation (21). In this study, we
have first tested whether other DSB signaling factors accumu-
late after local UV irradiation. Human primary fibroblasts
(T1G-120) were arrested in the G, phase by a combination of
contact inhibition and serum starvation and locally irradiated
with UV through an isopore membrane filter. The immunoflu-
orescence staining with specific antibodies revealed the accu-
mulation of MRE11 (meiotic recombination 11), NBS1 (Nijme-
gen breakage syndrome 1), and MDC1 (mediator of DNA
damage checkpoint protein 1) 1 h post-UV (Fig. 14). In clear
contrast, NER-deficient XP2BI (XP-G) cells failed to exhibit the
local accumulation of those DDR factors, suggesting that these
responses are mediated by NER, but not directly by UV.
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We next asked whether ATM kinase is activated following
UV irradiation under quiescent conditions. Gy-arrested TIG-
120 cells were irradiated with UV, and their lysates were recov-
ered after 1-4 h of incubation. Western blot analysis with phos-
pho-specific antibodies revealed that ATM Ser**®! and Chk2
Thr® are phosphorylated at 1 h following UV, whereas yH2AX
formation was gradually increased up to 4 h (Fig. 1B). Again, the
phosphorylation of ATM and Chk2 was not observed in NER-
deficient XP2BI cells (Fig. 1B). To confirm the NER dependence
of the phosphorylation reaction, we performed a dose-response
type of experiment using other NER-deficient cellline, XP30S/
T-n, which was derived from an XP-A patient and immortal-
ized by hTERT introduction (22). An NER-proficient control
cell line, SuSa/T-n, exhibited UV dose-dependent increase of
ATM and Chk2 phosphorylation ranging 10 —40 J/m?, whereas
NER-deficient XP30S/T-n cells showed only marginal phos-
phorylation (Fig. 1C). In addition, ectopic expression of Myc-
tagged XPA complemented the inability of UV-irradiated
XP30S/T-n cells to repair 6-4PP as well as to induce the phos-
phorylation of ATM and Chk2 (Fig. 1D). These results clearly
indicate that in quiescent cells, ATM signaling is activated
within 1 h after UV in an NER-dependent manner.

We further analyzed whether the NER-dependent accumu-
lation of DDR factors depends on ATM activation. AT2KY cells
from an A-T patient were arrested in G, phase by contact inhi-
bition/serum starvation and pretreated with a PI3K inhibitor
LY294002 to inhibit DNA-PK activity, because DNA-PK func-
tions redundantly in the absence of ATM (23). AT2KY cells
have no full-length ATM (24) and showed no signals of phos-
phorylated ATM at Ser'®' following ionizing radiation,
whereas their NER activity is completely normal.”> Under ATM-
and DNA-PK-defective conditions, we failed to observe the
local accumulation of MRE11, NBS1, and 53BP1 after micro-
pore UV irradiation (Fig. 24), suggesting that the recruitment
of DDR factors depends on ATM and/or DNA-PK activity. To
examine their implication separately, we decided to employ
specific inhibitors for ATM (KU-55933) and DNA-PK
(NU7026). As expected, the treatment with KU-55933, but not
NU7026, fully suppressed UV-induced phosphorylation of
ATM and Chk2 (Fig. 2B). We evaluated the impacts of the two
inhibitors on MRE11 accumulation in UV-irradiated sub-
nuclear regions, which were monitored with anti-CPD anti-
body. As shown in Fig. 2C, KU-55933, but not NU7026, signif-
icantly impaired the local accumulation of MRE11, suggesting
that ATM kinase plays a dominant role in the efficient recruit-
ment of DDR factors.

NER-dependent DSB Formation in Quiescent Human Cells
following UV Irradiation—Having observed the activation of
ATM kinase, as well as ATM-dependent recruitment of DDR
factors, we next tried to detect DSB in UV-irradiated quiescent
cells using the comet assay. The NER-proficient human cell line
SuSa/T-n was arrested in G, phase and irradiated with 10-40
J/m? of UV. After 1-h incubation, the cells were subjected to
the neutral comet assay, and tail moment was measured as
described under “Experimental Procedures.” As shown in Fig. 3

® 7. Sasaki and T. Matsunaga, unpublished data.
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