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Mutations in the RECQL4 helicase gene have been linked to
Rothmund-Thomson syndrome, which is characterized by
genome instability, cancer susceptibility, and premature aging.
To better define the cellular function of the RecQ4 protein, we
investigated the subcellular localization of RecQ4 upon treat-
ment of cellswithdifferentDNA-damaging agents includingUV
irradiation, 4-nitroquinoline 1-oxide, camptothecin, etoposide,
hydroxyurea, and H2O2. We found that RecQ4 formed discrete
nuclear foci specifically in response to UV irradiation and 4-ni-
troquinoline 1-oxide. We demonstrated that functional RecQ4
was required for the efficient removal of UV lesions and could
rescue UV sensitivity of RecQ4-deficient Rothmund-Thomson
syndrome cells. Furthermore, UV treatment also resulted in the
colocalization of the nuclear foci formed with RecQ4 and xero-
derma pigmentosum group A in human cells. Consistently,
RecQ4 could directly interact with xeroderma pigmentosum
group A, and this interaction was stimulated by UV irradiation.
By fractionating whole cell extracts into cytoplasmic, soluble
nuclear, and chromatin-bound fractions, we observed that
RecQ4 protein bound more tightly to chromatin upon UV irra-
diation. Taken together, our findings suggest a role of RecQ4 in
the repair of UV-induced DNA damages in human cells.

Genome instability is thought to play an important role in the
development and progression of cancer and has also been
implicated in the aging process. The RecQ family of DNA heli-
cases maintains genomic integrity through their participation
in DNA repair, replication, and recombination pathways.
There are at least five distinct RecQ helicases in human:
RECQL1, BLM,WRN, RECQL4, and RECQL5 (1). Mutation in
WRN, BLM, or RECQL4 results in the rare autosomal recessive
disorders of Werner syndrome, Bloom syndrome, and Roth-
mund-Thomson syndrome (RTS),2 respectively. RTS patients

display clinical profiles that include growth deficiency, photo-
sensitivity with poikiloderma, signs of premature aging includ-
ing the graying and loss of hair and cataracts, and an increased
cancer predisposition especially to osteosarcoma (2).
The RECQL4 gene encodes a 1208-amino-acid (133-kDa)

protein (RecQ4) that contains the conserved DNA helicase
domain homologous to the Escherichia coli RecQ helicase (3).
RecQ4 has a DNA-dependent ATPase activity and single-
stranded DNA annealing activity; however, unlike other RecQ
family members, no detectable DNA unwinding ability has
been observed for RecQ4 (4, 5). The cellular function of RecQ4
is obscure, although some recent studies indicate that RecQ4
may be implicated in different DNA metabolic processes.
Firstly, RecQ4 has been proposed to function in the initiation of
DNA replication with its N terminus required for the recruit-
ment of DNA polymerase � (6, 7). Secondly, Petkovic et al. (8)
report that after etoposide treatment, RecQ4 nuclear foci coin-
cide with the foci formed by Rad51, a crucial protein function-
ing in homologous recombination of double strand break repair
pathway. In addition, fibroblasts from RTS patients (RTS cells)
are sensitive to ionizing radiation (9), and Kumata et al. (10)
recently provide evidence that RecQ4 participates in double
strand break repair in Xenopus egg extracts. Thirdly, Woo and
Werner (11, 12) have reported that RecQ4 plays a role in oxi-
dative stress. Fourthly, cells defective in RecQ4 escaped from
the S-phase arrest followingUVor hydroxyurea treatment (13).
These data altogether suggest that RecQ4 is involved in normal
DNA replication, distinct DNA repair processes, and cell cycle
arrest.
Nucleotide excision repair (NER) is a highly versatile and

sophisticated DNA damage removal pathway as it deals with a
wide range of bulky DNA lesions, including UV-induced pho-
toproducts, bulky chemical adduct, and certain types of DNA
cross-links (14). There are two subpathways of NER: global
genome NER (GG-NER) and transcription-coupled NER (TC-
NER). The NER pathway consists of at least 30 proteins
involved in sequential damage recognition, dual incision, repair
synthesis, and ligation steps (15). Briefly, XPC-hHR23B senses
NER lesions inGG-NER,whereas lesions are detected by stalled
RNA polymerase II in TC-NER. Then transcript factor IIH is
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recruited to the lesions and unwinds DNA duplex followed by
binding of xeroderma pigmentosum group A and replication
protein A (RPA) to stabilize the opened DNA complex. XPG
and ERCC1-XPF make the dual incision. DNA repair synthesis
is carried out by polymerase � and polymerase � and their cofac-
tors proliferating cell nuclear antigen and replication factor C.
Finally the newly synthesized patch is sealed by DNA ligase I to
restore the original DNA sequence. XPAplays an indispensable
role and is required for both GG-NER and TC-NER. Given its
affinity for damaged DNA and its ability to interact with many
core NER factors, XPA is anticipated to verify NER lesions and
to play a central role in positioning the repair machinery cor-
rectly around the injury (15).
In this study, we have examined the cellular localization of

RecQ4 in response to multiple DNA damage agents. We found
that RecQ4 formed nuclear foci specifically upon induction of
UV and 4-nitroquinoline 1-oxide (4NQO) DNA damage, and
importantly, that complementation with functional RecQ4
accelerated the removal of UV lesions and rescued the UV sensi-
tivity inRecQ4-deficientRTS cells.Moreover, RecQ4 foci colocal-
ized with XPA foci in nuclei after UV irradiation. Further, two
proteins could interact with each other, and their interaction was
increasedbyUVexposure.Altogether these findings suggest a role
of RecQ4 in the repair of UVDNA damage.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatments—HeLa and H1299 cells were
obtained from the American Type Culture Collection and
maintained at 37 °C and 5%CO2 inDulbecco’smodified Eagle’s
medium supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin. The AG05013 fibroblasts, from a
patient with RTS, and GM04429 XPA fibroblasts, from a xero-
derma pigmentosum patient, were obtained from Coriell Cell
Repositories. Cells were maintained in the minimum Eagle’s
medium supplemented with essential and nonessential amino
acids, vitamins, and 20% uninactivated fetal bovine serum. For
UV exposure, cells were irradiated with various doses of UV
using a UV cross-linker and further incubated for 4 h at 37 °C
before harvesting. For drug treatments, cells were incubated
with 1.25 �g/ml 4NQO for 1 h, 20 �M camptothecin for 4 h, 20
�M etoposide for 6 h, 2 mM hydroxyurea for 24 h, and 100 �M
H2O2 for 3 h before cells were fixed.
Antibody Production—The RecQ4 antibody used in this

study was raised against recombinant N-terminal RecQ4 (resi-
dues 239–357) fused to a glutathione S-transferase (GST) tag in
rabbit. The RecQ4 antibody was affinity-purified with Amino-
Link Plus immobilization kit (Pierce) following the manufac-
turer’s instructions.Western blotting of whole cell lysates from
293T cells and HeLa cells showed that the purified antibody
only recognized RecQ4 protein.
Immunofluorescence—Cells were grown on 18-mm cover-

slips overnight prior to treatment. After treatment, cells were
fixed with 100% methanol and blocked in phosphate-buffered
saline containing 15% fetal bovine serum. Primary antibody
dilutions used are as follows: rabbit anti-RecQ4 1:250, mouse
anti-XPA 1:100 (Kamiya). Secondary antibody dilutions are as
follows: rhodamine red-X-conjugatedAffiniPure goat anti-rab-
bit 1: 250 and fluorescein isothiocyanate-conjugatedAffiniPure

goat anti-mouse 1: 50 (Jackson ImmunoResearch, Inc.). Images
were captured with a Nikon inverted fluorescent microscope
with attached camera at �60 magnifications and processed
using PhotoShop 7.0 (Adobe) software.
Subcellular Fractionation—The cellular protein fraction-

ation was performed essentially as described (30). Briefly, to
prepare whole cell extracts, cells were lysed in solution A (50
mMTris-HCl, pH 7.8, 420mMNaCl, 1mMEDTA, 0.5%Nonidet
P-40, 0.34 M sucrose, 10% glycerol, 1 mM Na3VO4, 10 mM NaF,
1 mM phenylmethylsulfonyl fluoride, and protease inhibitor
mixture). Lysates were cleared by centrifugation, and protein
concentrationwas determined by the Bradford assay (Bio-Rad).
For chromatin fractionation, cellswere first lysed in buffer B (10
mM HEPES at pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.34 M
sucrose, 10% glycerol, 0.1% Triton X-100, protease, and phos-
phatase inhibitors) and left on ice for 5 min. Cytoplasmic pro-
teins were separated from nuclei by low speed centrifugation
(1300 � g for 4 min). Isolated nuclei were washed once with
solution B and then lysed in solution C (3 mM EDTA, 0.2 mM
EGTA, 1 mM dithiothreitol). After a 10-min incubation on ice,
soluble nuclear proteins were released from chromatin by low
speed centrifugation (1700 � g for 4 min). Isolated chromatin
was resuspended in BC100 (20 mM Tris-Cl, pH 7.9, 100 mM
NaCl, 20% glycerol, 0.1%Nonidet P-40, 1mMphenylmethylsul-
fonyl fluoride, and protease inhibitor mixture) and sheared by
sonication. Chromatin-bound proteins were obtained after
centrifugation at 13,000 rpm for 20 min.
Slot Blot Analysis—Cells were harvested at 0, 2, 4, 8, and 24 h

after UV irradiation. Genomic DNA was isolated using the
DNeasy kit (Qiagen) according to the manufacturer’s protocol.
For the control, DNA was harvested from nonirradiated cells.
DNA was denatured for quantification of thymine dimers as
follows: DNA (100 ng in 0.32 M NaOH, 5 mM ethylenediamine
tetraacetic acid) was boiled for 10 min followed by the addition
of acetic acid and cold ammonium acetate to final concentra-
tions of 1.4 and 0.6 M, respectively. To quantify the DNA
lesions, denatured DNA was spotted onto nitrocellulose mem-
brane prewetted with 6� SSC buffer using a slot blot apparatus
(Schleicher & Schuell Inc.). The filter was baked at 80 °C for 2 h.
Quantification of thymine dimers was carried out using anti-
cyclobutane pyrimidine dimer (CPD) antibody (MBL Interna-
tional Corp.). Antibody binding was determined by using the
ECL chemiluminescent method (Amersham Biosciences).
Western Blotting—Cell lysates and immunoprecipitates were

separated on 8% SDS-polyacrylamide gels and transferred to
nitrocellulose membrane. The membranes were blocked with
Tris-buffered saline with Tween buffer containing 5% powered
milk and probed using following primary antibodies: anti-
RecQ4 and anti-XPA (Santa Cruz Biotechnology) and anti-
RPA32 (Kamiya). The membranes were then incubated with
horseradish peroxidase-linked secondary anti-rabbit or anti-
mouse antibodies (Amersham Biosciences), and bound anti-
bodies were visualized using the ECL chemiluminescent
method.
Co-immunoprecipitation Assays—Whole cell lysates were

diluted with dilution buffer (15 mM Tris-HCl, pH 7.8, 1 mM
EDTA, 10% glycerol, protease, and phosphatase inhibitors) and
incubated with 2 �g of rabbit anti-XPA or 20 �l of mouse anti-
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FLAG M2 agarose (Sigma) for 10–14 h at 4 °C with end-over-
end rotation. Then protein A/G-agarose beads were added, and
the reaction mixtures were further mixed for 1 h at 4 °C. The
immunoprecipitates were separated from supernatant by cen-
trifugation and washed with phosphate-buffered saline con-
taining 0.05% Nonidet P-40. Proteins were extracted from the
agarose beads by boiling in 1� SDS gel loading buffer and
resolved on 8% SDS-polyacrylamide gels.
Cell Viability Assay—RecQ4 cDNA fragments were cloned

into pBabe-puro retroviral vector to make the pBabe-RecQ4
construct. We infected RTS cells with pBabe vector alone or
pBabe-RecQ4, afterwhich infectedRTS cellswere selectedwith
0.5 �g/ml puromycin. Stably infected RTS cells were seeded in
96-well plates (1 � 103/well), allowed to attach overnight, and
then treated with increasing doses of UV irradiation and left to
grow for another 48 h. Aliquots of 10�l ofMTT (5mg/ml) were
added to each well. After 4 h, the color formed was quantitated
by a spectrophotometric plate reader (Berkman, Inc.) at
595-nm wavelength after solubilization in 150 �l of dimethyl
sulfoxide (DMSO).
GST Pull-down Assay—35S-labeled in vitro translated XPA

protein was incubated with immobilized GST or GST-RecQ4
protein at 4 °C for 2 h. The beads were washed five times with
BC200 (20 mM Tris-Cl, pH 7.9, 200 mM NaCl, 20% glycerol,
0.1% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, and
protease inhibitormixture). The bound proteins were eluted by
boiling in sample buffer and analyzed by SDS-PAGE and auto-
radiography, and GST fusion proteins were analyzed by SDS-
PAGE and Coomassie Blue staining.

RESULTS

RecQ4 FormsNuclear Foci in Response to UV Irradiation and
4NQO—To examine the function of RecQ4 protein in response
to DNA damage, we used the affinity-purified RecQ4 antibody
to visualize the localization of RecQ4 in cells. HeLa cells were
treated with different DNA-damaging agents including UV
irradiation and 4NQO, which induce NER repair; camptoth-
ecin and etoposide, which produce DNA double strand breaks;
hydroxyurea, which inhibitsDNA replication; andH2O2,which
inducesDNAdamage via oxygen-derived reactive species. Indi-
rect immunofluorescence staining analysis revealed that most
RecQ4 was homogeneously localized in nucleus of mock-

treated HeLa cells (Fig. 1a), consistent with the report by Kitao
et al. (16). Remarkably, UV or 4NQO treatment induced a sig-
nificant redistribution of RecQ4 protein in nuclei as discrete
RecQ4 nuclear foci were observed upon treatment (Fig. 1, b and
c). Notably, there was no significant RecQ4 foci formation in
cells treatedwith otherDNAdamage agents (Fig. 1,d–g). These
results suggest that RecQ4 may relocalize to the sites of DNA
damage induced specifically by UV irradiation and 4NQO
treatment.
Since both UV irradiation and 4NQO treatment induce NER

repair, we next examined the kinetics of RecQ4 foci formation
upon UV exposure. Immunofluorescence studies were per-
formed at 1, 2, 4, and 21 h after recovery from 20 J/m2 UV
exposure in HeLa cells. As shown in Fig. 2, A and C, the forma-
tion of RecQ4 nuclear foci could be observed at 1 h after UV
exposure, and the percentage of cells containing RecQ4 foci
increased over recovery time. The foci formation peaked at 4 h

FIGURE 1. RecQ4 formed nuclear foci in response to UV DNA damage.
HeLa cells were treated with different DNA damage agents as indicated. For
UV treatment, cells were irradiated with 20 J/m2 UV followed by a 4-h recov-
ery. For chemical treatment, cells were incubated with 1.25 �g/ml 4NQO for
1 h, 20 �M camptothecin (CPT) for 4 h, 20 �M etoposide for 6 h, 2 mM hydroxyu-
rea (HU) for 24 h, or 100 �M H2O2 for 3 h. After treatment, cells were rinsed with
phosphate-buffered saline, and immunostaining was done as described
under “Experimental Procedures.” Nuclei were stained with 4�,6-diamidino-
2-phenylindole (DAPI) (blue). No treat, left untreated.

FIGURE 2. The formation of RecQ4 foci peaked at 4 h after UV exposure
and reached the maximum in response to 20 J/m2 UV irradiation. A, HeLa
cells were irradiated with 20 J/m2 UV followed by a 1-, 2-, 4-, or 21-h recovery,
and then immunostaining was done as described under “Experimental Pro-
cedures.” 4�,6-Diamidino-2-phenylindole (DAPI) staining of the nuclei is
shown in blue. No treat, left untreated. B, HeLa cells were exposed to different
dosages of UV irradiation (5, 10, 20 and 80 J/m2). At 4 h after UV irradiation,
cells were immunostained with anti-RecQ4 antibody (red). C, quantitative
results of A. The averages of three different experiments are shown. For each
experiment, at least 100 cells for each time point were counted, and the per-
centage of cells containing RecQ4 foci was calculated. The error bar repre-
sents S.D. D, quantitative results of B. The averages of three different experi-
ments are shown. For each experiment, at least 100 cells for each dose were
counted, and the percentage of cells containing RecQ4 foci was calculated.
The error bar represents S.D.
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after UV exposure (�97% of cells
contained foci) and dramatically
decreased at 21 h after exposure
with 7.6% cells containing RecQ4
foci. We also examined RecQ4 foci
formation in response to different
doses of UV irradiation and found
that the percentage of cells having
RecQ4 foci increasedwith the incre-
ment of UV doses up to 20 J/m2.
After 80 J/m2 of UV irradiation,
however, only 17% of cells were
found to form RecQ4 foci (Fig. 2, B
and D).
RecQ4 Has a Functional Role in

NER—Since RecQ4 formed nuclear
foci specifically in response to UV
irradiation and 4NQO treatment, we
postulated that RecQ4 might be
involved in the NER pathway. To
test this hypothesis, we generated
pBabe-RecQ4 retroviral construct.
The pBabe control virus and pBabe-
RecQ4 viruswere used to infect RTS
cells (RecQ4-deficient fibroblasts
fromanRTSpatient), andwhole cell
lysates were prepared to probe the
expression level of RecQ4. As
shown in Fig. 3A, RecQ4 was
detected in RTS cells infected with
pBabe-RecQ4 virus but not in RTS
cells infected with control virus
(lane 2 versus lane 1). The stable cell
lines infected with control virus or
pBabe-RecQ4 virus were generated.
To study whether RecQ4 affects
DNA repair efficiency in global
genomic repair, we detected the lev-
els of UV-induced CPDs in the two
cell lines. We found RTS cells com-
plemented with RecQ4 had a much
faster removal rate of CPDs when
compared with RTS control cells
(Fig. 3B). At 4 h afterUV irradiation,
the CPD lesions were almost com-
pletely removed in RTS-RecQ4
cells, whereas no significant re-
moval was observed at this time
point in RTS control cells. This
observation demonstrated that
RecQ4was required for the efficient
removal of UV-induced DNA
lesions. Since reduced DNA repair
is often linked to the hypersensitiv-
ity to UV irradiation, we performed
theMTT assay to determine the cellular viability in response to
UV irradiation with these two cell lines. Cells were seeded onto
96-well plate and irradiated with increasing doses of UV. At

48 h after irradiation, cell viability was determined. Fig. 3C
showed that there was no significant difference in UV sensitiv-
ity between the two cell lines upon exposure to a lower dose of
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UV irradiation (5 and 10 J/m2). However, in response to 20 J/m2

UV irradiation, RTS-RecQ4 cells survived significantly better
than RTS control cells, indicating that RecQ4 helps cells to
sustain a higher dose of UV damage. To further confirm that
RecQ4 function in UV-induced DNA repair, RecQ4 was down-
regulated by siRNA in HeLa cells (Fig. 3D, lane 2 versus lane 1).
The cells were treated with UV irradiation, and the levels of
CPDs were detected. As shown in Fig. 3E, down-regulation of
RecQ4 significantly slowed the removal of UV-induced DNA
lesions (lane 2 versus lane 1).
RecQ4 andXPA Interactedwith EachOther—Nextwe set out

to determine how RecQ4 plays a role in NER repair by examin-
ing whether RecQ4 interacts with any components of NER

pathway. XPA is a center factor for
NER and is required for both sub-
pathways of NER; we therefore per-
formed co-immunoprecipitation
assay to examine the possible inter-
action of RecQ4 and XPA. FLAG-
RecQ4 and XPA plasmids were
transiently transfected into 293T
cells, respectively, or co-transfected.
Whole cell extracts were then pre-
pared and precipitated with anti-
FLAG resin (M2 beads). The immu-
noprecipitates were analyzed by
Western blotting with anti-XPA
antibody. As shown in Fig. 4A
(upper panel), XPA was efficiently
pulled down by the anti-FLAG resin
in co-transfected cells (lane 3) but
not in cells that were transfected
with RecQ4 or XPA alone (lanes 1
and 2). Immunoblotting of cell
lysates confirmed the expression of
XPA/RecQ4 in transfected cells
(Fig. 4A, middle and lower panels).
Next we sought to determine
whether endogenous RecQ4 and
XPA could interact with one
another. Whole cell lysates from
HeLa cells were incubatedwith con-
trol IgG or anti-XPA antibody, and
immunoprecipitates were detected
by anti-RecQ4 antibody. Endoge-
nous RecQ4 could be significantly
precipitated by anti-XPA antibody
from HeLa cell lysates but not by
control IgG antibody (lane 3 versus
lane 1). Furthermore, DNase I treat-

ment of cell lysates did not abrogate the interaction of XPA and
RecQ4, indicating that this interaction is not mediated by the
separate binding of two proteins to the chromatin (Fig. 4B, lane
2). Furthermore, we tested whether RecQ4 directly interacted
withXPAand the specific region of RecQ4mediating this inter-
action. GST fusion proteins were generated for the N-terminal
(GST-RecQ4-NT), central (GST-RecQ4-M), and C-terminal
(GST-RecQ4-CT) regions of RecQ4 and immobilized on GST-
agarose. As shown in Fig. 4D, 35S-labeled in vitro translated
XPA bound to immobilized GST-RecQ4-NT and GST-
RecQ4-M but not to immobilized GST-RecQ4-CT and GST
alone (lanes 2 and 3 versus lanes 1 and 4). Taken together, these

FIGURE 3. RecQ4 has a functional role in NER. A, RTS cells were infected with pBabe vector or pBabe-RecQ4. Total cell lysates were prepared from stably
transfected cells and probed with anti-RecQ4 (upper panel) and actin (lower panel) antibodies, respectively. B, RTS-RecQ4 cells and RTS control cells were seeded
into a 24-well plate and harvested at different time points after 20 J/m2 UVC irradiation. The slot blot analysis was carried out, and UV-induced CPDs were
detected with anti-CPDs antibody. No treat, left untreated. C, RTS-RecQ4 cells and RTS control cells were seeded in a 96-well plate and allowed to attach
overnight. The cells were treated with increasing doses of UV irradiation followed by a 48-h recovery. MTT assays were performed as detailed under “Experi-
mental Procedures.” Data were normalized to the mock treatment controls (as the value of 1). Points, mean of four different measurements; bars, S.D. D, total
cell lysates were prepared from HeLa cells treated with control (ctrl) siRNA or RecQ4 siRNA and detected with anti-RecQ4 (upper panel) and actin (lower panel)
antibodies, respectively. E, HeLa cells were seeded onto a 24-well plate, treated with control siRNA and RecQ4 siRNA, and harvested at different time points after
20 J/m2 UVC irradiation. The slot blot analysis was carried out, and UV-induced CPDs were detected with anti-CPDs antibody.

FIGURE 4. RecQ4 and XPA interacted with each other. A, 293T cells were transiently transfected with FLAG-
RecQ4 and XPA plasmids, respectively, or co-transfected. Then whole cell lysates were prepared for co-immu-
noprecipitation assays with anti-FLAG resin (IP- M2 beads) as described under “Experimental Procedures.”
Proteins from the immunoprecipitates were detected by Western blot using anti-XPA antibody (upper panel).
10% of the total volumes of the whole cellular lysates were used as input (middle and lower panel). B, HeLa
whole cell lysates were treated with 100 �g/ml DNase I for 20 min at 37 °C or left untreated. Then co-immuno-
precipitation assays were performed with anti-XPA antibody, and immunoprecipitates were detected by anti-
RecQ4 antibody (upper panel). 10% of whole cell lysates were also included as input (lower panel). C, schematic
representation of the RecQ4 protein and different GST fusion proteins. RecQ4-NT, N-terminal region of RecQ4;
RecQ4-M, central region of RecQ4; and RecQ4-CT, C-terminal region of RecQ4. D, 35S-labeled in vitro translated
XPA protein was incubated with immobilized GST or GST-RecQ4 protein at 4 °C for 2 h. The beads were washed
five times with BC200, the bound proteins were eluted by boiling in sample buffer and analyzed by SDS-PAGE
and autoradiography (upper panel), and GST fusion proteins were analyzed by SDS-PAGE and Coomassie Blue
staining (lower panel).
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data demonstrated that RecQ4 and XPA could interact with
each other both in vivo and in vitro.
UV Irradiation Stimulated the Interaction between RecQ4

and XPA and Induced Nuclear Colocalization of Two Pro-
teins—The observations that RecQ4 formed nuclear foci in
response toUV irradiation and interactedwithNER factorXPA
constitutively promoted us to investigate theRecQ4 interaction
with XPA in cells after UV irradiation. H1299 cells that were
stably transfected with FLAG-RecQ4 were irradiated with
increasing doses of UV or left unirradiated. At 4 h after irradi-
ation, whole cell lysates were prepared for co-immunoprecipi-
tation with anti-FLAG resin (M2-beads). As shown in Fig. 5A,
UV treatment significantly stimulated the interaction between
two proteins asmore RecQ4was precipitated by anti-XPA anti-
body in UV-treated cells (lanes 2 and 3 versus lane 1). XPA
forms complex with RPA to function in NER (17). However, no
interaction between RecQ4 and RPA was detected under the
same conditions, suggesting that the interaction of RecQ4 with
XPA is intrinsic to two proteins and is not mediated by the
formation of multiprotein complex in cells. To examine the
interaction of endogenous RecQ4 and XPA after UV irradia-
tion, HeLa cells were left untreated or exposed to 20 J/m2 UV,

and whole cell extracts were used
for immunoprecipitation with XPA
antibody. TheUV treatment did not
change the cellular expression of
RecQ4 and XPA (Fig. 5B, lower two
panels); however, it did enhance the
interaction between two proteins
(Fig. 5B, upper panel, lane 2 versus
4). Since XPA also forms UV-in-
duced nuclear foci, we were inter-
ested in whether the foci formed
with RecQ4 and XPA could colocal-
ize in cells after UV irradiation.
Immunofluorescence microscopy
was performed. As shown in Fig. 5C,
in the mock-treated HeLa cells,
RecQ4 and XPA proteins appeared
to be homogeneously distributed
throughout the nucleus (subpanels
a and b). Upon exposure to UV irra-
diation, RecQ4 and XPA redistrib-
uted to form discrete nuclear foci,
and an obvious colocalization of
RecQ4 and XPA foci was observed,
as indicated in Fig. 5C (subpanels e,
f, and h).
RecQ4 Function in NER Is through

Interaction with XPA—We further
examined whether the XPA is nec-
essary for RecQ4 function in NER.
XPA null cells from a xeroderma
pigmentosum patient (GM04429,
Coriell Institute) were used for
immunofluorescence staining anal-
ysis. RecQ4 was normally expressed
in these cells (data not shown). After

UV irradiation, XPA cells were stained by RecQ4 antibody.
Remarkably, the RecQ4 foci were no longer formed (Fig. 5D),
indicating that the function of RecQ4 inNERwas dependent on
its interaction with XPA protein.
UV Irradiation Increased Chromatin-bound Form of RecQ4—

It has been reported that XPA protein translocated from cyto-
plasm to nucleus in response to UV irradiation (18). To inves-
tigate whether RecQ4 could also increasingly associate with
chromatin after UV treatment, extracts of HeLa cells were frac-
tionated into three parts: cytoplasmic protein, soluble nuclear
protein, and chromatin-bound protein. HeLa cells were treated
with 20 J/m2 UV, and at 0.5, 2, and 4 h after treatment, three
fractions of cell lysates were prepared for Western blotting. As
shown in Fig. 6, most RecQ4 protein was located in nucleo-
plasm in untreated cells, consistent with our immunofluores-
cence results (Fig. 6,upper panel, lane 5 versus lanes 1 and 9). At
4 h after UV irradiation, the cytoplasmic and nucleoplasmic
portion of RecQ4 decreased 70%, and correspondingly, the
chromatin-bound form of RecQ4 increased �3-fold when
compared with that in untreated cells (Fig. 6, upper panel, lane
12 versus lanes 4 and 8). As a positive control, we clearly
detected that XPA translocated from cytoplasm to nuclei, with

FIGURE 5. UV irradiation stimulated the interaction between RecQ4 and XPA. A, H1299 cells stably trans-
fected with FLAG-RecQ4 were irradiated with 20 or 40 J/m2 UV or left untreated. At 4 h after UV treatment,
whole cell lysates were prepared and immunoprecipitated with anti-FLAG resin (IP-M2 beads) followed by
Western blotting with anti-XPA, anti-RPA, and anti-RecQ4 antibodies. 10% of whole cell lysates were used as
input. B, HeLa cells were treated with 20 J/m2 UV or left untreated. 4 h after treatment, whole cell lysates
were immunoprecipitated with anti-XPA antibody, and precipitated proteins were detected with anti-
RecQ4 antibody. 10% of whole cell lysates were also included as input. C, HeLa cells cultured on coverslips
were either untreated (upper panels) or treated with 20 J/m2 UV (lower panels). 4 h after treatment, cells
were immunostained by anti-RecQ4 (red) and anti-XPA (green) antibodies. The colocalization of RecQ4
and XPA foci were shown in yellow. Nuclei were stained with 4�,6-diamidino-2-phenylindole (blue). ctrl,
control. D, XPA-deficient cells cultured on coverslips were either untreated (upper panels) or treated with
20 J/m2 UV (lower panels). 4 h after treatment, cells were immunostained by anti-RecQ4 (red) antibodies.
DAPI, 4�,6-diamidino-2-phenylindole.
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most of XPA bound to chromatin at 0.5 h after UV treatment
(Fig. 6,middle panel).

DISCUSSION

Mutation in the RecQ4 causes Rothmund-Thomson syn-
dromes, which have severe physiological consequences in
humans, themost prominent of which are cancer susceptibility
and premature aging. At the cellular level, defects in RecQ4
cause genome instability, particularly trisomy, aneuploidy,
deletions, translocations, and high frequencies of chromosomal
rearrangements (19). Several other members of the RecQ fam-
ily, such as BLM(20) andWRN(21), have been shown to play an
important role in DNA damage repair pathways. However,
there are limited and conflicting data regarding the potential
role of RecQ4 in the DNA damage response (8, 10–12). There-
fore, we investigated RecQ4 localization in response to several
forms of DNA damage. We have shown that, for the first time,
endogenous RecQ4 formed discrete nuclear foci in response to
UV irradiation and 4NQO, aUVmimetic agent (Fig. 1, b and c).
In addition, the foci were specific to UV DNA damage and
4NQO treatment since no such foci formed upon treatment
with other DNA-damaging agents including camptothecin,
etoposide, hydroxyurea, and H2O2. In addition, RecQ4 nuclear
foci colocalized with XPA foci after UV irradiation (Fig. 5C,
subpanel h), suggesting that the formation of RecQ4 nuclear
foci is relevant to the NER of UV-induced DNA damage. There
are two studies about RecQ4 foci published recently. Petkovic
et al. (8) reported that endogenous RecQ4 formed nuclear foci
in various human cell lines in the absence ofDNAdamage agent
treatment. Werner et al. (12) reported that RecQ4 formed
nuclear foci after H2O2 treatment, whereas Woo et al. (11)
reported that the RecQ4 localization pattern did not change in
response to a number of DNA-damaging agents, including UV
irradiation. The discrepancy in these reports is hard to inter-
pret, but the different cell fixation approaches and the different
sources of antibodies used for immunostaining might be the
reason, as discussed previously (8).
We have found that the formation of RecQ4 nuclear foci

reached the maximum at 4 h after 20 J/m2 UV irradiation (Fig.
2C), and fewer cells were observed to form RecQ4 foci in the
early post-UV exposure hours (�4 h), during which the cellular
NER function is believed to be very active (22). The RecQ4

nuclear foci greatly decreased 21 h
afterUV irradiation, and at this time
point, either DNA lesions are
removed or cells die from apoptosis.
Biochemical studies have shown
that almost 100% pyrimidine 6-4
pyrimidone photoproducts and 50%
of CPDs are removed from the
whole genome within 4 h (23).
Therefore, our observations suggest
that RecQ4 may not participate in
NER in the early cellular response to
UV irradiation and that itmay play a
role in the late stage of NER. We
have also observed that RecQ4
nuclear foci augmented with the

increasing dose of UV irradiation up to 20 J/m2 (Fig. 2D). How-
ever, the formation of RecQ4 foci dramatically reduced follow-
ing 80 J/m2 UV irradiation. The lower doses of UV irradiation
mainly lead to the induction of protection mechanisms in the
cells, including active DNA repair processes and cell cycle
arrest (24). In contrast, the high doses of UV irradiation usually
trigger acute cell death through apoptosis or necrosis as the
majority of cells were found to be killed after 80 J/m2 UV irra-
diation (data not shown). Such an UV dose-dependent forma-
tion of RecQ4 foci demonstrated that RecQ4 is involved in the
repair of UV-induced DNA damage and not a nonspecific
response to UV irradiation.
Our results have shown that RecQ4was required for the opti-

mal removal of UV-induced DNA lesions (Fig. 3, B and E) and
that RecQ4 could also rescue the UV sensitivity of RTS cells
(Fig. 3C), indicating that RecQ4may participate in the repair of
DNA damage caused by UV irradiation. In agreement with this
observation, it has been previously reported that cells from dif-
ferent RTS patients have a NER defect (25). RTS patients also
have NER deficiency-related symptoms. 1) Manifestations of
photosensitivity, including erythema and bullous eruption after
exposure to sunlight, are seen in about 30% of patients (26). 2)
Early occurrence of skin malignancies is another relevant fea-
ture of the syndrome (27). These observations together with
our data strongly indicate that RecQ4may be required for opti-
mal NER process in cells.
Several RecQ4 interaction partners have been identified.

Specifically, it interacts with two DNA repair proteins, Rad51
(8) and PARP-1 (11), suggesting its role in the repair of DNA
damage. Here we have demonstrated that RecQ4 could interact
with XPA both physically and functionally. XPA is a DNA-
binding protein and a unique factor for NER, indispensable for
both subpathways of NER in cells (22). XPA recruits many
other NER factors, such as RPA, XPG, and XPF/ERCC1, to the
DNA damage sites through protein-protein interactions (28).
We propose that RecQ4 may also be recruited by XPA to the
DNA damage sites after UV irradiation. The possible evidences
we observed are as follows. 1) The interaction between RecQ4
andXPAwas increased upon exposure toUV irradiation (Fig. 5,
A and B). 2) The RecQ4 nuclear foci could colocalize with XPA
nuclear foci after UV irradiation (Fig. 5C). 3) XPA null cells lost
RecQ4 foci after UV irradiation (Fig. 5D). 4) Both RecQ4 and

FIGURE 6. More RecQ4 protein bound to chromatin after UV irradiation. HeLa cells were irradiated with 20
J/m2 UV or left untreated (No treat). At 0.5, 2, and 4 h after UV treatment, cells were collected, and chromatin
fractionation was carried out as described under “Experimental Procedures.” Cytoplasmic fraction, nucleoplas-
mic fraction, and chromatin-bound fraction were separated on 8% SDS-PAGE gels and then probed with
anti-RecQ4 (upper panels) and anti-XPA (middle panels) antibodies. �-Actin (lanes 1– 4), �-tubulin (lanes 5– 8)
and histone H1 (lanes 9 –12) were used as loading control for three fractions, respectively (lower panels). The
quantities of RecQ4 protein were estimated by densitometry and then normalized to untreated controls, which
were designated as 1.0.
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XPA protein bound more tightly to chromatin after UV treat-
ment (Fig. 6).
However, it remains to be determined how RecQ4 affects

NER pathway in cells. Several possiblemechanisms can be con-
sidered. Firstly, RecQ4 has been reported to be important for
the initiation of DNA replication (6); therefore, RecQ4 might
help DNA resynthesis after the excision of DNA lesions, which
is the late stage ofNERprocess. Our finding that RecQ4nuclear
foci formed predominantly at 4 h after UV irradiation supports
this postulation. Secondly, RecQ4 possesses a DNA-dependent
ATPase activity (4, 5), and NER is a complicated process that
requires ATP in multiple steps (29). It is possible that RecQ4
facilitates NER efficiency by promoting the hydrolysis of ATP.
Nevertheless, further study is required to clarify the exact
mechanismof RecQ4 functioning inUV-inducedDNAdamage
repair.
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