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UV-sensitive syndrome is an autosomal recessive disorder
characterized by hypersensitivity to UV light and deficiency in
transcription-coupled nucleotide excision repair (TC-NER), a
subpathway of nucleotide excision repair that rapidly removes
transcription-blocking DNA damage. UV-sensitive syndrome
consists of three genetic complementation groups caused by
mutations in the CSA, CSB, and UVSSA genes. UV-stimulated
scaffold protein A (UVSSA), the product of UVSSA, which is
required for stabilization of Cockayne syndrome group B (CSB)
protein and reappearance of the hypophosphorylated form of
RNA polymerase II after UV irradiation, forms a complex with
ubiquitin-specific peptidase 7 (USP7). In this study, we demon-
strated that the deubiquitination activity of USP7 is suppressed
by its interaction with UVSSA. The interaction required the
tumor necrosis factor receptor-associated factor domain of
USP7 and the central region of UVSSA and was disrupted by an
amino acid substitution in the tumor necrosis factor receptor-
associated factor-binding motif of UVSSA. Cells expressing
mutant UVSSA were highly sensitive to UV irradiation and
defective in recovery of RNA synthesis after UV irradiation.
These results indicate that the interaction between UVSSA and
USP7 is important for TC-NER. Furthermore, the mutant
UVSSA was rapidly degraded by the proteasome, and CSB was
also degraded after UV irradiation as observed in UVSSA-defi-
cient cells. Thus, stabilization of UVSSA by interaction with
USP7 is essential for TC-NER.

Nucleotide excision repair (NER)3 is a versatile DNA repair
system that removes a wide range of structurally unrelated

bulky, helix-distorting DNA lesions, including UV-induced
cyclobutane pyrimidine dimers (CPDs) and pyrimidine-py-
rimidone (6-4) photoproducts (6-4PPs) (1). NER occurs via two
subpathways, global genome NER (GG-NER) and transcrip-
tion-coupled NER (TC-NER); the choice of subpathway is
determined by the location of the lesion. As its name implies,
GG-NER operates throughout the entire genome, whereas TC-
NER specifically removes lesions from the transcribed strands
of actively transcribed genes (2– 4). The primary difference
between the two is the mechanism by which the DNA lesion is
recognized. In GG-NER, the XPC-RAD23B-CETN2 complex
recognizes lesions with the help of the UV-damaged DNA-
binding protein complex. By contrast, in TC-NER, RNA poly-
merase II (Pol II) stalled at a lesion on the transcribed strand
serves as the damage recognition signal. Subsequently, TC-
NER-specific factors, including CSA, CSB, UV-stimulated scaf-
fold protein A (UVSSA), and XAB2, are recruited to the lesion
site (2, 4). Following the specific recognition events of GG-NER
and TC-NER, the subpathways merge into a common pathway
involving several steps: unwinding of damaged DNA, introduc-
tion of dual incisions in the damaged strand, removal of the
damage-containing oligonucleotide, repair synthesis in the
resulting gap, and ligation of the repair patch to the contiguous
parental DNA strand (2, 3).

Several autosomal recessive NER deficiency disorders exist
in humans, including xeroderma pigmentosum, Cockayne syn-
drome (CS), trichothiodystrophy, and UV-sensitive syndrome
(UVSS) (1). CS and UVSS patients are specifically deficient in
TC-NER. CS is characterized by photosensitivity, growth fail-
ure, progressive neurodevelopmental disorder, and premature
aging but no predisposition to skin cancer (5). CS is classified
into two genetic complementation groups, CS-A and CS-B (6,
7); the causative genes are CSA (8) and CSB (9), respectively.
Conversely, UVSS is characterized by photosensitivity and mild
freckles but no neurological abnormalities or skin tumors (10 –
13). Three complementation groups have been identified
among UVSS patients defined by mutations in CSA (14), CSB
(15), and UVSSA (16 –18). Cells from CS and UVSS patients
exhibit hypersensitivity to UV light and reduced recovery of
RNA synthesis after UV irradiation (6, 11–13, 19, 21).

UVSSA, the product of UVSSA, consists of 709 amino acid
residues (Fig. 1A). UVSSA contains a Vps27/Hrs/STAM (VHS)
domain and a conserved domain of unknown function (DUF)
2043 in the N-terminal and C-terminal regions, respectively.
UVSSA interacts with ubiquitin-specific peptidase 7 (USP7),
CSA, and TFIIH (16 –18, 22). After UV irradiation, UVSSA sta-
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bilizes CSB and restores the hypophosphorylated form of Pol II
(Pol IIa) in collaboration with USP7 (16, 17). USP7 has deubiq-
uitination activity, and its catalytic domain is formed by resi-
dues 208 –564. In addition, USP7 has a tumor necrosis factor
receptor-associated factor (TRAF) domain in its N-terminal
region and five ubiquitin-like domains in its C-terminal region
(Fig. 1A).

In this study, we examined the effect of interaction with
UVSSA on the deubiquitination activity of USP7 and identified
the regions in both proteins required for binding. Moreover, we
revealed that the interaction between UVSSA and USP7 is crit-
ical for TC-NER.

Experimental Procedures

Generation of Plasmids and Baculoviruses for Protein
Expression—For expression of WT and truncated UVSSA,
DNA sequence encoding FLAG and HA tags was attached to
the 5�-end of each UVSSA cDNA, and the resultant fragments
were inserted between the NotI and XbaI sites of vector pFast-
Bac-1 (Invitrogen). For expression of WT and truncated USP7,
DNA sequence encoding the V5 tag was attached to the 5�-end
of each USP7 cDNA, and the resultant fragments were inserted
between the BamHI and XhoI sites of vector pFastBac HTb,
which contains DNA sequence encoding the His6 tag. Recom-
binant baculoviruses were isolated according to the protocol
for the Bac-to-Bac Baculovirus Expression System (Invitrogen).
Briefly, the plasmids were transformed into DH10Bac for trans-
position into the bacmid. Sf9 cells were transfected with the
bacmid DNA, and recombinant baculoviruses were obtained
and amplified.

To generate mammalian expression constructs for UVSSA
mutants, point mutations were introduced into pcDNA3-
FLAG-HA-UVSSA (16) using the QuikChange site-directed
mutagenesis kit (Agilent). The resultant plasmid was se-
quenced to rule out non-targeted mutations elsewhere in the
cDNA.

Protein Expression in Sf9 Cells—Sf9 cells were cultured at
27 °C in Sf-900 II serum-free medium (Invitrogen) supple-
mented with 10% FCS and antibiotics. Sf9 cells were infected
with the appropriate baculovirus(es) and incubated for 72 h.
Infected cells were harvested by centrifugation and stored at
�80 °C.

Purification of UVSSA and UVSSA-USP7 Complex—All
purification steps were carried out at 4 °C. Cells infected with
recombinant baculovirus for FLAG-HA-UVSSA or co-infected
with viruses for FLAG-HA-UVSSA and His6-V5-USP7 were
lysed in NETN buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1
mM EDTA, 1% Nonidet P-40, 1 mM DTT, and Complete prote-
ase inhibitor mixture (Roche Applied Science)) at 4 °C for 30
min. The cell lysates were clarified by centrifugation at
17,600 � g for 10 min and incubated with protein G-Sepharose
(GE Healthcare) at 4 °C for 1 h. The lysates were centrifuged at
3,800 � g for 1 min, and the resultant supernatant was incu-
bated with anti-FLAG M2 antibody-conjugated agarose
(Sigma) at 4 °C for 2 h. The resin was washed five times with
NETN buffer, and bound proteins were eluted with NETN
buffer containing 0.2 mg/ml FLAG peptide. The eluted samples
were further purified using Superose 12 PC 3.2/30 (GE Health-

care) equilibrated with a buffer containing 20 mM Tris-HCl, pH
8.0, 300 mM NaCl, 10% glycerol, 0.1% Tween 20, and 10 mM

2-mercaptoethanol. The concentration of purified UVSSA-
USP7 complex was 231 ng/�l.

Purification of USP7—All purification steps were carried out
at 4 °C. Cells infected with recombinant baculovirus for His6-
V5-USP7 were lysed in TALON buffer (20 mM Tris-HCl, pH
8.0, 300 mM NaCl, 0.5% Triton-X-100, 10% glycerol, and Com-
plete protease inhibitor mixture) at 4 °C for 30 min. The cell
lysates were clarified by centrifugation at 17,600 � g for 10 min,
and the resultant supernatant was incubated with protein
G-Sepharose at 4 °C for 1 h. The samples were centrifuged at
3,800 � g for 1 min, and the resultant supernatant was incu-
bated with nickel-Sepharose (GE Healthcare) at 4 °C for 1 h.
The resin was washed five times with TALON buffer, and
bound proteins were eluted with TALON buffer containing 200
mM imidazole. The eluted samples were further purified using
Superose 12 PC 3.2/30 (GE Healthcare) equilibrated with a
buffer containing 20 mM Tris-HCl, pH 8.0, 300 mM NaCl, 10%
glycerol, 0.1% Tween 20, and 10 mM 2-mercaptoethanol. The
concentration of purified USP7 was 757 ng/�l.

Deubiquitination Assay—Ubiquitin-rhodamine 110 (Life
Sensors) was incubated with USP7 or UVSSA-USP7 complex in
100 �l of reaction buffer (200 mM Tris-HCl, pH 7.6, 20 mM

MgCl2, 2 mM DTT, and 100 �M BSA) at 25 °C. The increase in
fluorescence (excitation, 485 nm; emission, 535 nm) due to
release of rhodamine 110 was followed on a multimode reader
(Mithras LB 940). Reactions were performed in duplicate.

Expression of UVSSA in Kps3 Cells—The Kps3 cell line was
derived from a UVSS-A patient and immortalized with SV40
large T antigen and human telomerase reverse transcriptase
(16). Kps3 cells were cultured in DMEM containing 10% FCS
and antibiotics at 37 °C under 5% CO2. The cells were trans-
fected with FLAG-HA-UVSSA expression constructs using the
Effectene transfection reagent (Qiagen). For transient expres-
sion, cells were harvested 24 h after transfection. To isolate
stable transfectants, transfected cells were incubated in the
presence of G418 (500 �g/ml) for 2 weeks. The G418-resistant
clones were assayed for expression of FLAG-HA-UVSSA by
Western blotting with anti-UVSSA or anti-HA antibody.

Immunoprecipitation—Cell lysates were prepared using
NETN buffer as described above. After preclearance with pro-
tein G-Sepharose (GE Healthcare), the lysates were incubated
with anti-FLAG M2 antibody-conjugated agarose (Sigma) or
anti-V5 antibody-conjugated agarose (Sigma) at 4 °C for 2 h.
The resin was washed five times with NETN buffer, and bound
proteins were eluted with NETN buffer containing the corre-
sponding peptide.

UV Survival—Exponentially growing cells were inoculated in
100-mm dishes at a density of 500 cells/dish. After 12 h, cells
were washed with PBS; irradiated with UV light at 0, 4, 8, or 12
J/m2; and then incubated for 1–2 weeks. The resultant colonies
were fixed with 3.7% formaldehyde, stained with 0.1% crystal
violet, and counted using a stereomicroscope.

Measurement of UV-induced Photoproducts in Genomic
DNA by Slot-blot Analysis—Cells were irradiated with 10 J/m2

of UV light and incubated for various times. Genomic DNA was
isolated using the DNeasy Blood and Tissue kit (Qiagen). For
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the control, DNA was prepared from unirradiated cells. DNA
was denatured by heating at 95 °C for 5 min followed by rapid
chilling in an ice bath. To quantify the DNA lesions, denatured
DNA (100 ng for CPD and 200 ng for 6-4PP) was spotted onto
Hybond-N� (GE Healthcare) with 5� SSC using a slot-blot
apparatus (Schleicher & Schüll). The filter was baked at 80 °C
for 2 h. Quantification of CPDs and 6-4PPs was carried out
using anti-CPD antibody (Kamiya Biomedical; KTM53) and
anti-6-4PP antibody (Cosmo Bio; 64M-2). Antibodies bound
to CPDs and 6-4PPs were detected using Pierce Western
Blotting Substrate Plus (Thermo Scientific) and analyzed by
ImageQuant LAS-4000 (GE Healthcare).

Recovery of RNA Synthesis after UV Irradiation—To measure
RNA synthesis after UV irradiation, two sets of cells were
seeded in 35-mm dishes at a density of 2 � 105 cells/dish. After
12 h of incubation, cells were washed with PBS and irradiated
with UV light at 10 J/m2. After 24 h of incubation, the cells in
one set were counted. The other set of cells was labeled with 370
kBq/ml [3H]uridine for 30 min to quantitate RNA synthesis.
Labeling was terminated by the addition of NaN3 to a final
concentration of 200 �g/ml. Cells were washed twice with PBS
containing 200 �g/ml NaN3 and lysed in 0.8% SDS for 30 min at
room temperature. Next, an equal volume of 10% trichloro-
acetic acid containing 0.1 M sodium pyrophosphate was added
to the lysates and incubated on ice for 1 h. Acid-insoluble mate-
rials were collected on GF-C glass microfiber filters (What-
man), and radioactivity was measured with a liquid scintillation
counter. Radioactivity was normalized to cell number. The
ratio of radioactivity of UV-irradiated cells to that of non-irra-
diated cells was taken to reflect the recovery of RNA synthesis
after UV irradiation.

RNA Interference—CSB silencing was performed by transfec-
tion with siRNA (Dharmacon; M-004888) using Lipofectamine
RNAiMAX Transfection Reagent (Invitrogen) according to the
manufacturer’s instructions. Reverse transfection was per-
formed first, and forward transfection was performed 24 h later.
Cells were irradiated with UV light 24 h after forward transfec-
tion and then incubated for the indicated amount of time.

Antibodies—Anti-UVSSA (N1N2; GTX106751) was from
GeneTex. Anti-USP7 (4833) was from Cell Signaling Technol-
ogy. Anti-CSB (E-18; sc-10459), anti-CSA (W-16; sc-10997),
anti-Pol II (A-10; sc-17798), and anti-lamin B (C20; sc-6216)
were from Santa Cruz Biotechnology. Anti-HA (3F10;
1867423) was from Roche Applied Science. Anti-V5 (46-0705)
was from Invitrogen.

Results

Interaction of UVSSA with USP7 Using Baculovirus Expres-
sion System—UVSSA forms a complex with USP7 (16, 17). We
analyzed the UVSSA-USP7 complex using a baculovirus
expression system. Recombinant baculoviruses for N-termi-
nally FLAG- and HA-tagged UVSSA (FLAG-HA-UVSSA) and
N-terminally His6- and V5-tagged USP7 (His6-V5-USP7) were
generated. Sf9 cells were infected with one or both viruses, and
cell lysates were prepared. Both proteins were detected in the
lysates (Fig. 1B, lanes 1–3). Smaller bands detected with anti-
USP7 antibody were considered to represent degradation prod-
ucts (lanes 2 and 3). Immunoprecipitation of UVSSA and USP7

from the lysates was performed with anti-FLAG and anti-V5
antibody, respectively. UVSSA was precipitated by anti-FLAG
antibody (lanes 4 and 6), and USP7 was co-precipitated with
UVSSA from the lysates of co-infected Sf9 cells (lane 6). Simi-
larly, USP7 was precipitated by anti-V5 antibody (lanes 8 and
9), and UVSSA was co-precipitated with USP7 from lysates of
co-infected Sf9 cells (lane 9). These observations confirm that
the UVSSA-USP7 interaction could be detected in the baculo-
virus expression system.

Purification of USP7 and UVSSA-USP7 Complex—To exam-
ine the effects of UVSSA on the deubiquitination activity of
USP7, we purified USP7 and UVSSA-USP7 complex. Sf9 cells
were infected with recombinant baculovirus for His6-V5-USP7
or co-infected with viruses for His6-V5-USP7 and FLAG-HA-
UVSSA, and cell lysates were prepared from the infected cells.
USP7 and UVSSA-USP7 complex were purified from the
lysates using nickel-Sepharose and anti-FLAG-agarose, respec-
tively. UVSSA was also purified by the same method used for
the UVSSA-USP7 complex. Samples were further purified by
gel filtration chromatography. The purified samples were sub-
jected to SDS-PAGE followed by Western blotting with the
appropriate antibodies (Fig. 2A). USP7 and UVSSA bands were
detected at the predicted molecular sizes. To determine the
purity of the samples, USP7 and UVSSA-USP7 complex
were subjected to SDS-PAGE followed by silver staining (Fig.
2B). Bands corresponding to USP7 (lane 2) and to USP7 and
UVSSA (lane 3) were detected as predicted. Under these con-
ditions, the intensities of the USP7 bands in both samples were
almost identical. No other bands were detected. Hence, these
purified samples were used for subsequent experiments.
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FIGURE 1. Interaction between UVSSA and USP7. A, schematic representa-
tion of human UVSSA and USP7. UVSSA contains a VHS domain (green box), a
DUF2043 domain (purple box), and nuclear localization signals (black box).
USP7 contains a TRAF domain (orange box), a catalytic domain (yellow box),
and five ubiquitin-like domains (numbered boxes 1–5). B, Sf9 cells were
infected with recombinant baculovirus for FLAG-HA-UVSSA or His6-V5-USP7
or co-infected with both viruses. Lysates were prepared from the infected
cells (lanes 1–3) followed by immunoprecipitation with anti-FLAG beads
(lanes 4 – 6) or anti-V5 beads (lanes 7–9). Western blots (WB) using anti-USP7
and anti-UVSSA antibodies are shown.
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Deubiquitination Activity of USP7 Is Suppressed by the Inter-
action with UVSSA—The deubiquitination activity of UVSSA-
USP7 complex was compared with that of USP7 using ubiqui-
tin-rhodamine 110 as a substrate. Cleavage between the
C-terminal glycine of ubiquitin and rhodamine by USP7 results
in an increase in rhodamine fluorescence (23). In these experi-
ments, USP7 or UVSSA-USP7 complex (3 nM) was incubated
with 1 �M substrate, and deubiquitination was monitored by
measuring the increase in fluorescence intensity (Fig. 2C). For
the first 20 min of the reaction, the fluorescence intensity was
lower in the UVSSA-USP7 than in the sample with USP7 alone;
at 10 min, the fluorescence intensity of UVSSA-USP7 complex
was 48% of that of USP7. Ultimately, the fluorescence intensi-
ties reached almost the same level. Next, we ran the same reac-
tion using substrate concentrations of 0.1, 0.3, 0.5, 0.7, 1, and 4
�M. Based on the fluorescence data, we plotted the velocity of
deubiquitination in the linear range of the reaction (Fig. 2D)
and calculated the kinetic parameters from the Lineweaver-
Burk plot (Fig. 2E). Km did not differ significantly between USP7
and the UVSSA-USP7 complex (1.0 �M), but the Vmax of USP7
(11.1 � 102 fluorescence intensity/min) was 1.3-fold higher
than that of UVSSA-USP7 (8.3 � 102 fluorescence intensity/
min). Therefore, UVSSA does not influence the affinity of USP7
for the substrate but instead decreases the catalytic turnover.
These data indicate that the deubiquitination activity of USP7 is
inhibited by UVSSA in a non-competitive manner.

UVSSA Interacts with the N-terminal Region of USP7—To
identify the UVSSA-binding region in USP7, we prepared
recombinant baculoviruses for His6-V5-USP7 and truncated
variants. USP7(1–564), USP7(208 –1102), and USP7(1–208)
contain the TRAF and catalytic domains, the catalytic and ubiq-
uitin-like domains, and the TRAF domain alone, respectively
(Fig. 3A). Sf9 cells were co-infected with viruses for full-length
or truncated USP7 and FLAG-HA-UVSSA, and immunopre-
cipitation of UVSSA was performed as described above.
USP7(1–564) and USP7(1–208) as well as full-length USP7
(USP7(1–1102)) co-precipitated with UVSSA, whereas
USP7(208 –1102) did not (Fig. 3B). These results indicate that
UVSSA interacts with the N-terminal region of USP7 contain-
ing the TRAF domain.

USP7 Interacts with the Central Region of UVSSA—To iden-
tify the USP7-binding region in UVSSA, we performed recipro-
cal immunoprecipitation experiments. For this purpose, we
generated recombinant baculoviruses for FLAG-HA-UVSSA
and truncated variants. UVSSA(151–709) and UVSSA(1– 495)
lack the N-terminal VHS domain and the C-terminal region
containing the DUF2043, respectively (Fig. 3C); UVSSA(151–
495) and UVSSA(496 –709) contain the central region and the
C-terminal region containing the DUF2043 domain, respec-
tively. UVSSA(151–709), UVSSA(1– 495), and UVSSA(151–
495) as well as full-length UVSSA (UVSSA(1–709)) were co-
precipitated with USP7, whereas UVSSA(496 –709) was not
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(Fig. 3D). These results indicate that USP7 interacts with the
central region (residues 151– 495) of UVSSA.

The Interaction between UVSSA and USP7 Is Disrupted by
S254A Mutation in UVSSA—The experiments described above
demonstrate that the N-terminal region (residues 1–208) con-
taining the TRAF domain of USP7 interacts with the central
region (residues 151– 495) of UVSSA. USP7 interacts with p53
and MDM2 via its TRAF domain (24, 25), which recognizes a
Pro/Ala-X-X-Ser motif present in its interaction partners (26 –
28). There are eight TRAF-binding motifs in the central region
of UVSSA (Fig. 4A). Alignment of UVSSA homologs using
ClustalW revealed that Pro251-Cys-Cys-Ser254 in human is
highly conserved in animals. In immunoprecipitation experi-
ments using mutant UVSSA transfectants, UVSSA(1–300)
interacted with USP7, but UVSSA(1–160) did not (Fig. 4B).
Residues 161–300 of UVSSA contain four TRAF-binding
motifs (226 –229, 237–240, 251–254, and 270 –273). Therefore,
we replaced Ser254 with Ala and examined the effect of this
mutation on the interaction with USP7. For this purpose, we
generated expression constructs for FLAG-HA-tagged
UVSSA(WT), UVSSA(P251A), and UVSSA(S254A). UVSSA-
deficient Kps3 cells were transfected with the constructs, and
cell lysates were prepared from the transfected cells. All exog-
enous UVSSA proteins were expressed at comparable levels
(Fig. 4C, lanes 2– 4). The lysates were subjected to immunopre-

cipitation with anti-FLAG antibody. USP7 co-precipitated with
UVSSA(P251A) (lane 7) as well as UVSSA(WT) (lane 6) but not
with UVSSA(S254A) (lane 8). By contrast, CSA co-precipitated
with UVSSA(WT), UVSSA(P251A), and UVSSA(S254A).
These results indicate that the S254A mutation in UVSSA dis-
rupts the interaction with USP7 but not with CSA.

The S254A Mutation Causes Degradation of UVSSA, Degra-
dation of CSB after UV Irradiation, and Deficiency in TC-
NER—To investigate the functional importance of the interac-
tion between UVSSA and USP7, we established Kps3 cell lines
stably expressing either FLAG-HA-UVSSA(WT) (WT cells) or
FLAG-HA-UVSSA(S254A) (S254A cells). In all isolated clones,
the level of UVSSA(S254A) was considerably lower than that of
UVSSA(WT) (Fig. 5A, lanes 3 and 5). Because UVSSA is
degraded by the proteasome in cells transfected with siRNA
against USP7 (16), we treated the cells with the proteasome
inhibitor MG132. The level of UVSSA(WT) increased fol-
lowing MG132 treatment (lane 4), confirming that UVSSA is
degraded by the proteasome at steady state. Moreover, the
amount of UVSSA(S254A) increased substantially following
MG132 treatment (lane 6). In MG132-treated cells, the level
of UVSSA(S254A) was much higher than that of UVS-
SA(WT). This indicates that UVSSA(S254A) degradation
must be higher in untreated cells despite the high level of
UVSSA(S254A) in these cells. These results indicate that
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UVSSA is protected from proteasomal degradation by inter-
action with USP7.

In UVSSA-deficient cells, CSB is degraded after UV irradia-
tion (16 –18, 22). Therefore, we investigated whether CSB is
degraded in S254A cells. Following UV irradiation, the level of
CSB decreased dramatically in S254A cells and Kps3 cells but
barely decreased in WT cells (Fig. 5B). The level of USB7 did not
change significantly after irradiation. In WT cells, the level of
the hypophosphorylated form of Pol II (Pol IIa) decreased
immediately after UV irradiation but returned to the pre-UV
irradiation level after several hours of incubation. The return to
the pre-UV irradiation level does not occur in UVSSA-deficient
cells (16 –18) or in S254A cells or Kps3 cells (Fig. 5B, lanes
2 and 6).

To investigate the effects of loss of the interaction between
UVSSA and USP7, we measured the viability of S254A cells
after UV irradiation by colony-forming assay. Like the parental
Kps3 cells, S254A cells were more sensitive to UV light than
WT cells (Fig. 5C). Next, we investigated the efficiency of lesion
removal by determining the levels of UV-induced 6-4PPs and
CPDs in WT cells, S254A cells, and Kps3 cells (Fig. 5D) as well
as in the respective CSB knockdown transfectants (Fig. 5E). No
significant difference in the removal of 6-4PPs and CPDs was
detected between the cells. Because GG-NER is considered to
contribute to lesion removal in this assay, these results indicate
that S254A cells are proficient for GG-NER. Then we measured
recovery of RNA synthesis after UV irradiation, which is an
index of TC-NER activity. In WT cells 24 h after UV irradiation,

W
T

P
25

1A

S
25

4A

W
T

P
25

1A

S
25

4A

Input IP: FLAG
Kps3

150

100

50

37

WB: USP7

WB: UVSSA

WB: CSA

1 2 3 4 5 6 7 8

A

B

kDa N
on

e

N
on

e

H. sapiens
M. musculus
E. caballus
B. taurus
X. tropicalis
G. gallus
C. elegans

225-D - ALRSSCA-232
225-EGYAPCPLSP-234
218- AAASNVS-224
214- AAWCPMP-220
232-PSHSKSTSQS-241
219-PNEQTSADED-228

268- -GGAQPSQTA-276
270- - VGLKALPQT-278
257- GATGREGP-264
244- GAMDAGGP-251
277-ASGAERSLGE-286
263-QNEELADKQK-272

340-FLPAVCSWIQ-349
344-FLPTVCSWVQ-353
328-FLPAVCSWVQ-337
311-LLPAACSWVQ-320
361-YWPAVQSWIQ-370
349-FLPSVQSWIQ-358
293-TLRKLVKRLQ-232

469-DHLP PPSSASPSRAL-483
478-DCLS SPSPSS - TRVL-491
455-GRLPSSLPPSPRTPLGPE-472
436-PHGPPASPPSPRAPLAPE-453
496-DKMA KALPGSSRNAGE-511
488-DKLP KPLTPPQASESA -502
396-NEKP  -400

I III

IV V VI

234-QVGPCRSGTP-243
236- PRESGLS-245
226-EGRPHQAAAP-235
222-KG -223
243-AYSKSTSQVS-252
230-SASSLPTYVG-239
231- SF-232

II
-

- - -
- - -

H. sapiens
M. musculus
E. caballus
B. taurus
X. tropicalis
G. gallus
C. elegans

LAT

- -- - --- -

- -- - --- -

H. sapiens
M. musculus
E. caballus
B. taurus
X. tropicalis
G. gallus
C. elegans

248-GEQPCCSRDL-257
250-EEQPCCSKDL-259
240-EEQPCCSKTL-249
227-EEQPCCSKSL-236
257-DEQPCCSKNL-266
243-DEQPCCSKDI-252
237-PEV PSTSTST-246

H. sapiens
M. musculus
E. caballus
B. taurus
X. tropicalis
G. gallus
C. elegans

- -
--

H. sapiens
M. musculus
E. caballus
B. taurus
X. tropicalis
G. gallus
C. elegans

H. sapiens
M. musculus
E. caballus
B. taurus
X. tropicalis
G. gallus
C. elegans

- --
- --

- -
--

- -- - --- - - -- - --

-- - --- - - - -

-- - --- - - - -

1 709

VHS DUF2043

C

I II III IV V VI

1–
70

9

15
1–

70
9

1–
49

5

49
6–

70
9

1–
16

0

1–
30

0

Δ2
90

-4
90

100 200 300 400 500 600

WB: USP7

WB: HA

150

kDa
100

25

50

IP: FLAG

1 2 3 4 5 6 7

FIGURE 4. The interaction between UVSSA and USP7 is weakened by the S254A mutation in UVSSA. A, amino acid sequences of UVSSA homologs were
analyzed using ClustalW. Top panel, location of the TRAF-binding motifs in the central region (residues 151– 495) of UVSSA is indicated by red bars (I–VI; VI
contains three successive motifs). Bottom panel, the TRAF-binding motif is shown in red. Homo sapiens, NP_065945.2; Mus musculus, NP_001074570.1; Equus
caballus, XP_014695740.1; Bos taurus, XP_587703.7; Xenopus tropicalis, NP_001107306.1; Gallus gallus, XP_420845.4; Caenorhabditis elegans, NP_505012.1. B,
UVSSA-deficient Kps3 cells were transfected with pCAGGS-FLAG-HA-tagged UVSSA(WT) or UVSSA deletion mutants. Cell lysates were prepared from the same
number of cells. Immunoprecipitation (IP) was performed with anti-FLAG beads followed by Western blotting (WB) with anti-HA and anti-USP7 antibodies. C,
UVSSA-deficient Kps3 cells were transfected with pcDNA3.1-FLAG-HA-tagged UVSSA(WT), UVSSA(P251A), or UVSSA(S254A). Immunoprecipitation was per-
formed as described in B followed by Western blotting with anti-USP7, anti-UVSSA, and anti-CSA antibodies.

UVSSA-USP7 Interaction in Transcription-coupled Repair

13776 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 26 • JUNE 24, 2016



RNA synthesis recovered almost completely, i.e. to �100% of
the level in non-irradiated cells (Fig. 5F). By contrast, S254A
and Kps3 cells did not exhibit a recovery of RNA synthesis at
this time point (�8 and �6% of the level in non-irradiated cells,
respectively). Thus, S254A cells are deficient in TC-NER.

Discussion

To investigate the interaction between UVSSA and USP7, we
used a baculovirus system to express UVSSA and USP7 and
showed that the UVSSA-USP7 complex was detectable in the
infected cells. In preliminary experiments using an Escherichia
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coli expression system, almost all UVSSA was insoluble; conse-
quently, we were unable to purify the protein as a soluble frac-
tion. However, the UVSSA-USP7 complex and both constitu-
ent proteins could be purified using the baculovirus system, and
purified USP7 and UVSSA-USP7 had deubiquitination activity.

As shown in Fig. 2, the deubiquitination activity of USP7 was
suppressed by interaction with UVSSA. Kinetic analysis
revealed that this inhibition was non-competitive. These
results agree with the observation that the UVSSA-binding
region of USP7 is the TRAF domain rather than the catalytic
domain (Fig. 3). The TRAF domain functions as a substrate-
binding domain (24, 25), and we used ubiquitin-rhodamine 110
as a substrate in these experiments; however, the mode of sup-
pression may change when physiological substrates are used. In
TC-NER, it remains unclear which ubiquitinated proteins are
physiological substrates for USP7. Because Pol II and CSB are
ubiquitinated (29, 30), these proteins are candidate substrates.
Regulation of ubiquitination by USP7 may play important roles
in TC-NER, and UVSSA may influence the activity of USP7 in
this pathway.

We then identified the binding regions of UVSSA and USP7.
The TRAF domain of USP7 bound to the central region (resi-
dues 151– 495) of UVSSA (Fig. 3), and a TRAF-binding motif of
UVSSA (residues 251–254) was required for the interaction.
Given that ubiquitinated p53 and MDM2 are substrates for
USP7 (31–33), it is possible that UVSSA is also a USB7 sub-
strate. Consistent with this, UVSSA is monoubiquitinated (17),
and we showed here that, in the absence of the USP7 interac-
tion, UVSSA was degraded by the ubiquitin-proteasome sys-
tem. Although it remains unclear how USP7 regulates the sta-
bility of UVSSA, it is likely that USP7 protects UVSSA from
degradation by directly cleaving the polyubiquitin chain of
UVSSA. Alternatively, USP7 may negatively regulate the ubiq-
uitin ligase that ubiquitinates UVSSA that remains to be
identified.

In a previous study, we showed that in cells transfected with
siRNA targeting USP7 (USP7 siRNA cells) the levels of both
USP7 and UVSSA were reduced (16). The amount of UVSSA
mRNA was not altered in USP7 siRNA cells, and UVSSA was
restored to wild-type levels by treatment with MG132. Con-
versely, knockdown of UVSSA did not decrease the level of
USP7. These results indicated that USP7 protects UVSSA from
degradation by the proteasome. In this study, we showed that
an amino acid substitution (S254A) in the USP7-binding re-
gion of UVSSA abolished the interaction with USP7. In
UVSSA(S254A)-expressing cells, the mutant UVSSA was rap-
idly degraded, and the level of CSB was also greatly reduced
after UV irradiation. Furthermore, these cells were hypersensi-
tive to UV light and deficient in recovery of RNA synthesis after
UV irradiation. These phenotypes resemble those of UVSSA-
deficient cells (Fig. 6). Thus, these findings demonstrate that
the interaction between UVSSA and USP7 is important for the
stability of UVSSA and thus for efficient TC-NER.

Our studies using truncated proteins revealed that the cen-
tral region of UVSSA is required for the interaction with USP7.
The N-terminal VHS domain of UVSSA is essential for its inter-
action with TFIIH and CSB following UV irradiation (18) and is
also required for the interaction with CSA irrespective of UV

irradiation. Moreover, the region of UVSSA containing resi-
dues 400 –500 was required for the interaction with TFIIH (22).
Interestingly, the interaction of UVSSA with CSA(W361C),
which was derived from a UVSS patient (14), is greatly reduced,
and UVSSA does not accumulate in the chromatin fraction
after UV irradiation in CSA(W361C)-expressing cells (22).
Taken together, our findings demonstrate that UVSSA plays a
key role in connecting USP7 with TC-NER factors such as CSA,
CSB, and TFIIH.
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