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Abstract

In mammalian cells, the bulky DNA adducts caused by ultraviolet radiation are mainly repaired via the nucleotide excision
repair (NER) pathway; some defects in this pathway lead to a genetic disorder known as xeroderma pigmentosum (XP).
Ribosomal protein S3 (rpS3), a constituent of the 40S ribosomal subunit, is a multi-functional protein with various extra-
ribosomal functions, including a role in the cellular stress response and DNA repair-related activities. We report that rpS3
associates with transcription factor ITH (TFIIH) via an interaction with the xeroderma pigmentosum complementation group
D (XPD) protein and complements its function in the NER pathway. For optimal repair of UV-induced duplex DNA lesions,
the strong helicase activity of the TFIIH complex is required for unwinding damaged DNA around the lesion. Here, we show
that XP-D cells overexpressing rpS3 showed markedly increased resistance to UV radiation through XPD and rpS3 interac-
tion. Additionally, the knockdown of rpS3 caused reduced NER efficiency in HeLa cells and the overexpression of rpS3
partially restored helicase activity of the TFIIH complex of XP-D cells in vitro. We also present data suggesting that rpS3 is
involved in post-excision processing in NER, assisting TFIIH in expediting the repair process by increasing its turnover rate
when DNA is damaged. We propose that rpS3 is an accessory protein of the NER pathway and its recruitment to the repair
machinery augments repair efficiency upon UV damage by enhancing XPD helicase function and increasing its turnover rate.
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Abbreviations Introduction

CPD  Cyclobutane pyrimidine dimer

NER  Nucleotide excision repair Cells are under constant attack by various agents that
rpS3  Ribosomal protein S3 generate DNA damages, which, if unrepaired, can lead
TFIIH Transcription factor IIH to mutations as well as genomic instability and cell death
XP Xeroderma pigmentosum or tumorigenesis [1]. Among the various causes of DNA

damage, ultraviolet (UV) radiation, which is abundant in
sunlight, causes structural aberrations in DNA, includ-
ing 6-4 photoproducts (6-4PPs), cyclobutane pyrimidine
dimers (CPDs), and inter/intra-strand DNA crosslinks [2].
Cells are equipped with an array of specific mechanisms
to repair and minimize any debilitating effects of DNA
damage [3-5]. In mammalian cells, bulky DNA lesions
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damaged DNA [7] and, upon confirmation of a lesion,
it creates a “bubble” around the lesion by utilizing its
ATPase/DNA helicase activities [8, 9]. Two DNA endo-
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strand containing damages [10, 11]. Finally, the result-
ing gap formed in the DNA, which is approximately 33
nucleotides (nt) long, is filled in by DNA polymerase and
ligase [11]. Successful NER cannot be achieved if one part
of the NER machinery is defective. Defects in the NER

machinery are associated with several serious hereditary
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diseases, including xeroderma pigmentosum (XP), Cock-
ayne syndrome (CS), and trichothiodystrophy (TTD) [12,
13]. Patients with these diseases usually exhibit severely
reduced NER activities and hypersensitivity toward UV
light [14].
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«Fig. 1 Overexpression of rpS3 confers UV resistance to GM08207
XP-D cells. a—e GM08207 XP-D cells were transfected with the
FLAG-tagged empty plasmid vector (GM-FLAG), plasmid with
FLAG-tagged XPD (GM-FLAG-XPD) or FLAG-tagged rpS3 (GM-
FLAG-S3), and the expression level of FLAG-tagged proteins were
checked using western blot (a). (b, ¢) The transfected cells were
irradiated with UV-C with indicated doses. After 7 days, cells were
fixed and stained with crystal violet dye to count colonies (b). Col-
ony-forming abilities are represented as the averages of the percent
of colonies formed by an unirradiated control. Data are from three
separate experiments (c¢). Errors bars represent standard deviations.
Y-axis is in a logarithmic scale with factor of 10. d, e The trans-
fected cells were irradiated with 0 or 5 J/m? of UV-C and incubated
for the indicated times. Genomic DNA was extracted from cells, 2 pg
of DNA was dot-blotted, and immunoblotting was performed with
anti-CPD monoclonal antibody. Percentage of unrepaired CPD (the
ratio of remaining CPD in 24 h to 30 min after UV-C treatment) were
shown as a graph in (e). Error bars represent standard deviations (*: p
value <0.05)

Ribosomal protein S3 (rpS3) is a member of the 40S
small ribosomal subunit, and, besides its basic role as part
of the ribosome’s translational machinery, it has extra-
ribosomal functions; rpS3, also known as UV endonu-
clease III, cleaves DNA with abasic (AP) sites and thy-
mine glycol lesions generated by UV damage so that
it participates in basic excision repair (BER) [15, 16].
rpS3 is reported to be involved in AP DNA processing in
eukaryotic cells [17, 18]. Also, treatment with exogenous
rpS3 provides protection of mouse skin cells against UV
irradiation [19, 20]. Additionally, rpS3 is involved in the
oxidative stress-induced mitochondrial DNA damage
response in mammalian cells [21]. In addition to these
DNA repair-related functions, rpS3 participates in the
stress response and cell cycle control [22], involved in
protein quality control and ribosomal stress response [23,
24], and can induce apoptosis through JNK activation by
its association with TRADD [25]. Also, rpS3 is reported
to be associated with NM23-H1 and reduces the rate of
metastasis via inhibition of ERK pathway and MMP-9
secretion [26]. Furthermore, rpS3 interacts with NF-kB
to participate in the non-canonical NF-kB pathway dur-
ing bacterial infections [27, 28]. These reports suggest a
role of rpS3 as a cellular regulator that fine-tunes various
processes involved in DNA damage and stress responses.

In this study, we present a novel role of rpS3 in the
NER pathway. Through its upregulation and associa-
tion with the TFIIH complex, rpS3 increases the effi-
ciency of UV damage repair. Higher expression of rpS3
confers increased resistance to UV irradiation in the
XP-D patient-derived cell strain. We show that rpS3 is
a helper protein of the NER machinery, augmenting its
repair activity by accelerating the turnover rate of its core
complex.

Results

RpS3 overexpression increases UV resistance
in GM08207 XP-D cells

XP patients are severely sensitive to UV light due to
defective NER. To investigate the possible role of rpS3
in UV-induced DNA damage processing, we performed
a colony-forming assay and MTT assay. The GM08207
XP-D cell line, which is a transformed human fibroblast
cell line derived from an XPD patient, has a point mutation
in the XPD gene (ERCC?2) at the arginine 683 (R683) resi-
due that converted into tryptophan (R683W) and severely
reduces the helicase activity of the XPD protein. We
transiently transfected XP-D cells with an empty vector,
plasmids expressing FLAG-tagged rpS3, or FLAG-tagged
wild-type XPD protein (Fig. 1a), followed by irradiation
with UV-C from 1-4 J/m? and incubated for 7 days until
the appearance of colonies. HeLa cells were used as a
wild-type XPD control. Colonies were counted for each
set, and colony formation was expressed as the relative
percentage to unirradiated cells (Fig. 1b). As expected,
XP-D cells transfected with wild-type XPD protein (GM
FLAG-XPD) showed markedly increased UV-resistance
compared to the control cells (GM08207). Interestingly,
we found that cells overexpressing rpS3 (GM FLAG-
S3), while not as much as XP-D cells expressing wild-
type XPD, have also increased resistance to UV radiation
compared to the control cells. We also exposed cells with
5 J/m? of UV-C and tracked cell survival rates using an
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide)-formazan assay (Supplementary Fig. 1). In
agreement with the results shown in Fig. 1b, both XP-D
cells expressing wild-type XPD protein and the cells over-
expressing rpS3 exhibited increased cell survival after UV
irradiation compared to control cells. These results reveal
that the UV resistance of XP-D cells was enhanced by the
expression of wild-type XPD or rpS3; while not as much
as the wild-type XPD protein does, rpS3 overexpression
in XP-D cells moderately increased cell survival after UV
irradiation.

rpS3isinvolved in NER

As the rapid repair of UV-induced DNA damage via
the NER pathway is key to UV resistance and cell sur-
vival, we investigated the possibility of rpS3 involvement
in NER. We performed a genomic DNA dot blot assay
against anti-CPD antibody (Fig. 1c, d). We transfected
GMO08207 cells with an empty vector, a vector bearing
FLAG-tagged rpS3, or wild-type XPD. HeLa cells were
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also used as a positive control. After exposing each cell
type to 5 J/m? UV-C radiation, cells were incubated up to
24 h to allow processing and repair of UV-induced dam-
age. Then, the genomic DNA was extracted and subjected
to dot blot analysis using an anti-CPD antibody to meas-
ure the remaining unrepaired lesions. Twenty-four hours
after irradiation, XP-D cells overexpressing the wild-type
XPD protein had improved UV damage repair capability
in comparison to cells expressing the empty vector. Cells
overexpressing FLAG-rpS3, while not as much as the cells
transfected with wild-type XPD, showed an increase in
UV damage removal compared to control cells. This result
agrees with the Fig. 1b and suggests that rpS3 is involved
in the UV-damage repair mechanism.
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Fig.2 Knockdown of rpS3 in HeLa cells increases UV sensitiv-
ity and decreases CPD repair. a, b HeLa cells were transfected with
10 pmol of either scrambled or two rpS3-specific siRNAs each tar-
geting different sequences and harvested after 24 h. Cell lysates were
immunoblotted with anti-rpS3 antibody. Anti-tubulin antibody was
used as an internal control (a). The siRNA transfected cells were irra-
diated with 5 J/m? of UV-C and incubated for the indicated amounts
of time. Cells were then subjected with MTT assay; relative cell
survivals are averages of fold absorbance at 595 nm relative to the
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To further confirm the involvement of rpS3 in UV dam-
age processing, we treated cells with rpS3-specific siRNAs
(Fig. 2a) and measured cell survival using the MTT assay.
The result revealed that HeLa cells transfected with si-rpS3
have reduced resistance to UV damage compared to control
cells (Fig. 2b). Furthermore, we examined processing kinet-
ics using the alkaline comet assay (Fig. 2c). As an essential
step of the NER process, approximately 27 to 33 nucleotides
(nts) long DNA single strands containing UV lesions (CPD
or 6-4PP) must be excised by XPF and XPG nucleases,
therefore generating temporary single-strand chromosomal
gaps [29]. These can be studied by the alkaline comet assay
to reveal the transient ssDNA intermediates created during
the NER process [30], thus, indirectly measuring the rate
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absorbance of unirradiated controls. Error bars represent standard
deviations (b). ¢, d HeLa cells transfected with scrambled or two
pS3 siRNAs were irradiated with 20 J/m? of UV-C after 24 h post-
transfection, incubated in 37 °C, and harvested after 60 min. Cells
were embedded in low-gelling point agarose, and an alkaline comet
assay was performed (c). The tail moment was calculated using Com-
etScore Software (Tritek Corp.), and results are shown as a graph in
(d). (%, **: p value <0.05)
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of UV-damaged DNA processing via NER machinery—the
more robust NER, the more the ssDNA gaps are generated.
HeLa cells were transfected with either scrambled siRNA
or two siRNAs specific to rpS3 (Fig. 2a), and, after 24 h,
cells were UV-C irradiated with 20 J/m?. Cells were gen-
tly harvested with 0.05% Trypsin—EDTA, and the alkaline
comet assay was performed (Fig. 2c). Cells with reduced
rpS3 expression showed a significant decrease in the tail
moment (Fig. 2d), indicating a reduced damage process-
ing rate compared to control cells. In line with the previous
results, knockdown of rpS3 caused reduced tail moments
after UV exposure, implying that rpS3 has a role in the NER
pathway as knockdown of rpS3 caused reduced NER effi-
ciency. These results demonstrate that rpS3 is involved in the
rapid processing of UV-induced lesions and its knockdown
impairs DNA damage removal in vitro.

rpS3 associates with the TFIIH complex

As rpS3 overexpression confers UV resistance to XP-D
cells and knockdown of rpS3 resulted in decreased DNA
damage processing, we examined the molecular interac-
tions between rpS3 and core NER machinery, TFIIH. We
performed a co-immunoprecipitation assay using anti-
bodies specific to XPD and XPB, which are the two core
components of TFIIH, and found that rpS3 was interact-
ing with the TFIIH complex proteins (Fig. 3a). Recipro-
cally, immunoprecipitation using an rpS3 antibody also
showed that rpS3 associates with XPD and XPB proteins
(Fig. 3b). Furthermore, the interaction between XPD and
rpS3 appeared to increase after UV-irradiation (Fig. 3c).
It is reported that the C-terminal domain of XPD, which
contains a helicase domain, is responsible for most XPD
diseases and the R683W mutation, in particular, is fre-
quently found in XPD patients [31], including GM08207
cells used in this study. To investigate whether the inter-
action between rpS3 and XPD was altered in cells with
an XPD phenotype, we compared the levels of interac-
tion between rpS3 and XPD using wild-type cells and
XP-D phenotype cells using co-IP (Fig. 3d). GM08207
cell, which contains R683W mutant XPD protein, has
markedly reduced interaction with rpS3. Also, we co-
transfected 293 T cells with FLAG-S3 with GFP-tagged
wild-type XPD or GFP-XPD R683W and performed co-
immunoprecipitation assay using anti-FLAG antibody and
subsequently immunoblotted with anti-GFP antibody or
anti-FLAG antibody (Fig. 3e). In both experiments, the
R683W mutant XPD proteins were still able to interact
with rpS3, but the interaction of the wild-type XPD protein
with rpS3 was stronger. This result suggests the possibility
of an interaction between the C-terminal helicase domain
of XPD and rpS3. Additionally, using immunofluores-
cence and micropore UV-irradiation assay ([32, 33]), we

visualized the interaction between rpS3 and XPD protein
via fluorescence microscopy. Cells were irradiated with
100 J/m? of UV-C through a 2 um isopore polycarbonate
filter to induce localized lesions within the nucleus, and
after 60 min, cells were fixed and incubated with rpS3 and
XPD- and XPB-specific antibodies. We found that after
micropore UV irradiation, rpS3 formed foci with XPD
and XPB within the nucleus, indicating that rpS3 indeed
interacts with UV-damage repair foci within the nucleus
(Fig. 3f).

To further confirm the presence of rpS3 in the NER
repair complex, we performed an electrophoretic mobility
shift assay (EMSA) using a DNA probe containing a UV-
damaged lesion. To use as a substrate, we designed a 110-bp
stretch of DNA with a single EcoRI restriction enzyme site
at the center (Fig. 4a). The substrate DNA was irradiated
with 500 J/m? of UV-C to induce thymine dimer formation
at the EcoRI site, and results showed that EcoRI was not
able to cleave the DNA due to the presence of cyclobutane
UV damage at the two thymidine residues within the restric-
tion site (Fig. 4b, c). We radiolabeled the UV-irradiated and
unirradiated DNA substrates at the 5’ end with [7—32P] ATP
and mixed them with the cell-free extract from HeLa cells.
The shifted band (complex 1) only appeared in the mixture
of UV-irradiated DNA fragments (Fig. 4d), and its intensity
increased as more cell-free extracts were added. Complex
1 disappeared when the non-radiolabeled, UV-irradiated
substrate (cold competitor) was added (Fig. 4e), showing
that complex 1 is indeed a DNA—protein complex, which
specifically binds to UV-damaged DNA. To identify whether
complex 1 contains both of XPD and rpS3, a supershift
assay was performed (Fig. 4f). The cell-free extract from
the pcDNA-FLAG-XPD-transfected HeLa cells was mixed
with the damaged DNA probe and anti-FLAG or anti-rpS3
antibodies. The supershifted bands (complex 2) in lanes 1
and 3 of Fig. 4f demonstrated that complex 1 contained XPD
and rpS3. Additionally, to illustrate the influence of mutant
XPD on the association of rpS3 to damaged DNA, pcDNA-
FLAG-XPD R683W was also transfected into HeLa cells.
As shown in lane 4 of Fig. 4f, mutant XPD still interacted
with damaged DNA, but the interaction with rpS3 (lane 6)
was weaker than that of the wild type (lane 3). These results
show that rpS3 and XPD interact along CPD-containing
DNA, strongly implying that they work cooperatively to
repair damaged DNA. Also, the interaction of these proteins
appears to occur only on CPD-containing DNA. While the
binding affinity of mutant XPD to CPD-containing DNA
was comparable to that of wild-type XPD, rpS3 binding to
CPD-containing DNA was stronger in the presence of wild-
type XPD than with mutant XPD. This suggests that the
interaction between rpS3 and TFIIH is dependent on XPD
and the mutation of XPD’s helicase domain weakens interac-
tion between XPD and rpS3.
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« Fig.3 rpS3 interacts with XPD. a Nuclear extract (500 pg) from HeLa cells was immunoprecipitated (IP) with anti-XPB antibody, anti-XPD
antibody, and normal mouse IgG as a control. The IP fraction was immunoblotted with anti-XPB, anti-XPD, anti-p62, and anti-rpS3 antibod-
ies. Molecular weight is indicated with arrows. b Nuclear extract (500 pg) obtained from HeLa cells was immunoprecipitated with anti-rpS3
antibody and normal rabbit IgG. The IP fraction was immunoblotted with anti-XPB, anti-XPD, and anti-rpS3 antibodies. ¢ HeLa cells were
irradiated with 10 J/m2 of UV-C, and after 1 h, cells were harvested, and nuclear fractions were isolated. Co-IP assay using XPD antibody was
performed with nuclear extracts from unirradiated and radiated cells, and IP fraction was immunoblotted with antibodies indicated (upper panel).
Co-IP level of rpS3 was quantified from triplicate experiments and shown here as a graph (lower panel). d Using HeLa cells and GM08207
XP-D cells, co-IP assay was performed with anti-XPD antibodies. Cells were irradiated with 10 J/m2 of UV-C, and after 1 h, cells were har-
vested and whole cell lysates were collected. With each lysate, co-immunoprecipitation assay was performed using anti-XPD antibody (upper
panel). Co-IP level of rpS3 of each sample was quantified from triplicate experiments and shown as a graph (lower panel). e pcDNA FLAG-S3
was co-transfected with pEGFP-C1(GFP), pEGFP-XPD(XPD), or pEGFP-XPD R683W(R683W) into 293 T cells. Transfected 293 T cell lysate
was immunoprecipitated with anti-FLAG antibody. Input and IP fractions were subsequently immunoblotted with anti-FLAG antibody and anti-
GFP antibody. The resulting bands are indicated by arrows (upper panel). The amount of interaction between FLAG-rpS3 and GFP-tagged
proteins from three separate experiments was quantified and shown as a graph (lower panel). f HeLa cells were covered with 2 um polycarbon-
ate isopore filter and irradiated with 100 J/m? of UV-C to induce localized UV-damage foci in the nucleus and fixed after 60 min using formal-
dehyde. Cells were incubated with anti-rpS3, anti-XPD, or anti-XPB antibodies and appropriate fluorescence-conjugated secondary antibodies.
Cells were then visualized with immunofluorescence using a Carl Zeiss AXIO Z1 fluorescence microscope

Fig.3 (continued)
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The schematic of the DNA oligo probe used is illustrated. a 110-
bp probe contains a single EcoRI restriction site at the center of the
probe. b Substrate was irradiated with UV-C with indicated inten-
sities from 0 to 500 J/m% After irradiation, 1 ug of each DNA was
incubated with EcoRI restriction enzyme for 30 min in 37 °C and
visualized using agarose gel with EtBr staining. The arrow indi-
cates undigested (damaged) DNA. ¢ 1 pg of unirradiated and irradi-
ated DNA substrate was dot-blotted on charged nylon membrane and
probed with antibody specific to CPD-containing DNA (upper panel),
with methylene blue staining showing the total DNA (lower panel).
d Undamaged and damaged DNA probes labeled with [y-32P] ATP
were mixed with nuclear extracts prepared from HeLa cells. Nuclear
extract (10 or 20 pg) was mixed with 0.3 pmol of undamaged DNA
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C1 represents complex 1. (E) Damaged DNA probe and nuclear
extract were loaded in lanes 1 and 2, respectively. Nuclear extract
(15 pg) was mixed with 0.3 pmol of damaged DNA probe (lane 3),
and the indicated amounts of unlabeled (cold) damaged DNA were
added as competitors (lanes 4 and 5). C1 represents complex 1. (F)
Nuclear extracts (15 pg) obtained from the indicated plasmid-trans-
fected HeLa cells were mixed with 0.3 pmol of damaged DNA probe.
Anti-FLAG antibody (lanes 1 and 4), normal rabbit serum (lanes 2
and 5), and anti-rpS3 antibody (lanes 3 and 6) were added to these
mixtures for the supershift assay. C1 and C2 represent complex 1 and
complex 2, respectively
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Molecular interactions between rpS3 and XPD

To determine the binding site of rpS3 with XPD, we per-
formed an in vitro binding assay using serial-deletion
mutants of rpS3 (Fig. 5a, b). Interestingly, mutant rpS3
lacking residues of 85-96 amino acids were not able to
bind with XPD as the full-length (WT) rpS3 protein, and
only the mutant rpS3 containing 85-96 amino acids intact
(GST-S3-C74) were able to bind properly with XPD
(Fig. 5b). This result shows that the residues between the
85-96 amino acids are required for the proper interaction
between rpS3 and XPD. Therefore, we introduced point
mutations into each of the residues in this region of rpS3 and
found that a mutation in the glycine 95 to alanine (G95A)
reduced the interaction between rpS3 and XPD (Fig. 5¢). It
is reported that TFIIH subunit protein p44, which directly
interacts with XPD and regulates its helicase function, has
several binding sites required for proper XPD interaction,
and one of the critical residues required for proper bind-
ing is glycine 200 (G200) of p44 [34]. Incidentally, the
protein sequence around the XPD-binding site of G200 of
p44 shows a remarkable similarity to that of the putative
XPD-binding site of rpS3 (Fig. 5d); therefore, it is possible
that rpS3 shares similar binding mechanics with p44. We
transfected HeLa cells with either FLAG-tagged wild-type
rpS3 or FLAG-tagged G95A mutant rpS3 and performed
co-IP assay to measure the interaction between rpS3 and
XPD protein (Fig. 5e). As in the result in vitro, G95A mutant
form of rpS3 abolished the interaction (Fig. 5f). Further-
more, to see whether this mutation affects the involvement of
rpS3 in UV-damage repair, we transiently transfected XP-D
cells with FLAG-tagged wild-type rpS3 and FLAG-tagged
G95A mutant rpS3 (Fig. 5g) and performed a dot blot assay
to assess the effect on UV damage repair (Fig. Sh, i). The
result showed that while rpS3 overexpression enhances UV
lesion repair in XP-D cells (Figs. le, 5i), a mutation in its
XPD-binding site at G95 to alanine abolished this effect,
indicating that rpS3 indeed interacts with XPD via the G95
residue. When a mutation is present on this residue, the pro-
teins can no longer form a stable complex, which in turn
abrogates the involvement of rpS3 in UV-damage repair. We
also investigated the possible effect of G95A mutation of
rpS3 on global cellular translation by using **S-methionine
labeling assay (Supplementary Fig. 2). Cells were co-trans-
fected with either FLAG-tagged wild-type rpS3 or G9SA
mutant form of rpS3, along with siRNA which specifically
targets the 3’ untranslated region of endogenous mRNA of
human rpS3, which is absent in the plasmid containing rpS3,
therefore targeting only the endogenous rpS3. Western blot
analysis has revealed that endogenous rpS3 was almost com-
pletely depleted, and FLAG-tagged exogenous rpS3 proteins
were not affected, as expected (Supplementary Fig. S2c).
Forty-eight hours after transfection, cells were treated with

35S-methionine-containing culture medium, and the result-
ing cell lysates were analyzed with phosphor-imager (Sup-
plementary Fig. S2b). However, G95A mutant appears to
have no negative effect on cellular translation label, sug-
gesting that its role is limited in the UV-damage processing.

rpS3 augments XPD helicase activity and is involved
in TFIIH turnover

We have shown here that XPD interacts with rpS3 and that
these proteins associate with CPD-containing DNA. The
XP-D cell is characterized by having a mutated XPD gene,
leading to the expression of an R683W mutant XPD protein,
which has severely reduced helicase activity [35]. The reduc-
tion in helicase activity results in a NER defect in XP-D
cells. Collectively, these data indicate that the recovery of
the NER deficiency in XPD cells by rpS3 may result from
the complementation of helicase activity. To determine the
mechanism of the complementation by rpS3, the helicase
activities of XPD, XPD R683W, and rpS3 were tested. We
used a 20-bp DNA duplex with a 12-nt 5’ single-stranded
overhang as shown in Fig. 6a. The nuclei were extracted
from HeLa and XP-D cells, and using anti-XPD antibody-
conjugated beads, XPD protein was purified (Fig. 6b). The
XPD protein prepared from XP-D cells showed severely
reduced 5’ to 3’ helicase activity compared to that of wild-
type XPD purified from HeLa cells (Fig. 6¢). To investigate
the role of rpS3 in the helicase activity of XPD, recombinant
GST-tagged rpS3 was added to the helicase reaction mixture
(Fig. 6d). Surprisingly, the addition of exogenous rpS3 not
only augmented the helicase activity of the wild-type TFIIH
complex but increased the helicase activity of mutant XPD.
As shown in Fig. 3d, f, while the mutant form of XPD has
weaker interaction with rpS3, still the mutation of XPD does
not completely inhibit the interaction between two proteins.
These results indicate that rpS3 assisted the 5’ to 3" helicase
activity of both wild-type and mutant XPD and suggests that
rpS3 complements the defective NER through an increase in
the DNA-unwinding activity in XP-D cells.

We also investigated the possibility that rpS3 is involved
in the turnover rate of TFIIH. It had been reported that after
dual incision by XPG and XPF, excised lesion-containing
oligos of approximately 22 to 33 nt form a stable complex
with TFIIH, which can remain in the nuclei for up to 6 h,
possibly limiting the turnover rate of the NER machinery
[29, 36]. To investigate whether rpS3 has a role in a post-
excision NER event, cells were irradiated with 30 J/m? of
UV-C and harvested after incubating for 2 h. Cells were
subsequently lysed, and the TFIIH complex was immuno-
precipitated using anti-XPD antibody, and immobilized on
protein-G agarose beads. The beads were incubated with
either GST or GST-rpS3 for 30 min and thoroughly washed
before elution. The eluates were digested with proteinase K
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«Fig.5 XPD binding domain of rpS3. a Schematics of the GST-
tagged rpS3 deletion mutant used. Numbers indicate the position of
the amino acid compared to the full length rpS3 protein. b In vitro
binding assay using an rpS3 deletion mutant. HeLa nuclear lysates
(0.5 mg) were incubated with 1 pg of each rpS3 deletion mutants
(lower panel), and the resulting complex was pulled down using
glutathione-sepharose beads. The beads were eluted, western-blot-
ted, and probed against anti-XPD antibody (upper panel). ¢ Various
point mutants of rpS3 were cloned into a GST-tag vector and puri-
fied (upper lane). Each purified mutant was incubated with HeLa
nuclear extracts, and an in vitro pull-down assay was performed. d
Comparison between the XPD binding site of p44 and the putative
XPD binding site of rpS3 (bold, underlined). Sequence similarity was
calculated using Clustal Omega and noted as asterisks (identical),
colons (high similarity), and dots (low similarity). e, f HeLa cells
were transfected with pcDNA-FLAG, pcDNA-FLAG-rpS3 (FLAG-
S3), and pcDNA-FLAG-rpS3:G95A (FS3:G95A), and after 48 h,
cells were harvested, and immunoprecipitation was performed using
FLAG antibody. The IP fraction was blotted with indicated antibod-
ies. The experiment was triplicated, and relative level of co-immuno-
precipitated XPD was quantified and shown here as a graph (f). H.C.
heavy chain. g-i GM08207 XP-D cells were transiently transfected
with pcDNA-FLAG-rpS3 and pcDNA-FLAG-rpS3:G95A (g), and
dot blotting was performed to measure the efficiency of UV-induced
CPD removal (h, i). (*: p value <0.05)

to eliminate all proteins, purified by phenol extraction and
pelleted by ethanol precipitation. The resulting DNA pellets
were resuspended in 1 X TBE buffer, blotted on a charged
nylon membrane, and probed against a CPD antibody
(Fig. 6e). The result shows that after UV irradiation, the
immunoprecipitated TFIIH complex contained DNA with
CPD lesions as previously reported [29, 36], and the addition
of exogenous rpS3 removed CPD-containing DNA from the
immunoprecipitated complex, suggesting that rpS3 played a
role in a post-excision NER event by helping TFIIH remove
excised DNA fragments and thus increasing its turnover rate
and expediting the NER process.

Discussion

The results from this study suggest that rpS3 and XPD work
as partners in the TFIIH complex, with rpS3 assisting the
helicase activity of XPD in the NER process. The XPD pro-
tein has robust 5’ to 3’ helicase activity but XPD R683W
does not [35, 37]. However, the addition of the rpS3 protein
significantly increased the 5' to 3’ helicase activity of the
wild-type and/or mutant XPD. The translation machinery is
highly efficient at unwinding the helical structure of mRNA
during translation elongation [38]. In addition to this, the
ribosome itself is an mRNA helicase, and rpS3 and rpS4
may play a role in unwinding mRNA in prokaryotes [39].
Collectively, it is suggested that rpS3 may function in the
efficient translation of mRNA by using its helicase-associ-
ated activity, as well as in the progression of efficient NER
by assisting with the helicase activity of XPD.

It is well known that CPD is repaired through the NER
pathway in mammalian cells [40]. We demonstrated here
that rpS3 is involved in NER by aiding in the helicase activ-
ity of XPD. However, rpS3 acts as DNA repair endonuclease
and cleaves the phosphodiester bond within a CPD [15, 16].
This suggests the possibility that rpS3 may contribute to the
UV damage processing by cleaving phosphate backbone of
the CPD site, reducing the structural distortion induced by
the lesion and allowing easier access to the damaged DNA
for the repair enzymes, like the TFIIH complex.

In this report, we showed that interactions between rpS3
and the R683W XPD mutant are weaker than interactions
with the wild-type XPD protein, which suggests the interac-
tion between rpS3 and TFIIH complex requires a functional
XPD protein. The TFIIH complex was first isolated using a
phospho-cellulose column purification method [41]. Using
a similar technique, it was previously reported that the UV
endonuclease III activity, which is a major extra-ribosomal
function of rpS3, was found in the phospho-cellulose flow-
through fraction of wild-type cells, while fractions prepared
from XPD cells showed significantly lower activity com-
pared to the normal cells [15], even though the genomic
sequence of rpS3 gene is normal in the XP-D cells. There-
fore, the difference in phospho-cellulose column profiles of
UV endonuclease III activity between XPD cells and normal
cells may be caused by a difference in the binding affinity of
rpS3 to wild-type and mutant XPD.

Furthermore, we showed here that rpS3 assists XPD in
its helicase activity in the TFIIH complex via an interaction
with XPD. These results support the notion that rpS3 func-
tions as one of the helper proteins of TFIIH, augmenting the
processivity of NER machinery with the molecular interac-
tion between rpS3 and XPD. Also, despite the reduced level
of interaction between rpS3 and R683W mutant XPD, rpS3
was still able to interact with XPD weakly, and the level of
interaction between rpS3 and mutant XPD has increased
after UV irradiation (Fig. 3d). This interaction with rpS3
was still capable of augmenting the DNA-unwinding activity
of the mutant XPD protein (Fig. 6d). This suggests the pres-
ence of previously unknown molecular interaction between
XPD protein and rpS3 which augments helicase or ATPase
activity of XPD protein, which warrants further study. Fur-
thermore, the signal pathway which causes rpS3 to associate
with TFIIH through XPD remains to be elucidated.

In this paper, we demonstrated that the overexpression of
rpS3 complements the NER deficiency of XPD cells through
its interaction with XPD, which takes place on UV-dam-
aged DNA. This interaction enhances the helicase activity
of XPD. The TFIIH complex purified from HeLa cells con-
tained rpS3 whose decrease resulted in increased UV sen-
sitivity. Collectively, the data suggested that rpS3 interacts
with XPD, leading to its association with the TFIIH complex
and assistance in XPD helicase activity to repair damaged
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Fig.6 rpS3 augments TFIIH activity. (A) The nucleotide sequence
of the substrate used in the DNA unwinding assay is shown. The
DNA substrate had 20 bp, with a 12-nucleotide single-stranded tail.
The asterisk indicates the site labeled by the isotope. (B) The TFIIH
complex was immunopurified from nuclear extracts of HeLa and
GMO08207 cells using anti-XPD antibody-conjugated beads. Nuclear
extracts and immunopurified XPD were immunoblotted with anti-
XPD antibodies. ¢ The helicase assay was performed with an increas-
ing amount of purified XPD protein (1, 2, and 4 pg). Arrows indicate
the position of duplex DNA (ds) and unwound single strand DNA
(ss). d Using 2 pg of purified XPD protein, helicase assay was per-
formed with addition of 50 ng (+) or 100 ng (++) of GST or GST-
rpS3 (upper panel). Double-stranded substrate (ds) and unwound sin-
gle-stranded DNA (ss) are represented by arrows. The ratio between
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ssDNA and dsDNA was quantified from triplicate experiments and
shown here as a graph, with error bars as S.D (lower panel). e, f HeLa
cells were treated with 30 J/m? of UV-C and incubated in 37 °C for
2 h, and nuclear fractions were isolated and immunoprecipitated
using anti-XPD antibody. The mixtures were then incubated with
1 pg of GST or GST-rpS3 for 30 min at 37 °C. After washing, frac-
tion of the beads was saved and subjected to western blot analysis
(panel E, lower panels) and the remaining beads were subjected with
proteinase K digestion and phenol extraction. The DNA pellets were
ethanol precipitated and dot-blotted onto a strip of positively charged
nylon membrane. The presence of CPD-containing DNAs was
detected using anti-CPD antibody (panel E, top panel). The amount
of CPD coprecipitated with XPD was quantified from triplicates and
shown here as a graph, with error bars as S.D (panel F)
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DNA. However, to our knowledge, there are currently no
mouse model available which corresponds to the human
R683W mutation, so we could not test the model in vivo.

Previously, human rpS3 was effectively transduced into
skin cells by spraying on animals; the material was able to
penetrate the epidermis and the dermis of the skin [19, 42]
and increased resistance to UV-induced cell death [19] and
inflammation of the skin when exposed to chemical stimuli
[42]. Additionally, we recently reported that the DNA repair
domain of rpS3, after conjugating with a TAT sequence, was
able to protect human fibroblast cells from UV damage by
increasing damage repair activities [18, 20]. Together with
the results we have presented here, induction of exogenous
rpS3 proteins into XP patient skin cells could ameliorate
UV-induced cell damage, and this can be used as a novel
therapeutic target.

Materials and methods
Cell lines and culture condition

The GMO08207 cell line was obtained from the Coriell Insti-
tute cell repository. GM08207 is a transformed skin cell
line from an XP-D patient. One of the XPD alleles carries
a C-to-T substitution at nucleotide 2047 in the XPD cDNA
(C2047T), which results in a change from Arg-683 to Trp
(R683W), and the second allele of the XPD has a deletion of
78 nt in exon 3 beginning at nucleotide 106, resulting in the
deletion of amino acids 36 to 61 (DEL 36-61). And the cells
were maintained in Dulbecco’s Modified Eagle Medium
(DMEM, Thermo Fischer Scientific, USA) supplemented
with 10% fetal bovine serum (FBS, Thermo Fischer, USA)
and were incubated at 37 °C in a humidified atmosphere
containing 5% CO,. HeLa cells were maintained in DMEM
supplemented with 10% FBS and were incubated at 37 °C
in a humidified atmosphere containing 5% CO,. XPD cDNA
was kindly provided by Zhen-Qiang Pan, Ph.D. (Mount
Sinai School of Medicine, Ruttenberg Cancer Center, USA).
rpS3 specific siRNA was purchased from HAEL Lab, Korea
University.

In vitro GST pull-down assay and western blot
analysis

GST-fused rpS3 (pGEX-5X-1-rpS3) and its serial deletion
mutant was expressed in BL21 cells. Then, GST-tagged
proteins were immobilized to glutathione sepharose 4B
(Amersham Pharmacia, USA) and the GST-S3 bound glu-
tathione sepharose 4B was washed three times with 1 X PBS
and eluted with the GST elution buffer containing 0.1 M
of reduced glutathione and quantified. HeLa cell lysates
were incubated with the eluted recombinant proteins,

and GST-tagged proteins were pulled down using glu-
tathione—sepharose beads. Beads were washed thoroughly,
and SDS—polyacrylamide gel electrophoresis (SDS-PAGE)
was performed. Protein was transferred to nitrocellulose
membranes (BioRad, USA) and probed with indicated anti-
bodies. The antibodies used for western blot included rabbit
anti-rpS3 antibody (Ab) (HAEL Lab, Korea University),
anti-TFIIH p80 (sc-101174 and sc-271206), anti-TFIIH p89
(sc-271500), anti-TFIIH p62 (sc-25329) from Santa Cruz
Biotechnology, USA, and Horseradish peroxidase (HRP)
conjugated secondary antibodies (Sigma-Aldrich, USA).
Two siRNAs specific to rpS3, si-S3-777 and si-S3-796,
were obtained from HAEL Lab. Western blot results were
visualized using the BM chemiluminescence western blot-
ting substrate (POD) system (Roche, Swiss) and X-ray film
(Fujifilm, Japan).

Immunoprecipitation assay

293 T cells co-transfected with pPEGPF-XPD and pcDNA3.1-
FLAG-rpS3 were washed with 1 xPBS, resuspended in
buffer 1 (50 mM Tris—-HCI, pH 7.5; 150 mM NaCl; 1%
NP-40; 0.5% sodium deoxycholate; protease inhibitors
PMSF, leupeptin, aprotinin, and pepstatin A), and lysed
by sonication, twice with 10 s pulse, 70% output and 10 s
rest between each pulse. Mouse anti-FLAG Ab (Clone M2,
Sigma-Aldrich, USA) was added to each cell lysate and
incubated for 16 h at 4 °C on a rocking platform. Protein G
agarose resin (bed volume; 20 puL) was added for precipita-
tion and incubated for 3 h at 4 °C. After incubation, each
sample was washed in buffer 1 without protease inhibitors
on a rocking platform for 10 min at 4 °C. Samples were then
washed with buffer 2 (50 mM Tris—HCI, pH 7.5; 300 mM
NaCl, 0.1% NP-40; 0.05% sodium deoxycholate) for 10 min
and washed with buffer 3 (50 mM Tris—HCI, pH 7.5; 0.1%
NP-40; 0.05% sodium deoxycholate) for 10 min. After wash-
ing, each resin was mixed with 2 X protein loading buffer
and boiled and the sample was resolved by 10% SDS-PAGE
and transferred to a nitrocellulose membrane. Western blot-
ting was achieved using the previously described antibodies.
To determine which endogenous proteins were interacting,
nuclear extracts of HeLa and GM08207 cells were made by
incubating with hypotonic nuclear isolation buffer (20 mM
Tris—HCI, pH 7.5; 10 mM NacCl; 1.5 mM MgCl,; 0.1%
NP-40) and collecting nuclear fraction by centrifugation at
5,000 % g for 2 min, 4 °C. The nuclear fractions were lysed
with nuclear lysis buffer (HEPES—-NaOH pH 7.9; 100 mM
NaCl; 1% NP-40; 0.5 mM DTT) to yield nuclear lysates. The
nuclear lysates (500 pug each) were immunoprecipitated (IP)
with 2 pg of primary antibodies and analyzed as previously
described.
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UV-damaged DNA substrate

For UV-damaged DNA substrate, the multiple cloning site of
the pEGFP-C1 plasmid was subjected with the site-directed
mutagenesis to remove any double thymine (TT) sequences
around 100 base pairs upstream and downstream of the
EcoRI (GAATTC) restriction site at the multiple cloning
site (MCS), and using polymerase chain reaction (PCR), we
obtained a 110 bp long oligo containing one EcoRI restric-
tion site at the center. The resulting oligo with 110 bp was
UV irradiated (500 J/0.9 ug DNA), and the damaged DNA
was cut with 5 units of EcoRI (New England Biolabs, USA)
for 15 min at 37 °C and separated on a 3% agarose gel. The
uncut form of the damaged DNA was gel purified using an
electroelution method for further assay. The oligos were then
labeled with y-[*?P]ATP (PerkinElmer, USA) using T4 poly-
nucleotide kinase (New England Biolabs, USA).

Supershift assay

A supershift assay was performed as described (24) with
slight modifications. Nuclear fraction from HeLa cells that
were transfected with FLAG-XPD or FLAG-R683W was
isolated using hypotonic nuclear isolation buffer and lysed
with the nuclear lysis buffer. The resulting nuclear extracts
were mixed with labeled DNA (0.3 pmol, ~ 50,000 cpm for
each reaction). Mouse anti-FLAG Ab and rabbit anti-rpS3
Ab were added onto nuclear extracts resuspended in binding
buffer (50 mM HEPES, pH 7.9; 0.5 mM EDTA; 0.5 mM
DTT; 1% NP-40; 5% glycerol; 50 mM NaCl) with 2 ug
poly(dI-dC) and incubated for 10 min at 37 °C. The labeled
DNA was added onto the mixtures and incubated for 20 min
at 37 °C. The reaction mixtures were subjected to 6% non-
denaturing PAGE, and the gel was dried thoroughly. The
dried gel was then subjected to Fuji BAS-2500 Bio-Image
Analyzer system (Fujifilm, Japan) for analysis.

Dot blotting

HeLa, GM08207, and cells transfected with plasmids
expressing FLAG-tagged rpS3 or XPD were irradiated with
5 J/m? of UV-C and incubated for various times. Cells were
then harvested, and whole cell lysate was briefly incubated
with 20 pug of RNase A for 30 min and genomic DNA was
isolated from the cell lysates by digesting cell lysates with
10 pg of proteinase K with the presence of 0.5% SDS for
16 hin 55 °C. Isolated genomic DNA was cleaned up using
phenol extraction and ethanol precipitation and quantitated.
The purified genomic DNA (2 pg) was spotted onto a posi-
tively charged nylon membrane and baked for 2 h at 80 °C.
After blocking with 5% skim milk solution, dot blot was per-
formed using an anti-CPD antibody (Clone TDM2, Cosmo
Bio, Japan).
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Comet assay (SCGE, single-cell gel electrophoresis)

The comet assay was performed according to Singh et al.
[43] with minor modifications. Normal melting point aga-
rose (NMA, Amresco, USA) and low gelling point agarose
(LGP, Amresco, USA) were dissolved in PBS (Gibco BRL,
USA) using a microwave oven. In brief, clean glass slides
were precoated with 1% NMA and dried thoroughly for firm
attachment of LGP. Stable cells (50 uL) were incubated for
various times after irradiation with 0 J/m? or 5 J/m? of UVC
and mixed with 50 uL of 1% LMA. The coverslips were
added on top of the layer, and the slides were incubated on
ice for 20 min to completely solidify the gel. After removing
the coverslip, the slides were submerged in lysing solution
(2.5 M NaCl; 100 mM EDTA, pH 10; 10 mM Tris, pH 10;
1% Triton X-100) for 90 min. The slides were placed in
unwinding buffer (1 mM EDTA and 300 mM NaOH, pH
13) for 30 min, and electrophoresis was conducted using the
same solution for 30 min at 25 V and 300 mA (0.8 V/cm).
After electrophoresis, the slides were neutralized by washing
three times with neutralization buffer (400 mM Tris—HCI,
pH 7.4) for 10 min each and slides were fixed using ice-cold
ethanol for 5 min. Slides were air-dried and stained with 50
uL of 10 ug/mL ethidium bromide and were visualized using
an AXIO P1 fluorescence microscope (Carl Zeiss AG, Ger-
many). The resulting image was analyzed using Comet Score
2.0 analysis software (TriTek Corp., USA). Fifty randomly
chosen cells per slide were scored manually. The Olive tail
moment (% DNA x distance of the DNA center of gravity)
parameter was calculated.

UV micropore irradiation assay
and immunofluorescence

UV-micropore irradiation was performed according to the
methods published by Katsumi et al. [32], and the resulting
nuclear repair foci was visualized as published by Arab et al.
[33]. Cells were cultured on a coverslip within a 60 mm dish
until reaching 80% confluency. Cells were then washed twice
with PBS, and a polycarbonate isopore membrane filter with
2 um pore size (Millipore, Bedford, MA) was placed on
top of the cells. Cells were then irradiated with 100 J/m?
of UV-C, and after incubating 60 min in 37 °C, cells were
washed twice with ice-cold PBS, permeabilized with 0.5%
Triton X-100 in PBS for 8 min on ice, and then fixed with
3.8% formaldehyde in PBS for 15 min. After fixation, cells
were washed three times with ice-cold PBS and blocked
with 10% BSA with 0.1% Triton X-100 in PBS for 1 h at
room temperature. After blocking, cells were incubated
with primary antibodies with dilution range from 1:100 to
1:500 for 24 h at 4 °C (rabbit anti-rpS3 (R2), HAEL Lab;
mouse anti-XPD (sc-271206), Santa Cruz; mouse anti-XPB
(sc-271500), Santa Cruz), washed three times with PBS
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and further incubated with fluorescent-labelled secondary
antibodies (Alexa Fluor 488-conjugated goat anti-rabbit
IgG (ab150077), AbCam; Texas Red-conjugated goat anti-
mouse IgG (ab6787), AbCam) in 1:200 dilution for 1 h at
room temperature. After incubation of antibodies, cells were
washed twice with PBS and counter stained with DAPI and
further washed three times with PBS before mounting on a
slide glass, using a fluorescence mounting medium (DAKO,
Glostrup, Denmark). Mounted slides were visualized with
AXIO P1 fluorescence microscope equipped with ZEN anal-
ysis software suite (Carl Zeiss AG, Germany).

MTT assay

Cell viability was detected by an MTT assay, which was
based on the reduction of soluble yellow 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT),
a tetrazolium salt, to a purple MTT formazan product by
mitochondrial succinic dehydrogenase in the living cells.
After UV-C irradiation (5 J/m?), transfected GM08207 cells
(5% 10%well) were seeded in a 96-well plate for the assay.
MTT (5 mg/ml, 10 yL/well) was added, and the cells were
incubated for 4 h at 37 °C. To dissolve the formazan product,
sodium dodecyl sulfate (SDS) was added (100 uL., 10% SDS
in 0.01 N HCI) to each well and the absorbance at 595 nm
was measured using a plate reader.

Helicase assay

The oligonucleotide sequences used for the helicase sub-
strate were 5'-GCCGTAGTATGCACATCGAC-3' and
5''TACAGCTACCTAGTCGATGTGCATACTACGGC-3'.
These oligonucleotides can be annealed to form a DNA
duplex with a 12-nucleotide 5' tail. Prior to annealing, one
oligonucleotide was labeled with y—[32P]ATP at its 5’ end.
The reaction mixtures contained 25 mM Tris—acetate (pH
7.5), 10 mM magnesium acetate, | mM ATP, 1 mM DTT,
0.1 mg/ml BSA, 1 ng of duplex substrate, and each of the
immunoprecipitated proteins. The reaction mixtures were
incubated for 1 h at 30 °C. The reacted samples were run
on a nondenaturing 12% polyacrylamide gel, transferred to
a positively charged nylon membrane, and analyzed using
autoradiography.

DNA sequence data

Protein sequences of rpS3 (NCBI reference sequence
NP_000996.2) and p44 (NP_001351496.1) were obtained
from National Center for Biotechnology Information
(NCBI)’s Reference Sequence Database (RefSeq; http://ncbi.
nlm.nih.gov/refseq). Acquired sequences were then analyzed
using Clustal Omega sequence alignment tool (https://www.
ebi.ac.uk/Tools/msa/clustalo/).
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