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XPG is a causative gene underlying the photosensitive disorder xeroderma pigmentosum group G (XP-G) and is involved in nu-
cleotide excision repair. Here, we show that XPG knockdown represses epidermal growth factor (EGF)-induced FOS transcrip-
tion at the level of transcription elongation with little effect on EGF signal transduction. XPG interacted with transcription elon-

gation factors in concert with TFIITH, suggesting that the XPG-TFIIH complex serves as a transcription elongation factor. The
XPG-TFITH complex was recruited to promoter and coding regions of both EGF-induced (FOS) and housekeeping (EEFI1A1)
genes. Further, EGF-induced recruitment of RNA polymerase IT and TFIIH to FOS was reduced by XPG knockdown. Impor-
tantly, EGF-induced FOS transcription was markedly lower in XP-G/Cockayne syndrome (CS) cells expressing truncated XPG
than in control cells expressing wild-type (WT) XPG, with less significant decreases in XP-G cells with XPG nuclease domain
mutations. In corroboration of this finding, both WT XPG and a missense XPG mutant from an XP-G patient were recruited to
FOS upon EGF stimulation, but an XPG mutant mimicking a C-terminal truncation from an XP-G/CS patient was not. These
results suggest that the XPG-TFIIH complex is involved in transcription elongation and that defects in this association may

partly account for Cockayne syndrome in XP-G/CS patients.

ucleotide excision repair (NER) is an evolutionally conserved

DNA repair pathway that removes bulky helix-distorting
DNA damage, such as that induced by UV light (1). NER com-
prises two subpathways: global genome repair (GGR) and tran-
scription-coupled repair (TCR). GGR removes DNA lesions
throughout the genome, and TCR specifically removes them from
the transcribed strand of active genes. GGR and TCR differ only in
the way that they recognize DNA damage. GGR is initiated by
UV-DDB- and XPC/RAD23B-mediated recognition of helix dis-
tortions inflicted by DNA damage, whereas TCR-specific factors
are recruited when RNA polymerase ITo (RNAPIIo) stalls at a site
of DNA damage. Subsequent core reactions, including damage
excision, gap filling, and ligation, are common to both subpath-
ways (1).

Defects in NER lead to autosomal recessive genetic disorders,
such as xeroderma pigmentosum (XP) and Cockayne syndrome
(CS) (2). XP is characterized by increased sensitivity to sunlight
and development of skin cancer at an early age. Outside of patients
harboring mutations in XPV, who are defective in translesion syn-
thesis, seven complementation groups (XP-A to XP-G) that har-
bor mutations in XPA to XPG have been identified. CS is charac-
terized by cutaneous photosensitivity, growth failure, impaired
development of the nervous system, and premature aging but not
by a significant increase in skin cancer. Two complementation
groups have been identified in CS, termed CS-A and CS-B, which
harbor mutations in CSA and CSB, respectively. XP-C and XP-E
cells are defective only in GGR, while all other XP cells are defec-
tive in both GGR and TCR. In contrast, CS cells are selectively
affected in TCR. Despite patients with these diseases being par-
tially or completely defective in NER, the wide spectrum of path-
ological features in CS patients is not observed in NER-deficient
XP patients, such as those with XP-A, and is not explained by
defects in NER alone. Although the clinical features of CS may be
caused by aberrant transcription (3), not much is known about
the functions of NER factors in transcription.

One clue to understanding the functions of NER factors in
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transcription comes from rare cases in which XP-B, XP-D, and
XP-G patients present with the features of CS in addition to those
of XP (XP-B/CS, XP-D/CS, and XP-G/CS). XPB and XPD are
subunits of TFIIH, a multifunctional complex involved in basal
transcription, transactivation, cell cycle, and NER. TFIIH can be
divided into two subcomplexes: the core TFIIH comprising XPB,
XPD, p62, p52, p44, p34, and p8, and a cdk-activating kinase
(CAK) subcomplex that contains cdk7, cyclin H, and MAT1 (4, 5).
Therefore, the severe CS features observed in XP-B/CS and XP-
D/CS patients may be due to defects in basal transcription, trans-
activation, and/or the cell cycle. XPG comprises 1,186 amino acids
and serves as a structure-specific endonuclease in NER (6). XP-
G/CS patients express a mutant XPG bearing a truncated C termi-
nus, whereas XP-G patients express full-length XPG harboring
missense mutations (7). We previously reported that XPG forms a
stable complex with TFIIH, to facilitate transactivation of nuclear
receptors, and that XPG C-terminal truncation (deletion of amino
acids 926 to 1186 [A926-1186]) destabilizes the XPG-TFIIH
complex, thereby reducing CAK-mediated phosphorylation and
transactivation of nuclear receptors (8). In addition, NER factors
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are involved in the epigenetic regulation of gene expression (9—
12), indicating an important role in gene transcription.

RNAPII-mediated transcription can be divided into three
steps: initiation, elongation, and termination. Previously, gene ex-
pression was thought to be regulated mainly at the initiation step,
with no further control over the elongation of nascent RNA. Re-
cently, however, a dozen transcription elongation factors have
been identified, indicating that the elongation step can also be
regulated (13). In contrast to XPB, XPD, and XPG, which are
known to regulate initiation, CSB is the sole NER protein that
functions during elongation (14). Thus, the pathogenesis of CS is
due not only to aberrant regulation of the initiation step but also
to aberrant regulation of elongation.

Here, we examined the functions of XPG in epidermal growth
factor (EGF)-induced FOS transcription, which is regulated at the
level of transcription elongation. Our results show that XPG is
required for EGF-induced FOS transcription and that XPG inter-
acts with transcription elongation factors along with TFIIH. XPG
knockdown markedly reduced EGF-induced TFIIH recruitment
to the promoter and coding regions of FOS, suggesting that the
XPG-TFIIH complex is involved in transcription elongation. The
XPG-TFIIH complex also bound to promoter and coding regions
of the housekeeping gene EEF1A I, indicating involvement in reg-
ulating a wide range of gene expression. Importantly, EGF-in-
duced FOS transcription was significantly decreased in XP-G/CS
cells and less significantly in XP-G cells, underscoring the impor-
tance of the XPG C terminus in transcription elongation. In addi-
tion, both wild-type (WT) XPG and full-length XPG harboring a
missense mutation (derived from an XP-G patient) were recruited
to FOS following EGF stimulation, whereas mutant XPG harbor-
ing a C-terminal deletion (derived from an XP-G/CS patient) was
not. Taken together, these results suggest that the XPG-TFIIH
complex is involved not only in initiation but also in elongation of
transcription and that defects in both contribute to CS in XP-
G/CS patients.

MATERIALS AND METHODS

Cell lines. The cell lines used in this study were as follows: HeLa, HeLa
stably expressing short hairpin RNA (shRNA) against luciferase or XPG
(8), HEK293, and human primary fibroblasts (FS3, XP125LO, XP65BE,
XP82DC, and XP20BE). Primary cells from patients were purchased from
Coriell Cell Repositories. The cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with antibiotics and 10% (HeLa and
HEK293 cells) or 15% (primary fibroblasts) fetal bovine serum.

Establishment of HEK293 cells stably expressing recombinant XPG.
Green fluorescent protein (GFP) cDNA without a stop codon was ampli-
fied by PCR from pEGFP-N1 (Clontech) with the following primers: 5'-
ATGGGTACCATGGTGAGCAAGGGCGAGGAG-3" and 5'-ATGGGTA
CCCTTGTACAGCTCGTCCATGCC-3'. The PCR product was digested
with Kpnl and cloned into the Kpnl site of pcDNA5/FRT-XPG (WT,
A792V, or A926-1186)-FLAG-V5-His (8). The plasmids were sequenced
to rule out misincorporations during PCR. HEK293 cells stably expressing
recombinant XPGs were established using GFP-tagged XPG expression
constructs and the Flp-In system (Life Technologies) according to the
manufacturer’s instructions.

Immunoprecipitation and immunoblotting. For dithiobis(succin-
imidyl propionate) (DSP) (Thermo Scientific) cross-linking immunopre-
cipitation, human embryonic kidney 293 (HEK293) cells were washed
twice with phosphate-buffered saline (PBS) containing 1 mM MgCl,
(PBS-Mg) and incubated at room temperature for 30 min with PBS-Mg
containing 2 mM DSP. The cross-linking reaction was quenched by add-
ing glycine. Cells were washed twice with PBS and lysed in RIPA buffer (10
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mM Tris-HCI [pH 8.0], 140 mM NaCl, 0.1% SDS, 1% Triton X-100, 0.1%
sodium deoxycholate, ] mM EDTA [pH 8.0], and 0.5 mM EGTA) sup-
plemented with protease inhibitor cocktail (Roche) and phosphatase in-
hibitor cocktail (Roche), followed by brief sonication. The cell lysates were
cleared by centrifugation at 16,000 X g at 4°C for 15 min and then pre-
cleared by adding ~1 mg protein to 25 pl of protein G UltraLink resin
(Thermo Scientific) and incubated with 10 pl of anti-GFP antibody (full-
length Aequorea victoria polyclonal; Clontech), 3 wl of anti-Spt5 serum
(15), or 3 pl of preimmune serum at 4°C overnight. A 20-pl aliquot of
50% protein G UltraLink resin slurry containing 40 g of herring sperm
DNA and 40 pg of bovine serum albumin was added to each sample and
incubated at 4°C for 3 h. Precipitates were washed sequentially as follows:
three washes in RIPA buffer, three washes in 0.5 M RIPA buffer (RIPA
buffer with 500 mM NaCl), two washes in LiCl wash buffer (10 mM
Tris-HCI [pH 8.0], 0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1
mM EDTA [pH 8.0], ] mM EGTA), and two washes in RIPA buffer.
Bound materials were eluted with Laemmli buffer. With the anti-V5 an-
tibody, Sepharose CL-4B (Sigma) and anti-V5 agarose (Sigma) were used
for the preclear and immunoprecipitation steps, respectively.

The immunoblotting primary antibodies were as follows: anti-V5 (In-
vitrogen), anti-TFIIH p62 (H-10 or Q-19; Santa Cruz), anti-Spt5, anti-
Tat-SF1 (BD Pharmingen), anti-MMS19 (Euromedex), anti-GFP (full-
length A. victoria polyclonal; Clontech), anti-CTR9 (GeneTex), anti-Pafl
(GeneTex), anti-Cdk9 (EPR3119Y; GeneTex), anti-Rpb1 (H-224 or A-10;
Santa Cruz), anti-Rpb1 (H5; Covance), anti-Rb (C-15; Santa Cruz), anti-
Cdk7 (MO-1.1; GeneTex), anti-XPG (8H7 [Millipore] or A301-484A
[Bethyl]), anti-XPD (H-150; Santa Cruz), anti-MAT1 (FL-309; Santa
Cruz), anti-Elk-1 (Calbiochem), (anti-Elk-1 (pS***; Calbiochem), anti-
extracellular signal-regulated kinase 1/2 (anti-ERK1/2; Calbiochem), an-
ti-ERK1/2 (pT?°/pY***, 12D4; Calbiochem), and anti-XPB (S-19; Santa
Cruz). The secondary antibodies were horseradish peroxidase (HRP)-
linked anti-mouse and anti-rabbit IgG (GE Healthcare) and HRP-linked
anti-mouse IgM (Zymed). ECL and ECL plus kits (GE Healthcare) were
used for detection.

RNA preparation and real-time PCR. Cells were seeded to reach
~50% confluence at the time of harvest. Subsequently, the cells were
cultured for 18 to 24 h in the presence of 0.2% serum and either
stimulated for 15 to 60 min with 0.1 pg/ml EGF (Peprotech) or left
untreated. Total RNA was prepared using an RNeasy Plus Mini kit
(Qiagen) and reverse transcribed to cDNA using a QuantiTect reverse
transcription kit (Qiagen). Real-time PCR was performed with SYBR
GreenER qPCR supermix (Invitrogen) or TagMan gene expression master
mix (Applied Biosystems). The primers for FOS were 5'-CATGGAGCTGA
AGACCGAGC-3" (forward) and 5'-AGCAGCGTGGGTGAGCTGAG-3'
(reverse), and the primers for GAPDH were 5'-CTGGCGTCTTCACCACC
ATGG-3' (forward) and 5-CATCACGCCACAGTTTCCCGG-3' (reverse).
The TagMan gene expression assays (Life Technologies) used in this study
were as follows: Hs99999140_ml1 (FOS), Hs02758991 gl (GAPDH),
Hs00152928_m1 (EGRI), Hs00166165_m1 (EGR2), Hs00357891_sl
(JUNB), Hs00610256_gl (DUSPI), Hs00153133_m1 (PTGS2),
Hs01060665_gl (ACTB), and Hs00265885_gl (EEFIAI).

ChIP. Chromatin immunoprecipitation (ChIP) was performed essen-
tially as described previously (16). For two-step cross-linking ChIP, cells
were either stimulated with 0.1 pg/ml EGF for 10 min or left untreated
and then cross-linked with 2 mM disuccinimidyl glutarate (DSG)
(Thermo Scientific) in PBS-Mg for 45 min at room temperature. After
two washes with PBS-Mg, the cells were cross-linked with 1% formalde-
hyde in PBS-Mg at room temperature for 15 min. The cross-linking reac-
tion was quenched by adding glycine. Nuclei were isolated from cross-
linked cells, and chromatin was sheared to an average size of 500 bp using
a Bioruptor UCD-200TM (Cosmo Bio). Aliquots of soluble chromatin
were diluted 10-fold and immunoprecipitated with anti-Rpb1 (H224;
Santa Cruz), anti-Spt5, anti-TBP (SI-1; Santa Cruz), anti-TFIIB (SI-1;
Santa Cruz), anti-XPG (A301-484A; Bethyl), anti-XPD (H-150; Santa
Cruz), anti-MAT1 (FL-309; Santa Cruz), anti-TFIIH p62 (Q-19; Santa
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FIG 1 XPG is required for EGF-induced FOS transcription. (A) Immunoblots of whole-cell extracts from wild-type HeLa cells (HeLa WT), or HeLa cells stably
expressing short hairpin RNA against luciferase (ctrl KD) or XPG (KD #1 and KD #2), probed with the antibodies indicated on the left. (B) Real-time PCR analysis
for FOS and GAPDH mRNAs. Total RNA was prepared from cells stimulated for the indicated times with 0.1 wg/ml EGF. The results are normalized to the
unstimulated condition at time zero and expressed as the mean * standard error of the mean (SEM) from at least three independent experiments. (C) Real-time
PCR analysis of EGF-inducible and housekeeping gene expression. Total RNA prepared from cells stimulated for 30 min with 0.1 pg/ml EGF was examined as
described for panel B. (D) XPG knockdown has little effect on the EGF signal transduction pathway. Whole extracts from cells that were stimulated for 7.5 min
with 0.1 pg/ml EGF or left untreated (—) were analyzed by immunoblotting with the antibodies indicated on the left.

Cruz), or anti-GFP (full-length A. victoria polyclonal; Clontech) antibod-
ies or with rabbit IgG (Santa Cruz). Genomic DNA fragments in cross-
linked samples and immunoprecipitates were analyzed by real-time PCR
using the following primer pairs: for region u, 5'-GTCACCTCCTCTGG
GACCTGTTT-3" and 5'-CTGTCCCGACCCTCAGAGAGATT-3'; re-
giona, 5'-GCCCCGTGACGTTTACACTCATTC-3" and 5'-GAGAACAT
CATCGTGGCGGTTAG-3'; region b, 5'-CTGGCGTTGTGAAGACCAT
GAC-3" and 5'-TCATCCTCTGTACTGGGCTCCTG-3'; region ¢, 5'-CA
CATCTTCCCTAGAGGGTTCCTG-3" and 5'-CACACTCCATGCGTTT
TGCTACA-3"; region d, 5'-CAATTGAACCGGTGCCTAGAGAA-3" and
5'-CAAACCCGTTGCGAAAAAGAAC-3'; region e, 5'-AATTAAGGGC
TGGGGACAAGGAA-3" and 5'-ATACCACGTTCACGCTCAGCTTT-
3’;region f, 5'-TGTGCCTGACCTCCCATATGTAAA-3" and 5'-CCTGG
GCAACAAGAACTCCATCT-3'; region g, 5'-GCCCTGGTTGGAGTGG
AAGTTA-3" and 5'-ACTTGAGCCCAGGAGTTGACCAG-3'; and
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regioni, 5'-GCCTTAAGGTTTATACCAAAATCA-3" and 5'-GGAAGGC
ACTGTTAAAGTTGAG-3', in which the control primers (i) were di-
rected against an intergenic region on chromosome 2. For absolute quan-
tification, three serial dilutions of cross-linked sample (prior to
immunoprecipitation) were assayed concurrently with the immunopre-
cipitated samples and the data were analyzed using SDS software (Applied
Biosystems). For conventional ChIP, cells were cross-linked with 1%
formaldehyde alone.

RESULTS

XPG is required for EGF-induced FOS transcription. To evalu-
ate the physiological function of XPG during transcription, we
examined the effect of XPG knockdown using an EGF-induced
FOS transcription assay. To avoid potential off-target effects, we
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used two types of XPG knockdown HeLa cells expressing different
XPG shRNAs (8). Immunoblotting showed that XPG protein ex-
pression in these cell lines was dramatically reduced compared to
that of WT HelLa cells or of control HeLa cells that stably express
luciferase-targeted shRNA (Fig. 1A). In contrast, protein levels of
the other TFIIH subunits, as well as Rpb1 and Cdk9, were com-
parable across all four cell lines. Next, we measured FOS and
GAPDH transcription using quantitative PCR (Fig. 1B). GAPDH
expression levels were unchanged in any of the conditions. Fol-
lowing EGF stimulation, FOS expression increased more than
150-fold in WT and shRNA control cells, whereas a markedly
attenuated response was seen in both XPG knockdown cell types.
We then examined whether this attenuated response was specific
to FOS or common to all EGF-inducible genes (Fig. 1C). The
results showed that the expression of other EGF-inducible genes
after EGF stimulation was also affected in XPG knockdown cells,
whereas the expression of housekeeping genes was not. Taken
together, these results indicate that XPG plays an important role in
EGF-induced FOS transcription.

EGF also induces the consecutive phosphorylation of mitogen-
activated protein kinase/ERK and the transcription factor Elk-1.
Therefore, we examined the effects of XPG knockdown on the
EGF signal transduction pathway. Immunoblot analysis showed
that EGF-induced ERK and Elk-1 phosphorylation levels were
similar in WT, shRNA control, and XPG knockdown cells, indi-
cating that XPG has little effect on the EGF signal transduction
pathway (Fig. 1D).

The XPG-TFIIH complex interacts with the transcription
elongation complex. EGF-induced FOS transcription is regulated
at the elongation phase, and elongation factor knockdown is
shown to reduce transcription (15, 17). These observations, cou-
pled with our results showing that XPG knockdown decreases
EGF-induced FOS transcription, suggest that XPG plays a role in
transcription elongation. Therefore, we examined XPG interac-
tion with transcription elongation factors. Because few proteins
other than TFIIH subunits immunoprecipitate with epitope-
tagged XPG under normal conditions (8), we assessed XPG pro-
tein interactions under DSP cross-linking conditions (Fig. 2A).
HEK293 cells stably expressing GFP- and V5-tagged XPG were
treated with DSP, followed by immunoprecipitation and Western
blotting of whole-cell homogenates. Consistent with previous ob-
servations (8, 18), immunoprecipitation with the anti-GFP or
anti-V5 antibody coprecipitated the TFIIH p62 subunit and Rpb1
(Fig. 2B and C). In addition to p62 and Rpbl, immunoblot anal-
ysis revealed that XPG interacts with a DSIF subunit (Spt5), Tat-
SF1, Pafl complex subunits (CTR9 and Pafl), and a P-TEFb sub-
unit (Cdk9), all of which are involved in transcription elongation
(15, 17). To confirm the interaction between XPG and transcrip-
tion elongation factors, the cell extracts were incubated with an
anti-Spt5 antibody (Fig. 2D). This reaction coprecipitated Cdk7
and XPG (V5) along with Rpbl, Tat-SF1, and Spt5. In contrast,
two proteins that are not involved in transcription elongation,
MMS19 and retinoblastoma (Rb), were not detected in either im-
munoprecipitation experiment. These results suggest that the
XPG-TFIIH complex interacts specifically with the transcription
elongation complex.

The XPG-TFIIH complex physically associates with the en-
tire FOS gene after EGF stimulation. To better understand the
role of XPG in EGF-induced FOS expression, we examined the
distribution of XPG, RNAPII, Spt5, and other general transcrip-
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FIG 2 The XPG-TFIIH complex interacts with the transcription elongation
complex. (A) Workflow summary of experimental procedures for cross-link-
ing and immunoprecipitation (IP). (B to D) DSP cross-linked whole-cell ex-
tracts from untransfected HEK293 cells (293) or HEK293 cells stably express-
ing XPG-GFP-V5 were immunoprecipitated using anti-GFP antibody (B),
anti-V5 antibody (C), and preimmune serum (ctrl) or anti-Spt5 serum (D).
Immunoprecipitated materials and 0.5% of the cross-linked samples taken
prior to immunoprecipitation (input) were analyzed by immunoblotting with
the indicated antibodies. The asterisk denotes nonspecific bands.

tion factors across the FOS gene (Fig. 3A) by ChIP analysis. Prior
to and following EGF induction, TBP and TFIIB associated only
with the FOS promoter region (Fig. 3B); this association pattern
was similar in XPG knockdown and control cells. Consistent with
earlier reports (17), RNAPII and Spt5 associated with the FOS
promoter region in the absence of EGF stimulation, while follow-
ing induction, their associations extended to include downstream
regions (Fig. 3B). Prior to induction, RNAPII and Spt5 associa-
tions with the FOS gene were similar in XPG knockdown cells and
control cells. In contrast, EGF induction reduced RNAPII associ-
ation with both promoter and downstream regions of FOS in XPG
knockdown cells, compared to control cells (Fig. 3B and C). These
results suggest that XPG contributes to transcription elongation as
well as initiation.

We also examined the distribution of XPG and TFIIH on FOS;
however, there was poor signal resolution using conventional
ChIP analysis. Instead, we used a recently published two-step DSG
cross-linking ChIP method (19) to detect transcription factors
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FIG 3 The XPG-TFIIH complex physically associates with the entire FOS gene after EGF stimulation. (A) Diagram of FOS gene. The transcription start site is
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D. The results are represented as fold enrichment relative to the enrichment under unstimulated conditions.
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FIG 4 The XPG-TFIIH complex is associated with a housekeeping gene (EEFIA1). (A) Diagram of the EEFIA1 gene. The four amplicons (d, e, f, and g) used for
ChIP are indicated (diagram notation is identical to that shown in the legend for Fig. 3A). (B) ChIP assays for XPG-TFIIH complex proteins involved in EEFIAI
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ofthe EEFIAI gene (d to g). Each bar represents the mean = SEM for at least three independent experiments. Asterisks indicate a statistically significant difference
with respect to values for the u and/or i regions (*, P < 0.05; **, P < 0.01; Student’s f test).

binding to their target loci. Similar to our previous results, the
two-step ChIP assay showed that TBP and TFIIB bound specifi-
cally to the promoter region of the EEFIAI gene (see below), in-
dicating that this method retains the same binding specificity as
the original ChIP assay. Using the two-step ChIP assay, we found
XPG to be associated with multiple regions of the FOS gene both
before and after EGF stimulation (Fig. 3D). However, in XPG
knockdown cells, XPG ChIP signals were reduced to the same
levels as those of rabbit IgG. Therefore, XPG is distributed
throughout the genome and is further recruited to the FOS gene
upon EGF stimulation (Fig. 3D). In addition, in shRNA control
cells, TFIIH subunits (XPD, p62, and MAT1) were also recruited
to the FOS gene upon EGF stimulation (Fig. 3D and E), suggesting
that XPG and TFIIH track together along FOS. In contrast, in XPG
knockdown cells, ChIP signals for MAT1 were markedly reduced
(Fig. 3D) and ChIP signals for p62 and XPD were less enriched on
the FOS gene upon EGF stimulation (Fig. 3D and E), suggesting
that XPG is required for EGF-induced TFIIH recruitment to FOS.
Although MATT1, p62, and XPD are TFIIH components, they ex-
hibited different distributions on FOS. This may be due to the
existence of complexes other than TFIIH that contain a TFIIH
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subunit(s), such as the MMXD (MMS19-MIP18-XPD) complex
(20). Together, these results indicate that upon EGF stimulation,
the XPG-TFIIH complex is recruited to the entire FOS gene and
participates in FOS transcription.

The XPG-TFITH complex also associates with housekeeping
gene loci. To further demonstrate that the XPG-TFIIH complex
contributes to transcription elongation, we used ChIP analysis to
examine the distribution of these same factors on the housekeep-
ing gene EEFIA]I (Fig. 4A). We found that RNAPII and Spt5 as-
sociate with both the promoter and downstream regions, whereas
TBP and TFIIB associate only with the promoter region of EEF1A1
(Fig. 4B). Similar to the ChIP findings for FOS (Fig. 3D), substan-
tial amounts of XPG and TFIIH subunits were associated with
both the promoter and downstream regions of EEFIAI. These
results indicate that the XPG-TFIIH complex associates with the
transcribed regions of constitutively active genes as well as those of
stimulus-induced genes.

EGF-induced FOS transcription is compromised in the cells
of XP-G/CS patients. The above findings prompted us to investi-
gate whether EGF-induced FOS transcription is affected in pri-
mary fibroblasts from human patients harboring mutations in
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FIG 5 EGF-induced FOS transcription is compromised in the cells of XP-G/CS patients. (A) Schematic representation of wild-type XPG and mutations predicted to be
expressed in XP125LO, XP65BE, XP82DC, and XP20BE mutant cells. The two nuclease motifs (N and I regions) and mutations are indicated as gray and black boxes,
respectively. (B) Whole-cell extracts of primary fibroblasts from normal (FS3), XP-G (XP125LO and XP65BE), and XP-G/CS (XP82DC and XP20BE) patients were
analyzed by immunoblotting with the indicated antibodies. The asterisk denotes nonspecific bands. (C) Real-time PCR analysis of FOS expression was performed at the
indicated times following EGF (0.1 pg/ml) treatment. FOS expression values are normalized to GAPDH expression. In each experiment, the total FOS expression was
estimated after 60 min of EGF stimulation (yellow area in the graphs) and is shown as the mean = SEM from at least three independent experiments (lower right panel).
The differences between normal and XP-G/CS cells were statistically significant (¥, P < 0.05; **, P < 0.01; Student’s ¢ test).

XPG. For this, we used two XP-G (XP125LO and XP65BE) and
two XP-G/CS (XP82DC and XP20BE) cell lines (Fig. 5A). Consis-
tent with previous reports (21), immunoblot analysis revealed
that full-length XPG was not present in XP-G/CS cells, whereas
small but significant amounts of full-length XPG were detected in
XP-G cells (Fig. 5B).

Next, we used real-time PCR to examine FOS transcription in
XP-G, XP-G/CS, and normal WT control (FS3) cells at 0, 15, 30,
and 60 min after EGF stimulation (Fig. 5C). At 30 min after EGF
stimulation (peak response), FOS transcription increased in FS3,
XP125L0, XP65BE, XP82DC, and XP20BE cells by 53-, 40-, 26-,
22-, and 22-fold, respectively. In addition, the estimated level of
FOS expression over 60 min of EGF stimulation was significantly
reduced in XP-G/CS cells compared to normal control cells, while
FOS expression was markedly less attenuated in XP-G cells. The
extent of the effect of XPG deficiency on FOS transcription shown
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here was lesser than that shown in Fig. 1B, probably because dif-
ferent cells were used in the two figures (HeLa cells and primary
cells from patients). Note that while inducible FOS transcription
at 30 min was similar in XP65BE and XP-G/CS cells, the cumula-
tive FOS transcription over 60 min was higher in XP65BE than in
XP-G/CS cells. Taken together, these results indicate that the level
of EGF-induced FOS transcription is significantly lower in XP-
G/CS cells than in normal control cells but is at an intermediate
level in XP-G cells, although in XP-G cells, reduced transcription
is likely due to markedly decreased XPG protein expression (Fig.
5B). It was also suggested that XPG endonuclease activity is not
essential for EGF-induced FOS transcription.

The XPG C-terminal region is required for EGF-induced as-
sociation with FOS. To further understand the basis for differ-
ences in EGF-induced FOS transcription, we used ChIP to exam-
ine the FOS gene for distribution of WT XPG and mutant XPG
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FIG 6 The C-terminal region of XPG is required for association with the FOS gene after EGF induction. (A) Schematic structure of recombinant XPG proteins
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immunoblotting with the indicated antibodies. (C) ChIP using anti-Rpb1 or anti-GFP antibody and real-time PCR was performed as described in the legend for
Fig. 3D. Asterisks indicate a statistically significant difference between the value before EGF stimulation and the values after EGF stimulation (¥, P < 0.05; **, P <

0.01; Student’s t test).

proteins derived from XP-G and XP-G/CS patients. The XPG mu-
tants included an A792V missense mutation identified from an
XP-G (XP125LO) patient and a C-terminal truncation (AC) mu-
tation mimicking that of an XP-G/CS (XPCS1RO) patient (Fig.
6A). WT and mutant XPG proteins were fused to GFP and V5 tags
and stably expressed in HEK293 cells (Fig. 6B). ChIP analysis was
subsequently performed using these cells and parental HEK293
cells, with an anti-Rpb1 or anti-GFP antibody (Fig. 6C). With the
Rpb1 antibody, ChIP signals were similar in magnitude and dis-
tribution across the FOS gene in all cells examined. Using the
anti-GFP antibody, after induction in XPG (WT) cells, ChIP sig-
nals increased across the entire FOS gene, consistent with the re-
sults we obtained using an anti-XPG antibody (Fig. 3D). Similar
inducible XPG distribution patterns were observed in XPG A792V
cells, yet no significant signal increases were detected in XPG AC
or parental HEK293 cells. Taken together, these results indicate
that the C-terminal region of XPG is crucial for EGF-stimulated
recruitment to FOS.

The XPG C-terminal truncation mutant binds to transcrip-
tion elongation factors but not to TFIIH in vivo. To examine
whether WT and mutant XPG constructs interact with TFITH and
transcription elongation factors in vivo, extracts of HEK293 cells
stably expressing exogenous WT or mutant XPG (A792V or AC)
were cross-linked with DSP and then immunoprecipitated with
an anti-V5 antibody. Subsequent immunoblot analysis of the im-
munoprecipitate revealed that WT XPG and XPG A792V bound
both TFIIH and transcription elongation factors, whereas XPG
AC bound to transcription elongation factors but not to TFIIH
(Fig. 7A). While XPG AC could be included in the elongation
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complex via interactions with transcription elongation factors,
XPG AC did not bind to FOS in vivo (Fig. 6C). Moreover, FOS
transcription was induced to a significantly lower level in XP-
G/CS cells (Fig. 5C). Taken together, these results suggest that the
interaction between the XPG C terminus and TFIIH plays an im-
portant role in FOS transcription.

DISCUSSION

The XPG-TFIIH complex associates with transcription elonga-
tion factors. Interaction between XPG and TFIIH has been re-
ported by many groups (18, 22-26). In addition, we reported that
XPG forms a complex with TFIIH, stabilizing it and allowing the
phosphorylation and transactivation of nuclear receptors (8).
Therefore, XPG could be considered to be the eleventh subunit of
TFIIH (27). In this report, we confirmed that XPG (WT) and XPG
A792V, but not XPG AC, interact with TFIIH under cross-linking
conditions (Fig. 7A) and found that XPG interacts with transcrip-
tion elongation factors, including Spt5, Tat-SF1, Cdk9, and Pafl
complex subunits, along with TFITH (Fig. 2 and 7A). This result is
consistent with the previous findings that XPG binds to phos-
phorylated RNAPII (18) and that rad2 (a yeast homolog of the
XPG gene) interacts genetically with dstI (a yeast homolog of the
TFIIS gene) (28). XPG AC did not bind to TFIIH but still inter-
acted with transcription elongation factors, suggesting that XPG is
important for TFITH to participate in the transcription elongation
complex. This idea is supported by our results showing that XPG
knockdown attenuates recruitment of TFIIH subunits to FOS
upon EGF stimulation (Fig. 3D). Although the C-terminally trun-
cated XPG mutant bound to transcription elongation factors in an
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immunoprecipitation assay, the intact XPG-TFIIH complex is re-
quired for transcription elongation in vivo. This is demonstrated
in that XPG (WT) and XPG A792V were recruited to FOS after
EGF stimulation but XPG AC was not (Fig. 6C).

Role of the XPG-TFIIH complex in transcription elongation.
We showed that the XPG-TFIIH complex associates with the ac-
tively transcribed regions of not only stimulus-induced genes but
also housekeeping genes. However, knockdown of XPG did not
change the expression levels of various proteins (Fig. 1A and D) or
RNA synthesis as measured by the incorporation of [*H]uridine
(T. Narita and M. Saijo, unpublished data), suggesting that the
XPG-TFIIH complex is not crucial for the expression of the genes.
However, the XPG-TFIIH complex still has the potential to be
involved in transcription elongation of some genes on the basis of
the following observations: (i) the XPG-TFIIH complex was en-
riched at the promoters and coding regions of actively transcribed
genes (Fig. 3D and 4B), and (ii) the XPG-TFIIH complex inter-
acted with the transcription elongation complex regardless of EGF
stimulation (Fig. 2). Other factors may compensate for the func-
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tion of the XPG-TFIIH complex in the transcription of house-
keeping genes.

The XPG-TFIIH complex has four enzymatic activities: endo-
nuclease (XPG), helicase (XPB and XPD), ubiquitin ligase (p44),
and protein kinase (Cdk7) (27). Most likely, Cdk7 kinase activity
coordinates the phosphorylation state of the RNAPII C-terminal
domain (CTD) during transcription elongation. Although most
prior studies analyzed the phosphorylation of Ser2 and Ser5 in the
CTD, recent studies reveal that Ser7 is also phosphorylated in both
yeast and mammalian cells (29, 30). Ser7 phosphorylation is de-
tected when RNAPII is located between the promoter region and
the 3" end of both protein-coding and noncoding genes (31, 32).
Cdk7 (Kin28 in yeast) phosphorylates Ser5 and plays a role in Ser7
phosphorylation in both yeast and human cells (31, 33-36). Ge-
nome-wide analyses using a Kin28 analog-sensitive mutant (37)
revealed that (i) the phosphorylation levels of both Ser5 and Ser7
increase throughout the open reading frame to levels far beyond
those normally observed in WT cells in the absence of Kin28 cat-
alytic activity and (ii) this abnormal phosphorylation is partially,
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but significantly, suppressed by the deletion of Bur2 (the human
homolog of the Bur1l-Bur2 complex is P-TEFb). These results sug-
gest that the kinase activity of Kin28 (Cdk7) maintains the proper
phosphorylation levels of Ser5 and Ser7 by preventing opportu-
nistic phosphorylation by other kinases. We found that the XPG-
TFIIH complex interacts with the transcription elongation com-
plex, including P-TEFb, and is recruited to the coding regions of
both primary response and housekeeping genes in this study. In
addition, XPG knockdown affects Ser5 phosphorylation of the
RNAPII CTD at the coding region as well as at the promoter re-
gion of the FOS gene after EGF stimulation (T. Narita and K.
Tanaka, unpublished data). Therefore, the XPG-TFIIH complex
may regulate the phosphorylation of elongating RNAPII on the
CTD at Ser5 and Ser7.

Links between CS features and aberrant transcription in CS
and XP/CS patients. The CS-specific features in CS and XP/CS
patients are unlikely to be due solely to a defect in NER, based on
the observations that (i) CS-A and CS-B patients are deficient in
TCR but proficient in GGR, whereas mutations in XPA, which is
indispensable for both TCR and GGR, do not cause CS, and (ii)
neither Xpa~’~ nor Xpg~ '~ mice are capable of NER, yet only
Xpg~'~ mice show severe CS-like features (38). We found that
both WT XPG and an A792V mutant derived from an XP-G pa-
tient form stable complexes with TFIIH, allowing the phosphor-
ylation and transactivation of nuclear receptors, whereas a mutant
XPG harboring a C-terminal deletion (derived from an XP-G/CS
patient) did not form a complex with TFIIH, resulting in reduced
transactivation of nuclear receptors (8). In addition, XP-D/CS,
but not XP-D, cells were unable to restart DHFR transcription
after UV irradiation, due to Sirtl-mediated heterochromatiniza-
tion of the promoter (11). Moreover, CSB is known to regulate
RNAPI and RNAPII transcription (14, 39). These results suggest
that the pathological features in patients with CS and XP/CS are
caused by dysregulation of transcriptional networks.

From the data presented in this study, we propose a model for
the function of the XPG-TFIIH complex in cells and to explain the
link between mutations in XPG and clinical features (Fig. 7B). The
XPG-TFIIH complex has at least three functions: (i) NER, by in-
teracting with NER factors; (ii) ligand-induced transactivation
through the phosphorylation of nuclear receptors; and (iii) con-
trol of transcriptional elongation by interacting with the tran-
scription elongation complex. Point mutations in XPG that im-
pair endonuclease activity only affect NER, leading to the
pathogenesis typical of XP. In contrast, destabilization of the
XPG-TFIIH complex due to XPG C-terminal truncation affects
not only NER but also ligand-induced transactivation and tran-
scription elongation, leading to the pathogenesis observed in XP-
G/CS. Because dysregulation of transcriptional elongation causes
developmental defects (40—42), our results indicate that the CS
features in XP-G/CS patients are due in part to defects in regula-
tion of transcriptional elongation.
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