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Abstract

Transcription factor 11 H (TFIIH) is composed of core TFIIH and Cdk-activating kinase (CAK)
complexes. Besides transcription, TFIIH also participates in nucleotide excision repair (NER),
verifying DNA lesions through its helicase components XPB and XPD. The assembly state of
TFIIH is known to be affected by truncation mutations in Xeroderma pigmentosum group G/
Cockayne syndrome (XP-G/CS). Here, we showed that CAK component MAT1 was rapidly
recruited to UV-induced DNA damage sites, co-localizing with core TFIIH component p62, and
dispersed from the damage sites upon completion of DNA repair. While the core TFIIH-CAK
association remained intact, MAT1 failed to accumulate at DNA damage sites in fibroblasts
harboring XP-B or XP-B/CS mutations. Nevertheless, MAT1, XPD and XPC as well as XPG were
able to accumulate at damage sites in XP-D fibroblasts, in which the core TFIIH-CAK association
also remained intact. Interestingly, XPG recruitment was impaired in XP-B/CS fibroblasts derived
from patients with mild phenotype, but persisted in XP-B/CS fibroblasts from severely affected
patients resulting in a nonfunctional preincision complex. An examination of steady-state levels of
RNA polymerase 1l (RNAPII) indicated that UV-induced RNAPII phosphorylation was
dramatically reduced in XP-B/CS fibroblasts. These results demonstrated that the CAK rapidly
disassociates from the core TFIIH upon assembly of nonfunctional preincision complex in XP-B
and XP-B/CS cells. The persistency of nonfunctional preincision complex correlates with the
severity exhibited by XP-B patients. The results suggest that XPB and XPD helicases
differentially regulate the anchoring of CAK to core TFIIH during damage verification step of
NER.
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1. Introduction

Because of its pivotal importance, DNA molecules are often assumed to be stable. In reality,
the genome of eukaryotic cells is constantly subjected to challenges by numerous physical
and chemical agents from endogenous metabolism and in our environment. Cells utilize
several repair pathways to overcome the deleterious effects of DNA damage and maintain
their genomic integrity. Nucleotide excision repair (NER) removes a broad variety of
double-helix-distorting DNA lesions, including UV-induced cyclobutane pyridine dimers
(CPDs) and 6-4 pyrimidine-pyrimidone photoproducts (6-4PPs) [1]. Defects in NER are
associated with several rare autosomal recessive genetic disorders including Xeroderma
pigmentosum (XP) and Cockayne syndrome (CS) [2]. Seven XP proteins, corresponding to
XP complementary group A to G, have been identified, whereas two CS related proteins,
CSA and CSB, have been discovered. Selective participation of these components in NER
distinguishes two NER sub-pathways, global genomic repair (GGR) which removes DNA
lesions from the entire genome, and transcription-coupled repair (TCR) which eliminates
DNA lesions from actively transcribed genes [3].

A generally accepted biochemical NER model includes damage recognition, dual incision,
and gap-filling DNA synthesis steps [4, 5]. In GGR, the damage-induced DNA distortion is
recognized by XPC-hHR23B protein complex [6, 7], and then TFIIH is recruited to open the
DNA helix around damage sites and verify the lesions [8-10]. In TCR, lesions are detected
by RNA polymerase Il (RNAPII) in coordination with the recognition of stalled RNAPII, by
CSA, CSB and TFIIH [11-13]. Other NER factors, such as XPA, XPF, XPG and RPA are
believed to join the TFIIH-containing complex to form the final preincision complex [14].
The endonuclease XPG and XPF-ERCC1 are responsible for dual incision and the removal
of ~24-32 nt oligonucleotide containing the culprit lesion. Subsequent gap-filling DNA
synthesis is performed by a concerted action of pol & or e, and the cofactors PCNA, RF-C
and RPA.

Mammalian TFIIH (referred as holo TFIIH) is organized into core TFIIH, containing the
seven subunits XPB, XPD, p62, p52, p44, p34 and p8/TTD-A [15-18], coupled to a Cdk-
activating kinase (CAK) complex composed of three subunits Cdk?7, cyclin H and MAT1
[19]. TFIIH is a multifunctional protein complex, participating in transcription, NER and
cell cycle regulation [17, 20, 21]. In NER, XPB and XPD helicases of TFIIH are involved in
unwinding the DNA duplex around the lesion, providing an open DNA structure for
subsequent XPG and XPF-ERCC1 cleavage [10]. During transcription, TFIIH functions in
harmony with other basal transcription factors, e.g., TFIIB, TFIID, TFIIE and TFIIF. By
virtue of its XPB helicase, TFIIH is essential for transcription initiation and promoter escape
[22]. In the latter processes, Cdk7 of CAK mediates, at least partially, the phosphorylation
of the carboxyl terminal domain (CTD) domain of largest Rpb1 subunit of RNAPII [23].
Therefore, TFIIH must face the challenge of switching its role to cope with diverse
functional tasks. Such a challenge is obvious when a transcribing RNAPII is stalled by a
DNA lesion, and TFIIH, in collaboration with CSA, CSB and XPG, funnels transcription
into the dual incision processing by TCR [12].

TCR defect is related to CS, which is characterized by a wide range of symptoms including
severe neurological abnormality [24-26], while defect in GGR is associated with XP
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symptoms which have characteristics such as extreme sensitivity to sunlight and increased
risk of developing sunlight-induced skin cancers. CS patients suffer from skin
photosensitivity without cancer predisposition. The cells derived from CS suffer a global
impairment in transcription and exhibit a reduced recovery of RNA synthesis following UV
exposure [27-29]. CS features can co-exist with XP symptoms (XP/CS) as found in XP-B/
CS, XP-D/CS and XP-G/CS [25]. Repair defective XPA and XPF mutations results in XP
but not CS symptoms. Thus, NER deficiency cannot explain the CS features of XP-B/CS,
XP-D/CS and XP-G/CS. We have previously investigated the molecular and cellular
manifestation of TFIIH compositional changes in human XP-G/CS cells and reported that
CAK complex was not recruited to DNA damage in XP-G/CS cells [30]. Moreover, kinase
activity of CAK is required neither for the assembly of preincision complex nor for GGR.
Instead, CAK is involved in regulating phosphorylation and UV-induced degradation of
RNAPII. However, it is not clear whether the CAK dissociation is a distinct molecular
feature of XP/CS.

In the present study, we have explored whether TFIIH compositional change also occurs in
XP-B/CS and XP-D fibroblasts. We found that MAT1 fails to accumulate at DNA damage
sites in fibroblasts harboring XP-B or XP-B/CS mutations but not in fibroblasts with XP-D
mutations. We confirmed that the core TFIIH and CAK remain associated in XP-B/CS and
XP-D fibroblasts despite these cells having reduced XPB and XPD protein levels. Thus,
unlike in human XP-G/CS cells, TFIIH undergoes a dramatic compositional change in
releasing CAK immediately after TFIIH is recruited to DNA damage in XP-B and XP-B/CS.
We also provided the evidence that nonfunctional NER preincision complexes are
assembled and persist in severe XP-B/CS fibroblasts. We further examined the steady-state
levels of RNAPII and found that the UV-induced RNAPII phosphorylation is reduced and
RNAPII degradation is delayed in XP-B/CS fibroblasts. These results suggested that XPB
and XPD differentially regulate TFIIH compositional changes during NER and provide
meaningful insights on the role of CAK in XP/CS.

2. Materials and Methods

2.1. Cell lines and reagents

Normal human fibroblasts (NHF, OSUZ2) were established in our laboratory [31]. Primary
XP-B fibroblasts from XP patients with mild diseases [GM113025 (/XPCS1BA),
GM113026 (/XPCS2BA) and GM21071 (/XP33BR)], or with severe XP/CS complex
[GM21072 (/XP183MA) and GM21153 (/XP181MA)] were obtained from the Coriell Cell
Repositories (Camden, New Jersey 08103, USA). So were the primary XP-D fibroblasts
GMO03615 (/XP1BR), GM10428 (/XP17BE), GM10430 (/XP6BE), GM03248 (/XP-CS2)
and GM08207/SV40-transformed XP6BE. The clinical and genetic features of mutations in
XP-B, XP-B/CS and XP-D cells were previously described [32-36] and are summarized in
Supplemental Table 1. The fibroblasts and HeLa cells were grown in DMEM (for NHF and
HelLa) or MEM (for primary XP or XP/CS cells) supplemented with 40 mM glutamine, 10%
FCS, antibiotics at 37 °C in a humidified atmosphere of 5% CO».

Rabbit anti-XPC and anti-CPD antibodies were raised in our laboratory as previously
described [37-39]. Polycolonal anti-XPB (S-19), anti-XPD (H-150), anti-MAT1 (FL-309),
monoclonal anti-MAT1 (F-6), anti-p62 (G-10) and anti-Cdk7 (C4) antibodies were obtained
from Santa Cruz biotechnology (Santa Cruz, CA). Monoclonal anti-XPA (12F5) and anti-
XPG (8H7) antibodies were purchased from NeoMarkers (Fremont, CA). Monoclonal Ser5-
phospho-RNAPII antibody (4H8), fluorescent conjugated Alexa Fluor 488 (goat anti-mouse)
and Texas Red (goat anti-rabbit) were acquired from Affinity BioReagents (Golden, CO),
Invitrogen (Carlsbad, CA) and Santa Cruz biotechnology, respectively.
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2.2. UV and micropore UV irradiation

The cells in monolayers were washed twice with phosphate-buffered saline (PBS). The 254-
nm UV (UV-C) was delivered to cells at a rate of 0.5 J/m?/sec as measured by Model UVX
Digital Radiometer. For micropore UV irradiation, cells were grown on glass coverslips to
proper density. The cells on coverslips were washed twice with PBS and a 5-um-isopore
polycarbonate filter (Millipore, Bedford, MA) was placed on top of cell monolayer. The
coverslips were then irradiated and the cells were processed immediately [0 hour (h)] or
maintained in fresh suitable medium for a desired period (0.5, 1, 3 or 24 h) and processed
thereafter.

2.3. Immunofluorescence

Immunofluorescence double labeling was performed according to the method established in
our laboratory [40, 41]. Briefly, the micropore UV irradiated cells on coverslips were
washed twice with cold PBS, permeabilized with 0.5% Triton X-100/PBS on ice for 8
minutes (min) and then fixed with 2% paraformaldehyde in 0.5% Triton X-100/PBS at 4 °C
for 30 min. After fixation, the coverslips were rinsed twice with cold PBS and blocked with
20% normal goat serum (NGS) in 0.1% Triton X-100/PBS at 37°C for 2 h. Primary antibody
rabbit anti-XPC, anti-XPB, anti-XPD, anti-MAT1, monoclonal anti-p62, anti-XPG or anti-
XPA antibody in proper dilution, ranging from 1:50 to 1:1000, were all prepared in 0.1%
Tween-20/PBS with 5% NGS and layered on fixed cells for 1 h at room temperature or at 4
°C overnight. Following primary antibody incubation, the cells were washed in 0.1%
Tween-20/PBS washing buffer for 4 times, 5 min each. The coverslips were then incubated
with fluorescent (Alexa Fluor 488 or Texas Red) secondary antibodies (in 1:200 to 1:1000
dilutions) for another 1 h at room temperature. The coverslips were subsequently washed,
mounted and counterstained with DAPI. Immunofluorescent images were captured with a
Nikon Fluorescence Microscope E80i (Nikon, Tokyo, Japan) equipped with SPOT analysis
software.

2.4. Immunoprecipitation and Western Blot analysis

Fibroblasts were grown to ~70% confluence, left unirradiated or UV-irradiated at a preferred
UV dose indicated for individual experiments. The irradiated cells were cultured further for
varying repair periods. The cells were then washed twice with PBS and the cell lysates were
made in RIPA buffer containing 50 mM Tris-HCI (pH, 7.4), 150 mM NaCl, 5 mM EDTA,
1% NP40, 0.5% Sodium deoxycholate, 0.1% SDS, 0.5 mM PMSF and a complete protease
inhibitor cocktail. The cell lysates were cleared by centrifuging at 14, 000 rpm at 4 °C for 15
min. The lysates containing ~0.5 mg proteins were pre-cleared by protein A/G agarose beads
(Calbiochem, San Diego, CA) at 4 °C for 3 h and then incubated with 2 g specific
antibodies at 4 °C overnight, followed by immunocapture with ~30 I of 50% slurry protein
AJG agarose beads at 4 °C for 2 h. The immunoprecipitates were collected, washed 4 times
with RIPA buffer, resuspended in 40 pl of Laemmli sample buffer, boiled for 10 min and
subjected to Western Blot analysis. For Western Blotting, the samples were prepared by
immunoprecipitation or by making whole cell extracts in SDS lysis buffer containing 2%
SDS, 10% glycerol, 10 mM DDT (freshly added), 62 mM Tris-HCI (pH 6.8) and a complete
protease inhibitor cocktail (phosphatase inhibitor phosSTOP was added, as needed). The
protein samples were quantitated by DC Bio-Rad Protein Assay, separated by SDS
polyacrylamide gel electrophoresis and transferred to a PVDF membrane. The
immunoblotting was performed with appropriate primary and secondary antibodies and
detected using enhanced chemiluminescence. Autoradiographs were quantitated using NIH
ImageJ software.
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3. Results

3.1. CAK complex fails to accumulate at DNA damage sites in cells harboring XP-B or XP-
B/CS mutations

We have previous observed that CAK complex was not recruited to DNA damage in human
XP-G/CS cells due to XPG truncation mutation, which resulted in dissociation of CAK from
core TFIIH [30]. To investigate whether dissociation of CAK from core TFIIH is a common
phenomenon for XP/CS, we first assessed the MAT1 accumulation at DNA damage sites in
NHF and in XP fibroblasts harboring XP-B or XP-B/CS mutations. We used micropore UV
irradiation to generate localized DNA damage spots and examined the recruitment of TFIIH
components p62 and MAT1 to the damage as function of time. Most likely the bulky helix
distortion from 6-4PPs in localized spots provokes the accumulation of NER factors such as
XPC, XPG and TFIIH [6]. As shown in Fig. 1, p62 accumulated rapidly and formed foci
readily visible immediately (0 h) after UV irradiation. These p62 foci co-localized with
micropore UV-induced CPD spots but dispersed by 24 h when CPD spots were still
distinctly visible (Supplemental Fig. S1A). MAT1 accumulated in the same pattern and the
MAT1 foci colocalized with p62 foci in NHF cells. As 6-4PPs are known to have in fast
repair kinetics, dispersion of p62 and MAT1 at 24 h would be the result of fully completed
6-4PP repair. The co-localization of p62 with MAT1, XPD, XPB and XPC foci was further
confirmed in repair-proficient HeLa cells (Supplemental Fig. S.1B). Additionally, micropore
UV induced accumulation of Cdk7, another CAK component, was also detected to co-
localize with XPC in HeLa cells. These experiments demonstrated that the holo TFIIH is
recruited for NER in repair-proficient cells.

Examination of MAT1 and p62 in human XP-B/CS cells showed a distinctly different
pattern as compared with that in NHF. Accumulation of p62 was seen in 0, 0.5, 3and 24 h
time points in XPCS1BA fibroblasts. Failure of p62 dispersion at 24 h is consistent with the
defective repair of 6-4PPs in these cells (Fig. 1C). On the other hand, no accumulation of
MAT1 was observed at any time point in XPCS1BA fibroblasts. We further tested
XPB33BR, XP183MA (Fig. 1B and D), XPBCS2BA and XP181MA (Supplemental Fig.
S1C and D) fibroblasts. Not surprisingly, none of these fibroblasts showed MAT1
recruitment, while p62 accumulation followed a clearly identical pattern in all the
fibroblasts. To unambiguously confirm the disparate responses, we co-cultured NHF and XP
fibroblasts on same coverslips and pre-labeled the cells with latex beads of two different
sizes so that immunofluorescence labeling and factor recruitments can be concomitantly
performed under identical conditions. Here again, double labeling for yH2AX and MAT1
did not show any accumulation of MAT1 in XPCS2BA, XP183MA and XP181MA
fibroblasts, while yH2AX foci were distinctly seen (Supplemental Fig. S2B). Moreover,
YH2AX exhibited a clear co-localization with MAT1 in NHF cells (Supplemental Fig. S2).
Thus, we concluded that MAT1-containing CAK failed to accumulate at damage sites in
XP-B and XP-B/CS cells. Despite this, the accumulation of nonfunctional XPB proteins was
still seen in XPCS1BA, XPCS2BA and XP33BR cells, whereas mutant XPB is faintly
detectable by anti-XPB S19 antibody in XP183MA and XP181MA fibroblasts. Moreover,
the accumulation of XPD exhibited the recruitment kinetics similar to p62 in all tested cells
(table 1). Combined results led us to conclude that the nonfunctional core TFIIH is capable
of being recruited to damage sites in XP-B and XP-B/CS cells.

3.2. CAK is associated with core TFIIH in unirradiated XP-B and XP-B/CS fibroblasts

Our observation that CAK does not accumulate at DNA damage site in XP-B and XP-B/CS
cells was unexpected, because CAK and core TFIIH association in XPCS1BA cells has
previously been reported [42]. To ensure the basic integrity of TFIIH in XP-B and XP-B/CS
fibroblasts, we first assessed the steady-state levels of XPB, XPD and MAT1 in these cells
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(Fig. 2A). The results showed that XPB protein was indeed present in TFIIH albeit at lower
levels in XPCS1BA, XPCS2BA and XP33BR cells. Oddly, XPB was virtually undetectable
in XP183MA and XP181MA fibroblasts. Perhaps the substitution of 42 amino acids in C-
terminal of XPB protein in these cells compromised the detectability of mutant protein by
anti-XPB S19 antibody. Examination of XPD and MATL1 also revealed that all XP-B
fibroblasts contained comparatively reduced levels of XPD and MAT1 protein, as compared
with wild-type XPB containing NHF cells. These results suggested that level of TFIIH is
constitutively low in XP-B and XP-B/CS fibroblasts.

We subsequently conducted immunoprecipitation experiments to examine the native
association of CAK and core TFIIH components in mutant XP cells. The results showed that
XPB, p62 and XPD were all present in anti-MAT1 precipitates in these fibroblasts (Fig. 2B).
Finally, the anti-XPD immunoprecipitation further confirmed that mutant XPB was present
in TFIIH (Fig. 2C). Perhaps, the enrichment of mutant XPB protein from XP183MA and
XP181MA cells by anti-MAT1 and Anti-XPD immunoprecipitation rendered the mutant
XPB protein detectable by anti-XPB S19 antibody. Taken together, we concluded that CAK
is integrally associated with core TFIIH in XP-B and XP-B/CS cells.

3.3. CAK complex accumulates at DNA damage sites in fibroblasts harboring XP-D

mutations

It has been demonstrated that XPD bridges CAK and core TFIIH by interacting with MAT1
and p44 of core TFIIH [43, 44]. We, therefore, examined the assembly of NER preincision
complex and any impact on the accumulation of MATL1 in fibroblasts harboring various
XPD mutations. As shown in Fig. 3 and Supplemental Fig. 3S, XPC, MAT1, XPD and XPB
were all found to prominently accumulate at the damage sites and distinctly co-localize with
core TFIIH component p62 in XP1BR, XP17BE, XP6BE and SV40-immortalized XP6BE
fibroblasts. Also, and as expected, XPB co-localize with XPG, indicating that holo TFIIH
was assembled into the NER preincision complex. Thus, in contrast to XPB mutations, XPD
mutations did not affect the accumulation of CAK at DNA damage sites.

We next examined the steady-state levels of XPB, XPD and MAT1 and the CAK-core
TFIIH association in XP-D cells. Results of Fig. 3C and D showed that XPB and XPD
protein levels were reduced in XP-CS2, XP1BR and XP17BE cells but not in S\VV40-
transformed XP6BE fibroblasts. Moreover, no significant differences were noticed in MAT1
protein levels. In immunoprecipitation experiments, XPB were present in all anti-MAT1
precipitates from XP-D fibroblasts. These results indicated that the association of CAK and
core TFIIH is not perturbed in XP-D background, and CAK remains wholly attached to core
TFIIH upon its recruitment to DNA damage sites in these cells.

3.4. XPG recruitment is impaired in mild XP-B/CS fibroblasts but persists in XP-B/CS
fibroblasts from severely affected patients

To determine whether diverse XPB mutants have different effects on translocation of XPG
and other NER factors, e.g., XPC, XPB, XPD and p62, we examined the accumulation of a
variety of factors at localized DNA damage sites (table 1). Immediately after UV irradiation
(0 h), the early and upstream damage recognition factor, XPC, was seen to localize in
~60-80% of normal as well as XP fibroblasts. In comparison, XPB, XPD and p62
localization was lower, albeit only slightly as ~40-60% of cell still exhibited a robust
recruitment of these factors. On the other hand and as expected, XPB translocation to
damage sites could not be detected by the S19 antibody in XP183MA and XP181MA
fibroblasts. The translocation of XPG to damage sites in NHF was also rapid as it can be
clearly seen immediately (at O h) after irradiation. After 24 h, XPG and XPB were not
detected in repair-proficient NHF, as these proteins dispersed away due to efficient 6-4PP
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removal (Fig. 4A). Interestingly, in XPCS1BA fibroblasts, prompt XPG recruitment was not
observed at 0 h. A delayed XPG accumulation, however, was seen at 0.5, 1 and 3hand in a
lower percentage of cell population than in NHF (table 1 and Fig. 4B). At 24 h, XPG
accumulation was no longer traceable in most (>80%) cells, while XPB, XPC, XPD and p62
were still distinctly present and in a highly significant percentage (~40-60%) of XPCS1BA
cells. Similar observation was made in XP33BR fibroblasts. Cumulatively, these factor
recruitment and dispersal patterns demonstrated that the XPG recruitment is in particular
impaired in mild XP-B and XP-B/CS fibroblasts, both of which harbor a phenylalanine-99
to serine-99 (F99S) missense mutation within their XPB protein.

In XP183MA fibroblasts derived from severely affected patients, the XPG accumulation
was detected at 1 and 3 h in a similar spatio-temporal pattern as XPC, XPD and p62 (table
1). Moreover, the delay of XPG accumulation was also apparent at 0 and 0.5 h (Fig. 4C and
D). Surprisingly, a significant number (40-60%) of cells still remained XPG positive at 24 h.
This indicated that recruitment of XPG to damage sites was not significantly affected by the
alteration of 42 C-terminal amino acids of XPB protein in the cells. Reaffirming this
differential response, experiments with XP181MA fibroblasts also exhibited the similar
results (Supplemental Fig. S4). Overall, it was concluded that F99S missense mutation
rather than C-terminal alteration in XPB protein negatively influences the recruitment of
XPG to damage sites.

3.5. UV-induced RNAPII phosphorylation was reduced and the RNAPII degradation was
delayed in severe XP-B/CS fibroblasts

During transcription, XPB and XPD helicases are essential for the open complex formation.
CAK in turn phosphorylates Serine 5 (Ser5) of the C-terminal domain of large subunit of
RNAPII. This phosphorylation enables RNAPII to initiate MRNA elongation [45]. When
transcribing RNAPII is stalled by an UV-induced photolesion, TFIIH funnels transcription
into damage processing by the TCR machinery. The RNAPII is eventually degraded by
ubiquitin-mediated proteolysis and Ser5 phosphorylation of RNAPII plays an important role
in this degradation [46]. We have previously demonstrated that pre-existing RNAPII
phosphorylation relies on kinase activity of CAK as inhibition of CAK abolished pre-
existing RNAPII phosphorylation and delayed RNAPII degradation [30]. Thus, the absence
of CAK accumulation at DNA damage sites observed in XP-B/CS mutant cells impelled us
to examine the impact on UV-induced RNAPII phosphorylation in these cells. As shown in
Fig. 5, the level of Ser5-phosphoryled RNAPII in NHF increased up to 6-fold immediately
(0 h) after UV irradiation and then decreased gradually over a 24-h period due presumably
to UV-induced and ubiquitin-mediated proteolysis [47-49]. No significant changes in XPB
and the control B-actin levels were seen in NHF. However, the RNAPII Ser5-
phosphorylation was not significantly induced in XPCS1BA, XPCS2BA, XP183MA or
XP181MA fibroblasts. Semi-quantitative estimates of protein levels in autoradiographs
indicated that relative amount of Ser5-phosphorylated RNAPII decreased slower in XP-B/
CS cells as compared with that in NHF, where the Ser5-phosphorylated RNAPII level was
elevated immediately UV irradiation (Fig. 5D). Thus, both RNAPII phosphorylation and
degradation after UV irradiation was affected in XP-B/CS cells.

4. Discussion

The relationship between genotype and phenotype in TFIIH mutations is complicated by its
dual role in transcription and NER. It is well accepted that XP is phenotypically related to
the deficiency of DNA repair. By contrast, CS is considered to be related to the problems of
both transcription and TCR. In this study, we demonstrated a defect in CAK accumulation at
damage sites in XP-B and XP-B/CS fibroblasts. Moreover, we found that XPG recruitment
persists in XP-B/CS fibroblasts derived from severely affected XP-B patients but not from
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mildly affected XP-B patients. We further described a reduction in UV-induced RNAPII
phosphorylation and a slower RNAPII degradation in XP-B/CS fibroblasts as possible
consequences of CAK dissociation during TCR.

4.2. Defect in CAK accumulation at damage sites and change in TFIIH subunit composition
in response to DNA damage in XP-B and XP-B/CS fibroblasts

Recent discovery of the role of XPG in stabilizing TFIIH [42] provokes a model explaining
XP-B/CS and XP-G/CS phenotypes. According to the model, defect in specific enzymatic
functions of XPB, XPD and XPG proteins results in XP and the specific XP/CS features
could result from the dissociation of CAK from TFIIH [25]. In present study, our
experiments showed a defect in CAK accumulation at damage sites in XP-B/CS fibroblasts.
We also detected a decrease in levels of cellular XPB, XPD and MAT1, which may
consequently results in a reduced level of TFIIH. Nevertheless, lower levels of TFIIH could
not be the cause of our inability of detecting CAK accumulation. First, TFIIH components,
e.g., p62 and XPD, were clearly detected in our immunofluorescence dual-labeling
experiments; second, in primary XP-D fibroblasts we observed a similar reduction in XPB
and XPD. Yet, CAK accumulation depicted by robust MAT1 recruitment was constantly
detected. When integrity of TFIIH was examined, we found that the XPB, p62 and XPD
proteins were present in anti-MAT1 and the XPB in anti-XPD precipitates, indicating that
the CAK remains associated with core TFIIH in XPB mutant fibroblasts. Thus, it is possible
that the defect in CAK accumulation at damage sites in XP-B/CS fibroblasts reflects a rapid
change in TFIIH subunit composition upon its assembly into preincision complex. It has
been recently reported that CAK is released from core TFIIH in repair-proficient cells
during NER [50]. Further, the release of the CAK promotes the incision of the damaged
oligonucleotide and thereby the repair of the DNA. In our experiments, MAT1 in NHF
disappeared from damage sites 24 h after UV irradiation and it happened together with the
disappearance of p62 ( Fig 1A) and other NER factors such as XPC, XPB, XPD and XPG
[30]. Therefore, in our experiments, the CAK dispersal from damage sites in NHF might not
reflect the release of CAK from TFIIH. It would rather signify the completion of 6-4PP
repair. By contrast, XP-B and XP-B/CS fibroblasts are not able to repair 6-4PPs. The
dispersion of CAK in these cells could not be the result of 6-4PP repair. It is very likely that
the nonfunctional mutant XPB protein accelerates the release of CAK when TFIIH is
recruited to DNA damage. In XP-D fibroblasts, CAK accumulation appears to be normal
and comparable to that in NHF. Therefore, mutant XPD does not accelerate the release of
CAK but retains TFIIH at DNA damage sites. Based on these results, we hypothesized that
XPB and XPD differentially regulate TFIIH compositional change during NER.

4.3. XPG recruitment is differentially affected by F99S and C-terminal alteration in XPB

proteins

Our examination on XPG recruitment revealed a differential effect of XPB mutant
alterations. In XP33BR and XPCS2BA fibroblasts, XPG recruitments were not seen initially
at 0 h and were also significantly reduced at later time points. This is in agreement with the
previous report in which XPCS1BA was examined [51]. XPCS1BA and XPCS2BA are mild
XP-BJ/CS fibroblasts derived from siblings, and both are homozygous for F99S missense
mutation. Interestingly, the same F99S mutation was present in the paternal allele in
XP33BR cells, where the maternal allele has a substitution, which results in an arginine at
position 425 being converted to a stop codon. Therefore, F99S missense mutation appears to
be specifically related to the failure of XPG's retention at damage sites. By contrast, a delay
of XPG recruitment was seen in XP183MA and XP181MA severe XP-B/CS fibroblasts at 0
h. Whereas, the XPG accumulation was not affected at 0.5, 1 or 3 h and, consistent with a
previous report, persisted up to 24 h [52]. As the delay occurred in all XP-B/CS cells, it is
likely related to lower level of TFIIH due to the decrease in defective XPB protein level.

DNA Repair (Amst). Author manuscript; available in PMC 2013 December 01.
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The persistence of XPG recruitment, in essence, would specifically relate to the alteration of
C-terminal 42 amino acids of XPB protein, and not simply to the loss of XPB function. It is
worthy of note that persistence of XPF recruitment has also been reported in XP183MA and
XP181MA fibroblasts [52]. Thus, the persistence of nonfunctional preincision complex is
correlated with severity of XP-B patients. It would be interesting to learn how the
nonfunctional preincision complexes residing at damaged chromatin affects other DNA
templated processes, .e.g., DNA replication, transcription and translesion DNA synthesis.

4.4. UV-induced RNAPII phosphorylation and degradation in severe XP-B/CS fibroblasts

The NER factor recruitment/accumulation, examined by immunofluorescence double
labeling, only reflect the cellular events of GGR [6]. The failure of CAK accumulation at
damage sites in XP-B, XP-B/CS and XP-G/CS (Fig. 1 and [30]) would therefore be an
evidence of the TFIIH compositional change in GGR but not in TCR. To probe the
regulatory role of CAK in TCR, we previously approached the question using chemical
genetic testing system, where the kinase activity of a genetically modified Cdk7 is sensitive
to unnatural ATP analog 1-NMPP1. We demonstrated that inhibition of Cdk7 diminished
the pre-existing and the immediate RNAPII Ser5-phosphorylation after UV irradiation. In
the present study, we observed an immediate dramatic increase in RNAPII Ser5-
phosphorylation in NHF, but not in XP-B/CS (XPCS1BA, XPCS2BA, XP183MA or
XP181MA) fibroblasts. Moreover, a slower decrease in Ser5-phosphorylated RNAPII over
24-h post-UV period was also observed in XP-B/CS. It is suggested that the TFIIH
compositional change may also occur in XP-B/CS fibroblasts during TCR.

In summary, we demonstrated a TFIIH compositional change in CAK dissociation after
TFIIH is recruited to DNA damage sites in XP-B and XP-B/CS fibroblasts. Such CAK
dissociation is not exclusively related to XP-B/CS. We also showed that the persistence of
nonfunctional preincision complex is associated with severe XP-B/CS, while the reduction
in UV-induced RNAPII Ser5-phosphorylation and degradation occurs in all XP-B/CS. How
these changes may contribute to high risk of skin cancer and other phenotypes of XP/CS
patients warrants additional exploration.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviation

TFIIH Transcription factor 11 H

CAK Cdk-activating kinase complex

uv ultraviolet light

6-4PP 6-4 pyrimidine-pyrimidone photoproduct
CPD cyclobutane pyridine dimer

NER Nucleotide excision repair

GGR global genomic repair
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Fig. 1.

XP-B and XP-B/CS fibroblasts are defective in accumulation of CAK component MAT1 at
DNA damage sites /n vivo. Normal human fibroblasts (NHF) (A), XP-B fibroblasts
XP33BR (B), XP-B/CS fibroblasts XPCS1BA (C) and XP183MA (D) were grown on
coverslips, locally irradiated with 100 /m?2 UV through a 5 pm-isopore polycarbonate filter,
fixed immediately (0 h) or cultured for 0.5, 3, or 24 h before fixing in 2% paraformaldehyde.
The TFIIH component p62 and CAK component MAT1 were visualized by
immunofluorescence double labeling using specific antibodies. Nuclei shown in blue are
from counterstaining with DAPI. Arrows indicate immunofluorescent foci due to
accumulation of THIIH proteins at localized damage sites.
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Fig. 2.

Physical association of MAT1 with core TFIIH in XP-B and XP-B/CS fibroblasts. (A)
Western blotting of XPB, XPD and MAT1 proteins in NHF, XP-B and XP-B/CS fibroblasts.
Protein extracts were made in SDS lysis buffer from indicated normal and XP fibroblasts.
The proteins were quantitated and resolved by polyacrylamide gel. The proteins transferred
on blots were probed with antibodies to XPB, XPD, MAT1 or p-actin. (B and C) Whole cell
extracts were made in RIPA buffer from NHF, XP-B and XP-B/CS fibroblasts.
Immunoprecipitation was performed by using control (Ctrl) or MAT1 (B) or XPD (C)
antibodies. The immunoprecipitates were analyzed by Western blotting with specific XPB,
p62 or XPD antibodies.
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-MAT1

Fig. 3.

XP-D fibroblasts accumulate various pre-incision NER factors, including MAT1, at DNA
damage sites /n vivo. XP-D fibroblasts XP1BR (A) and XP17BE (B) were grown on
coverslips, locally UV-irradiated and cultured for 1 h. The cells were then fixed with 2%
paraformaldehyde and decorated by immunofluorescence double labeling with indicated
specific antibodies. Nuclei were counterstained with DAPI. (C) Western blotting of XPB,
XPD and MAT1 proteins in NHF and XP-D fibroblasts. Protein extracts were made in SDS
lysis buffer, quantitated and resolved by polyacrylamide gel. The blots were probed with
antibodies to XPB, XPD, MAT1and pB-actin. (D) Physical association of MAT1 with core
TFIIH in NHF and XP-D fibroblasts. Whole cell extracts were made in RIPA buffer from
NHF and XP-D fibroblasts. Immunoprecipitation was performed by using control (Ctrl) or
MAT1 antibodies and the immunoprecipitates were Western blotting analyzed for presence
of XPB.

DNA Repair (Amst). Author manuscript; available in PMC 2013 December 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Zhu et al.

o
(3]

XPG

XPB

NHF

Merge

(v o)

XPG

XPB

GM13026/XPCS2BA

Merge

DNA Repair (Amst). Author manuscript; available in PMC 2013 December 01.

Page 19

24 h Post-UV




1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Zhu et al.

Page 20

C GM21072/XP183MA

0.5 3 24 h Post-UV

XPG+XPB

p62

XPD

Core TFIIH

Merge

Fig. 4.

XPG recruitment at DNA damage sites is impaired in XP-B/CS fibroblasts from patients
with mild symptoms while persists in fibroblasts from patients with severe symptoms. NHF
(A), XP-B/CS fibroblast XPCS2BA (B), XP183MA (C) were grown on coverslips and
irradiated with 100 J/m2 UV through a 5 wm-isopore polycarbonate filter. The cells were
fixed immediately (0 h) or cultured for indicated repair period and then fixed in 2%
paraformaldehyde. The XPG and XPB recruitment at DNA damage sites were examined by
immunofluorescence double labeling as described for Fig. 1 to 3. The presence of p62, XPD
and their co-localization at DNA damage sites were monitored in XP183MA fibroblasts (D).
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Fig. 5.

UV-induced RNAPII Ser5-phosphorylation and degradation in XP-B/CS fibroblasts. The
exponentially growing NHF (A), XPCS1BA, XPCS2BA (B), XP181MA and XP183MA (C)
fibroblasts were UV-irradiated at a dose of 20 J/m? and maintained for indicated repair
period in fresh medium. The protein extracts were then made in SDS lysis buffer, and the
proteins were quantitated and examined by Western blotting using specific anti-XPB and
anti-phospho-RNAPII or anti-B-actin antibodies. (D) Representative Western blot images
were quantitated using ImageJ software and arbitrary amount of RNAPII were estimated
relative to protein levels found without UV irradiation.
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