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SUMMARY

Upongeneactivation,we found that RNApolymerase

II transcription machinery assembles sequentially

with the nucleotide excision repair (NER) factors at

the promoter. This recruitment occurs in absence

of exogenous genotoxic attack, is sensitive to tran-

scription inhibitors, and depends on the XPC protein.

The presence of these repair proteins at the promoter

of activated genes is necessary in order to achieve

optimal DNA demethylation and histone posttransla-

tional modifications (H3K4/H3K9 methylation, H3K9/

14 acetylation) and thus efficient RNA synthesis.

Deficiencies in some NER factors impede the recruit-

ment of others and affect nuclear receptor transacti-

vation. Our data suggest that there is a functional

difference between the presence of the NER factors

at the promoters (which requires XPC) and the NER

factors at the distal regions of the gene (which

requires CSB). While the latter may be a repair

function, the former is a function with respect to

transcription unveiled in the current study.

INTRODUCTION

Protein-coding gene expression requires the presence of

a battery of proteins, which includes RNA polymerase II (RNA

pol II), the transcription factors (such as nuclear receptors,

NR), coactivators, andmediator and histone-modifying enzymes

at the promoter of activated genes. The formation of the tran-

scription preinitiation complex (PIC) is accompanied by an

important chromatin-remodeling phase including histones post-

translational modifications (PTMs) and active DNA demethyla-

tion of the promoter region. These processes produce an

euchromatin environment necessary to begin the synthesis of

the primary transcript (Cedar and Bergman, 2009; Li et al.,

2007). If the DNA is not properly demethylated or is damaged

by genotoxic agents, or if one of the members of the transcrip-

tional machinery is missing, RNA synthesis becomes defective

(Barreto et al., 2007; Gramantieri et al., 2005).

To maintain genome integrity and ensure the continuation

of transcription, DNA lesions originated by UV irradiation, anti-

tumor drugs, and other environmental products that modify the

DNA structure, are eliminated through two subpathways of

NER (Lindahl and Wood, 1999). Global genome repair (GGR)

removes DNA damage from the entire genome, and the tran-

scription-coupled repair (TCR) corrects DNA lesions located on

the actively transcribed genes (Fousteri and Mullenders, 2008;

Hanawalt and Spivak, 2008). In GGR, the removal of lesions

requires their recognition by the repair factor XPC/HR23b and

the subsequent opening of the DNA duplex by TFIIH (Riedl

et al., 2003; Sugasawa et al., 2001). The resulting single-

stranded structure is stabilized by XPA and RPA. XPG is

recruited through its interaction with TFIIH on the 3 side of the

lesion and its positioning on the cut site requires RPA. The inter-

action between XPA and ERCC1 stimulates the recruitment of

ERCC1-XPF on the 5 side of the DNA lesion. In such condition

the damaged oligonucleotide can be removed following the

double incision by XPG and ERCC1-XPF endonucleases, thus

allowing the DNA resynthesis (Wakasugi et al., 1997; Constanti-

nou et al., 1999). In TCR, these factors (except XPC/HR23B) are

recruited by the stalled RNA pol II in front of the damage with

the help of the CSB and CSA proteins (Laine and Egly, 2006).

Mutations in 11 genes (XPA-G, ERCC1, TTD-A, CSA, and

CSB), among the 30 genes involved in NER, have been associ-

ated with the human genetic disorders xeroderma pigmentosum

(XP), trichothiodystrophy (TTD), cockayne syndrome (CS), and

cerebro-oculo-facio-skeletal syndrome (COFS). Patients of

these syndromes display a wide variety of clinical features (Leh-

mann, 2003; Jaspers et al., 2007). XP is characterized by sun

sensitivity and greater than 1000-fold increased risk of cuta-

neous neoplasms. Approximately 30% of affected individuals

have neurologic symptoms, including acquired microcephaly,

diminished deep tendon stretch reflexes, and progressive cogni-

tive impairment. TTD is characterized by abnormally sulfur-

deficient brittle hair and accompanied by ichthyosis, in addition

to neurological abnormalities. CS patients are sensitive to

sunlight, have short stature, and display traits of premature

aging. Themajority of these clinical features cannot be explained

by a DNA-repair deficiency and argue for these repair factors

performing others functions beyond their role in the repair

process. Besides TFIIH, whose role, in transcription and DNA

repair, is well accepted (Schaeffer et al., 1993), others factors
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involved in NER are also linked to the transcription process. For

instance, mutations in XPG disturb the architecture of TFIIH and

as a consequence affect NR-dependent transactivation (Ito

et al., 2007). A similar scenario was described for XPDmutations

(Compe et al., 2005, 2007; Keriel et al., 2002).

We therefore questioned whether others NER factors play

a role in the transcriptional process, which can be distinguished

from their functional role in DNA repair. In the present study, we

found that PIC formation preceded the sequential recruitment

of the NER factors XPC, XPA, RPA, XPG, and XPF/ERCC1 at

the promoters of inducible genes, in the absence of exogenous

genotoxic attack. All these NER factors (except CSB) were

required to allow histone PTMs and active DNA demethylation

necessary for efficient transcription. Finally, a transcriptional

dysregulation was detected in cells with silenced NER factors

and cells derived from XP patients.

RESULTS

NER Factors Are Recruited on Active Promoters

Employing systems where the nuclear receptors (such as the

retinoic acid receptor [RAR] and peroxisome proliferator-

activated receptor [PPAR]) were the key regulatory elements,

and a chromatin immunoprecipitation (ChIP)-based method-

ology, we studied the dynamic recruitment of RNA pol II known

partners and NER factors during transcription in the absence

of exogenous genotoxic attack. Eight hours posttreatment of

HeLa cells with all-trans retinoic acid (t-RA), we observed the

accumulation of RARb2 mRNA (Figure 1A). ChIP followed by

quantitative PCR showed at 8 hr a concomitant recruitment of

RAR, the retinoid X receptor (RXR) partner, and RNA pol II

(Figures 1F and 1G), that correlates with the peak of mRNA

synthesis. At this time, TFIIH was also recruited as visualized

by the presence of its subunits XPB, XPD and p44 (Figure 1G).

While t-RA treatment resulted in a cyclical recruitment of various

components of the transactivation complex at the target RARb2

promoter, productive RNA synthesis only occurred at 8 hr, which

coincided with the concomitant arrival of the transcription inter-

mediary factor 2 (TIF2) coactivator, the mediator subunit Med6

(Figure 1F), Med1 and the p300 coactivator (data not shown),

all involved in the formation of RAR transactivation complex.

On the RARb2 promoter, we also detected the presence of

the XPG endonuclease, which interacts with TFIIH and plays a

role in transactivation (Ito et al., 2007). Unexpectedly, we also

detected XPF, the other NER endonuclease (Figure 1H). More-

over, we observed the presence of XPA and RPA, two NER

factors with no known function in the transcription process

(Figure 1H). Surprisingly, we also detected on the promoter,

the CSB protein, required for TCR, and XPC, the damage-

sensing protein of GGR (Figure 1I).

We next questioned whether the NER factors that we

observed on the RARb2 promoter were also part of the elon-

gating transcription machinery. ChIP analysis showed the

presence of XPA, RPA, XPG, XPF, and CSB together with the

elongating RNA pol II and the transcription elongation factor

TFIIF at 8 hr after t-RA treatment, on exon 3, 4 (Figures S1B–

S1G), and exon 6 (Figures 1K–1M). Neither RAR nor RXR were

detected at the elongation regions of the RARb2 gene

(Figure 1J). It must be noticed that under our experimental condi-

tions, we only detected background levels of XPC at the elonga-

tion regions (Figure 1M, S1D, and S1G). To ensure that the

recruitment of the repair factors was specific to the transactiva-

tion process, we analyzed the promoter of an inactive gene. In

t-RA-treated HeLa cells (in which PPARa is not expressed),

neither the transcription machinery nor the NER factors were

found associated to the promoter of 3-hydroxy-3-methylglu-

taryl-coenzyme A synthase 2 (HMGCS2), a PPAR-responsive

gene (Figures 1O–1R), and no accumulation of mRNA synthesis

was observed (Figure 1N). On the contrary, when cells were

transfected with a PPARa-expressing vector and treated with

WY14643 (PPARa-specific ligand), HMGCS2 mRNA was highly

expressed at 16 hr posttreatment (Figure 1S). Concomitantly,

we observed the recruitment of the transcription and all NER

factors, together with PPAR/RXR on the promoter (Figures 1T–

1W) and on the elongation regions (Figures S1I–S1L). To further

demonstrate that the presence of the NER factors at the

promoter did reflect a real association with the transcription

machinery, we designed several control experiments. To test

our ChIP protocol, we analyzed the presence of two unrelated

proteins on the promoters of RARb2/HMGCS2. Neither cyclin A

(data not shown) nor the vitamin D receptor (VDR) (endogene-

ously expressed in HeLa cells) were present either at the

promoter or elongating regions (Figures 1F, 1J, 1O, 1T, S1B,

S1E, and S1I). Second, although we detected low amounts of

RNA pol II far upstream from the RARb2 initiation site ( 20 kb),

none of the factors required either for the formation of the

RAR/RXR-dependent transactivation complex or for the NER

reaction were detected at the RARb2 upstream promoter region

(Figures 1B–1E). We cannot exclude the possibility that the low

amounts of RNA pol II detected upstream the RARb2 gene

represent another transcription complex of a gene not currently

identified.

Simultaneous treatments of HeLa cells with the transcription

inhibitor 5,6-Dichloro-1-beta-D-ribofuranosylbenzimidazole (DRB)

and t-RA, resulted in the inhibition of the RARb2 mRNA synthesis

(Figure 1X). Under those conditions, neither RNA pol II nor NER

factors were detected on RARb2 promoter (Figures 1Ya–1Yf)

and exon 6 (Figure S1N). Similar results were obtained when

HeLa cells were treated with a-amanitin, another transcription

inhibitor, and simultaneously the t-RA ligand (Figures S1O and

S1P).

Altogether, our data show that NER factors were recruited with

RNA pol II at the promoters of activated genes and that this

recruitment is specific to the transactivation process and sensi-

tive to transcription inhibitors. In addition to RARb2 and

HMGCS2 genes, it is important to note that all these repair

factors together with the transcription apparatus were observed

upon activation of all the genes so far tested such as RARa2, the

Vitamin D responsiveCyp24 as well as the PPAR responsive liver

fatty acid binding protein LFABP (data not shown).

The NER Factors Associated to RNA Pol II

Are Discriminated from a Repair Complex

We next questioned whether the NER factors that assembled on

promoters of inducible genes could be distinguished from a

‘‘DNA repair complex’’ formed upon genotoxic attack. First,
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HeLa cells were UV irradiated and treated with t-RA simulta-

neously. Under these conditions, expression of the growth arrest

DNA damage-inducible 45 alpha (GADD45a), as well as the

human double minute 2 (hDM2), two UV-inducible genes (Adi-

moolam and Ford, 2002), was elevated at 4 hr posttreatment

(Figure 2A) (data not shown). The RARb2 gene expression

peak, originally found at 8 hr post-t-RA treatment, was delayed

to 16 hr (Figure 2E, compared blue dotted line with blue line

respectively; see also Figure 1A). This delay may be due (at least

in part) to the priority of the DNA repair process (Smith and

Hanawalt, 1978; Friedberg et al., 1995). ChIP analysis performed

over time further showed that RNA pol II, TFIIH (XPB, XPD, and

cdk7), as well as all XPC, XPA, RPA, XPG, and CSB were

recruited at 4 hr at the GADD45a promoter together with p53

(Figures 2B–2D), and at 16 hr to the RARb2 gene promoter

together with RAR (Figures 2F–2H).

At this stage of our work, we could speculate that NER factors

recruitment reflected repair event at the analyzed promoters.

However, it seems hard to conceive that GADD45a as well as

all the promoters so far tested were damaged under our exper-

imental conditions and consequently subjected to either a

GGR and/or a TCR process. Indeed, we have also observed

the corecruitment of NER factors with RNA pol II machinery at

the dihydrofolate reductase (DHFR) housekeeping gene (data

not shown). Additionally, it is worthwhile to notice that none of

the PPAR, TFIIH, RNA pol II transcriptional components and

NER factors was detected at the promoter of the nonactivated

HMGCS2 gene (Figures 2I–2L).

ChIP/reChIP analysis using specific antibodies showed that

TFIIH and RNA pol II (ChIP-cdk7/reChIP-pol II), XPA and RNA

pol II (ChIP-XPA/reChIP-pol II), as well as TFIIH and XPA

(ChIP-XPB/reChIP-XPA and ChIP-cdk7/reChIP-XPA) co-occu-

pied both the GADD45a and RARb2 promoters at 4 hr and 16 hr

post-UV irradiation and ligand treatment (Figures 2M and 2O).

To validate our ChIP and ChIP/reChIP data, we used a combina-

tion of antibodies against an unrelated protein (VDR, see also

Figures 2B, 2F, and 2J) and either XPA, RNA pol II, XPB, or

cdk7. We were not able to detect any co-occupancy between

VDR and either XPA, TFIIH (XPB and cdk7) or RNA pol II (Figures

2N and 2P). It is worthwhile to notice that the presence of XPA

together with CAK/cdk7 (which is crucial for transcription) and

the transcriptional machinery at the activated RARb2 promoter,

argue for a complex unrelated to a GGR complex (see also

below). Indeed, in GGR, the presence of XPA and cdk7 is mutu-

ally exclusive: the arrival of XPA at the damage sites leads to the

removal of CAK from TFIIH core (Coin et al., 2008).

To further test the idea that NER factors containing transcrip-

tion complex is different to the ‘‘repair complexes,’’ we designed

a second set of experiments. MRC5 cells were UV irradiated and

treated with the transcription inhibitor DRB. Under these condi-

tions, and as previously observed for the RARb2 gene (Figures

1X–1Yf), transcription of GADD45a gene was inhibited contrary

to what occurred in cells only treated with UV in which the

GADD45a mRNA synthesis peaks at 2 hr (Figures 3A and 3B,

blue dotted histograms). At that time, in the UV-irradiated cells,

our ChIP and ChIP/reChIP analysis demonstrated that RNA pol

II, NER factors as well as p53 transcription factor, were cor-

ecruited and co-occupied GADD45a promoter (Figure 3A,

colored histograms; Figures S2C–S2F) as similarly observed in

UV-irradiated and t-RA treated HeLa cells (Figures 2B–2D).

This corecruitment of RNA pol II/NER factors and RNA pol II/

TFIIH was lost in UV-irradiated MRC5 simultaneously treated

with DRB (Figures 3B and S2G–S2J), thus explaining the

absence of mRNA synthesis. ChIP using antibodies against

XPB, coupled to Western blot (Fousteri et al., 2006; Coin et al.,

2008), allowed us to observe the formation and the composition

of the NER repair complexes between 0.25 and 2/4 hr post UV

irradiation on the chromatin extract (Figure 3C, lanes 2–6 and

curves). These repair complexes were observed even when the

cells were simultaneously treated with the transcription inhibitor

DRB and UV (Figure 3D, lanes 2–6 and curves). Both in the pres-

ence and absence of DRB, we clearly observed the arrival of the

NER factors such as RPA and XPF concomitantly to the release

of the CAK subcomplex from TFIIH (Figures 3C and 3D

compared with Figures S2K and S2L for the specificity of the

immunoprecipitation). To further support our results suggesting

that NER complexes at promoter are different then ‘‘repair

complexes,’’ we used local UV irradiation technology combined

with fluorescent immunostaining (Volker et al., 2001). Analysis of

locally UV-irradiated MRC5 cells by confocal microscopy

showed that XPC, XPB/TFIIH, and XPA colocalized at sites of

UV damage even in the presence of DRB (Figures 3E and 3F).

Altogether, our data demonstrate that a GGR complex is resis-

tant to transcription inhibitors whereas the transcription complex

with NER factors we describe here is sensitive to DRB. Our

results suggest that the NER factors-containing transcription

complex is not a NER repair complex.

Deficiencies in Some NER Factors Impede

the Recruitment of Others

We next investigated how either the silencing of XPC, XPA,

ERCC1 or XPG (using the corresponding ‘‘silencix HeLa’’ cells

Figure 1. NER Factors Form Part of the Initiating and Elongating Transcription Machinery

(A–M) Relative mRNA expression of RARb2 gene from HeLa cells treated with t-RA (1 mM) (A). Error bars represent the standard deviation of three independent

experiments. Schematic representation of theRARb2 gene with the indicated amplicons designed at the upstream (Us), promoter (Pr), and elongation (El, exon 6)

regions. ChIP monitoring the t-RA-dependent occupancy of: RAR, RXR, VDR, TIF2, and Med 6 (B, F, and J); RNA pol II, TFIIH subunits (XPD, XPB, and p44) and

TFIIF (C, G, and K); XPG, XPA, RPA and XPF (D, H, and L); XPC and CSB (E, I, and M), on the different amplicons of RARb2 gene.

(N–Y) RelativemRNA expression ofHMGCS2 gene fromHeLa cells treated either with t-RA (N) or withWY14643 (1 mM) and transfectedwith the pSG5-PPARa (S).

Error bars represent the standard deviation of three independent experiments. ChIP monitoring the t-RA- and WY1464 -dependent occupancy of PPAR, RXR,

VDR, TIF2, andMed1 (O and T); RNA pol II and TFIIH subunits (XPD, XPB, and p44) (P and U); XPG, XPA, RPA, and XPF (Q and V); XPC and CSB (R andW), on the

HMGCS2 promoter (Pr). Each series of ChIP is representative of at least two independent experiments. Values are expressed as percent input, which are the

average of at least two qPCR reactions and error is within 10%. Relative RARb2 mRNA expression (X) and ChIP monitoring the occupancy of RAR, RNA pol

II, XPD, XPG, XPA, and CSB (Ya–Yf) on the RARb2 promoter in t-RA treated HeLa cells in absence (gray histogram) or presence (green histogram) of DRB

(100 mM).
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that stably express siRNA and abolish their expression, see Fig-

ure S3), or mutations in XPC, XPA, XPG, and CSB (using fibro-

blasts derived from XP or CS patients) would affect the t-RA

dependent RARb2 transactivation.
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Figure 2. NER Factors Are Corecruited with RNA pol II

Machinery after UV Irradiation

(A–L) Relative mRNA expression of GADD45a (A), RARb2 (E), and

HMGCS2 (I) genes monitored by qPCR from UV-irradiated (20 J/m2)

HeLa cells treated with t-RA (1 mM). Relative mRNA expression of

RARb2 gene measured by qPCR from t-RA-treated cells (E, dotted

blue line). A dose of 20 J/m2 generates around two photolesions per

10 kb of genomic DNA (van Hoffen et al., 1995). ChIP monitoring the

UV- and t-RA-dependent recruitment of p53, RAR, PPAR, and VDR

(B, F, and J) as indicated; RNA pol II and TFIIH subunits (XPB, XPD,

cdk7) (C, G, and K); XPG, XPA, RPA, CSB and XPC (D, H, and L), on

the GADD45a (curves), RARb2 (histograms), and HMGCS2 (curves)

promoters. Each series of ChIPs is representative of two independent

experiments. Values are expressed as percent input, as previously.

(M–P) For ChIP/ReChIP experiments on GADD45a and RARb2

promoters, samples were subjected to either (M and O) a first IP

against XPA, XPB, or cdk7 and then purified complexes were further

subjected to a second IP using antibodies against either pol II or

XPA or (N and P) a first IP using an antibody against an unrelated

protein (VDR) and then purified complexes were subjected to a second

antibody against either XPA, RNA pol II, XPB, or cdk7 or vice versa as

indicated.

First, in SiXPC, -XPA, and -ERCC1 cells (Figure 4A) as

well as in XPC/579st and XPA/R207st cells (Figures 5Aa

and 5Ba), we observed a significant defect in the RARb2

mRNA expression compared to either the SiControl or

the rescued cells, respectively. ChIP analysis from each

of the defective cells, treated with t-RA, showed that,

similarly to what was observed in SiControl, RAR, RXR,

TFIIH (XPB and cdk7), and RNA pol II were concomitantly

recruited to theRARb2 promoter (Figures 4B–4I, S4B, and

S4C).

Contrary to the coordinated recruitment of XPC, XPA,

XPG, XPF, and DDB1 (known to facilitate the recruitment

of XPC on damaged chromatin [Fitch et al., 2003]), with

the RNA pol II machinery observed in the SiControl cells,

none of the NER factors were observed at the promoter in

SiXPC cells (compare Figures 4J, 4N, and 4Rwith 4K, 4O,

and 4S).

In absence of XPA (SiXPA), only XPC and CSB were

detected at the promoter but neither XPF nor XPG

(Figures 4L and 4P; see also Figures 4D and 4H). Remark-

ably, in patients fibroblasts bearing mutations on either

XPC or XPA compared to XPA rescued cells, we observed

a similar defect in the recruitment of NER factors on the

RARb2 promoter while the transcriptional machinery was

present (Figures 5Ab–5Ae, 5Bb–5Be, and 5Cb–5Ce).

Interestingly, in SiERCC1 cells, where expression of

ERCC1 and its partner XPF were silenced (Figure S3)

(Gaillard and Wood, 2001), we detected XPC, XPA, and

XPG together with RAR, RXR, RNA pol II, and TFIIH

(Figures 4E, 4I, 4M, and 4Q). On both SiXPG and XP-G

fibroblasts derived from XPCS1RO patient, all the NER

factors (except XPG) were recruited to the corresponding

activated promoters (Figures S4F–S4N). We also analyzed the

consequences of CSB mutations in CS1AN fibroblasts in which

the Q336st mutation abolished CSB expression (Figure S3).

When compared to the CSB rescued cells, CSB-deficient cells
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displayed a similar RARb2 mRNA expression pattern (Figur-

e 5Da). Moreover, the absence of CSB protein did not prevent

the recruitment of XPC, XPA, XPG, and XPF together with the

transcriptional machinery on the RARb2 promoter (compare

Figures 5Db–5De with Figures 5Eb–5Ee).

Altogether, our data showed first that the recruitment of the

basal transcription machinery occurred even in the absence of

the NER factors and second that the NER factors were assem-

bled on the promoter in the following order: XPC, XPA, followed

by XPG and XPF. Moreover, it seems that the absence of CSB

(required for TCR) was not required for the recruitment of the

others NER factors and the RARb2 mRNA synthesis. This

suggests, once again, that the transcription complex associated

to NER factors at the promoter of activated gene can be discrim-

inated from a DNA repair complex, including a TCR complex.

NERFactors andGadd45a FacilitateDNADemethylation

and Histones PTMs

Recent studies revealed that the Gadd45a protein required XPG

during active DNA demethylation, an essential step for efficient

transcription (Barreto et al., 2007; Gramantieri et al., 2005). We

thus investigated whether a defect in the recruitment of the

NER factors on the RARb2 promoter could affect the Gadd45a

recruitment. ChIP analysis showed a recruitment of Gadd45a

concomitant with the NER factors on RARb2 promoter in SiCon-

trol cells (Figures4NandS4E). InSiXPC,SiXPA, aswell as in XPC/

579st andXPA/R207st cells,Gadd45awasnot detected together

with the other components at the promoter (Figures 4O, 4P, 5Ae,

5Be). Surprisingly, we observed its presence together either with

XPG in SiERCC1 cells or with XPF in SiXPG and in XPG-deficient

cells (Figures 4Q, S4J, andS4N). InCSB-deficient aswell inCSB-

rescued cells, Gadd45a was recruited together with all the NER

factors on the active RARb2 promoter (Figures 5De and 5Ee).

We next investigated whether the simultaneous presence of

Gadd45a together with the NER factors was necessary to

replace themethylated cytosines by unmethylated ones required

for efficient transcription initiation (Appanah et al., 2007). Since

hypo- and hypermethylation of CpG dinucleotides across the

genome contribute to changes in gene expression, we used

the Imprint Methylated DNA quantification technique to measure

global DNA methylation shifts. We first found that the global

methylation level is much higher in genomic DNA from SiXPC,

SiXPA, SiERCC1, and SiXPG HeLa cells compared to the SiCon-

trol cells, whereas no differences were observed between

CSB-mutated patient fibroblasts and the corresponding rescued

cells (Figures S5A and S5B, respectively).

We then used the methylation-sensitive enzymes HpaII and

Dpn I to evaluate themethylated status of CpGs islands localized

in the RARb2 promoter surroundings (Figure 4, lower panel)

(Appanah et al., 2007; Santoro and Grummt, 2001). In wild-type

cells (SiControl) as well in CS1AN, CS1AN/CSB, and XP12RO/

XPA-rescued cells, the presence of all NER factors together

with the RNA pol II machinery and Gadd45a, at 6/8 hr post t-RA

induction, was accompanied by a significant increase in the

Dpn I sensitivity (thus DNA demethylation), while no variation

was obtained with Hpa II (Figures 4V, 5Cg, 5Dg, and 5Eg). This

reflected a decrease of methylation in CpG islands located in

the 3 -proximal promoter region. On the contrary in SiXPC,

SiXPA, as well as in XPC/579st and XPA/R207st cells, in which

we observed a defect in the recruitment of XPG, XPF and also

the Gadd45a protein, the CpG islands were not digested by

Dpn I (Figures 4W, 4X, 5Ag, and 5Bg). Interestingly, in SiERCC1,

in which XPG together with Gadd45a were recruited, no signifi-

cant changes in the CpG islands methylation were detected

(Figure 4Y). This also occurs in SiXPG, where XPF together with

Gadd45a were recruited at the RARb2 promoter (data not

shown).

DNA methylation and histones PTMs are dependent on one

another. Hypermethylated CpG islands have been associated

with a heterochromatin landmark such as di-/trimethylation of

histone H3K9 (H3K9me); conversely, di-/trimethylation of

histone H3K4 (H3K4me), acetylation of H3K9/14 (H3K9/14ac),

related to active transcription, are accompanied by DNA hypo-

methylation (Cedar and Bergman, 2009; Hashimshony et al.,

2003). We thus questioned whether a defect in the active deme-

thylation (in absence of recruitment of NER factors) would

also disturb histones PTMs. ChIP analysis revealed that in WT

(SiControl) cells, the recruitment of the NER factors, Gadd45a,

and RNA pol II paralleled an increase of H3K4me, H3K9/14ac

concomitantly to a decrease of H3K9me (Figure 4R). This profile

was repeatedly observed at 8 hr in both CSB, XPA rescued, and

CSB-deficient cells (Figures 5Cf, 5Df, and 5Ef). These ‘‘signa-

tures’’ in histone H3 modifications were not observed in SiXPC,

SiXPA, and SiERCC1 cells or in XPC/579st and XPA/R207st cells

(Figures 4S, 4T, 4U, 5Af, and Bf). In those cells, we observed an

increase of H3K9me and a decrease of H3K4me that paralleled

the recruitment of transcriptional machinery, contrary to what

occurs in wild-type cells.

The above results strongly suggest that in addition to XPG,

other NER factors (XPC, XPA, XPF/ERCC1, except CSB) are

necessary for the Gadd45a recruitment to the promoter of acti-

vated genes and the concomitant occurrence of DNA demethy-

lation and histones PTMs.

DISCUSSION

Synthesis of mRNA is the result of a cascade of events that

requires more than 200 proteins that constitute the transcrip-

tional machinery (Brivanlou and Darnell, 2002; Kornberg, 2007).

How are each of these proteins connected in this intricate

network to initiate transcription, at the right time and in the

proper cell, would help to further our understanding of gene

expression regulation.

The NER Factors Are Sequentially Recruited

to the Activated Genes

In the present study we demonstrate that all the NER factors are

associated with the transcription machinery on the promoters of

active genes (in the absence of exogenous genotoxic attack) and

escort the elongating RNA polymerase (Figure 1). The recruit-

ment of the NER factors and their association with RNA pol II

is abolished in the presence of the transcription inhibitor DRB

(Figure 1). The presence of these factors is specific to factors

that are involved in NER, since the base excision repair and

mismatch repair proteins Ogg1 glycosylase and MutS homolog

2 factor (MSH2), respectively, were not detected (Figure S1Q).
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Figure 3. NER Factors-Containing Transcriptional Complex Can Be Discriminated from a DNA Repair Complex

(A and B) Relative GADD45a mRNA expression (blue dotted histograms) and ChIP/ReChIP (colored histograms) monitoring the coimmunoprecipitation of the

corresponding promoter using antibodies combinations against RNA pol II/ XPD, XPD/cdk7, RNA pol II/XPG, XPG/XPA, and VDR/pol II from UV-irradiated

(20 J/m2) MRC5 fibroblasts in absence (A) or presence (B) of DRB (100 mM), harvested at indicated times.

(C and D)Western-blotting analysis of Ab-XPB ChIP samples from chromatin extracts of MRC5 fibroblasts incubated overtime after UV irradiation, in absence (C)

or pretreated with DRB (100 mM) during 6 hr (D). The WB signals for XPF, XPB, p62, cdk7, cyc H, and RPA were quantified using Genetool and plotted on the

graphs. For each single lane, XPB was used as reference. HC indicates the heavy chain of the antibody.
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Moreover, silencing or mutations in these factors revealed that

the NER factors are sequentially recruited to these promoters

in the following order: XPC, XPA, and XPG, XPF/ERCC1/

Gadd45a, once the transcription machinery is positioned into

place (Figures 4, and 5; see also model Figure 6).

One thus can wonder whether this ‘‘entourage’’ of the RNA

pol II would render the transcription machinery equipped to

deal with potential threats (such as DNA lesions) or whether

these factors participate in a mechanism that renders these

promoters ready for efficient RNA synthesis. Importantly, this

transcriptional complex equipped with NER factors is distin-

guishable from a repair complex, whether it would be TCR or

GGR, in several ways. First, this transcription complex is sensi-

tive to the transcription inhibitor DRB, whereas GGR is not

(Figure 3). Second, this transcription complex does not require

the CSB protein, whereas this protein is absolutely required

for TCR (Figure 5). Third, this transcription complex requires

XPC, whereas this protein is dispensable for TCR (Figures 4

and 5). Therefore, our data indicates that this transcription

complex loaded with NER factors is different to a repair complex

based on its composition and its sensitivity to transcription

inhibitors.

Despite these results, two lines of evidence are surprising; in

the absence of theCSBprotein, we did not observe the presence

of the NER factors at the distal regions of the genes (i.e., escort-

ing the elongating RNA pol II) and in the absence of XPC, we did

not observe the recruitment of the NER factors at the promoters

of activated genes (Figure S6). Although these results may

suggest that we are observing a TCR complex, analysis of the

transactivation capacity of XP-C cells showed disrupted tran-

scription, whereas the same analysis of CS-B cells (TCR defi-

cient) did not show a transcriptional deficiency. Altogether, these

data suggest that there is a functional difference between the

presence of the NER factors at the promoters (which requires

XPC) and the NER factors at the distal regions of the gene (which

requires CSB). While the latter may be a repair function, the

former is a function with respect to transcription unveiled in the

current study.

The NER Factors Are Part of the Transcription Process

We then raised the question of the potential role of the NER

factors in transcription at the promoters of active genes. The

formation of the PIC is accompanied by important chromatin

remodeling resulting from histone PTMs and DNA demethylation

(Li et al., 2007). In the present study we observed the concomi-

tant recruitment of the transcription machinery and the NER

factors, Gadd45a with the 3 -proximal promoter DNA demethy-

lation, histone H3K4 di-/trimethylation, H3K9 demethylation,

and H3K9/K14 acetylation (Figures 4 and 5) as well as H4K16

acetylation and H2B monoubiquitination (Figure S7) at active

promoters. These chromatin ‘‘signatures’’ were not observed

when one of the NER factors was absent (Figures 4 and 5).

Indeed, in NER-deficient cells we observed unchanged DNA

methylation levels and histones PTMs representative of a hetero-

chromatin environment surrounding the promoters of activated

genes, which could explain the dysregulation in mRNA synthesis

despite the presence of the transcriptional machinery. It is

possible that the various other enzymatic activities of the NER

factors, such as the ATPase, helicase, kinase, E3-ubiquitin

ligase, and/or endonuclease may participate in some local chro-

matin modifications as well.

The Transcriptional Phenotype of the XP Patients

This study demonstrates that others NER factors play a role in

the transcription process. Although these factors may not be

essential for the PIC formation, they clearly fine-tune the

transactivation to an optimal level. This optimization may be

very important during development and can potentially explain

the clinical symptoms observed in XP patients that cannot be

explained by a DNA-repair deficiency. For instance, a significant

fraction of XP-A patients display neurological abnormalities and

developmental problems. Why do these patients not display

a more severe phenotype, like CS or XP/CS patients? We

knowXPB and XPD (thus TFIIH) are essential for the transcription

process (Coin et al., 1999). TFIIH phosphorylates transcriptional

activators and RNA pol II (Keriel et al., 2002; Lu et al., 1992), all of

which are crucial for the formation of the PIC, and thus for RNA

synthesis. On the other hand, we observed in the current work

that XPA, XPC, and XPF are involved in the transcription process

in a more indirect way and are thus less critical for this process

(since the PIC formation is not affected). The stage at which

these factors function during transcription may explain the

differences in spectrum and severity between patients from

different XP groups. There is also the possibility that others

factors can perform redundant functions to optimize the

transcription process. Finally, we should not ignore the fact

that the phenotypes of XP patients are broad and although we

categorize patients for a single mutation, recent work has shown

that the secondary allele may also have an effect in the clinical

symptoms (Ueda et al., 2009).

To summarize, our work allows us to propose a model in

which, upon gene activation and in the absence of exogeneous

genotoxic attack, RNA pol II machinery, including TFIIH (XPB/

XPD), is recruited at the promoter followed by the sequential

arrival of the NER factors, concomitant histone modifications,

and promoter DNA demethylation required for optimal RNA

synthesis (Figure 6). Interestingly, this work points out once

more the similarities between RNA pol II and RNA pol I tran-

scription, which share in addition to some basal transcription

factors, NER factors such as CSB, TFIIH, and XPG as well as

Gadd45a (Cavallini et al., 1988; Eberhard et al., 1993; Iben

et al., 2002). This may force us to question whether the role

of XPC, XPA, XPG, and XPF/ERCC1 would be first transcrip-

tional and then upon genotoxic attack could also be required

for elimination of DNA lesions. Further studies have to be

engaged to dissect the specific function of the previously

known ‘‘repair factors’’ in the various steps of the transcrip-

tional process.

(E and F) MRC5 cells were treated or not by DRB (100 mM), as indicated (E and F), during 6 hr and UV irradiated with 70 J/m2 through a 6 mm pore filter and fixed

30 min later. Immunofluorescent labeling was performed using rabbit polyclonal anti-XPC, anti-XPB, anti-XPA, and mouse monoclonal anti-cyclobutane

pyrimidine dimers (CPD) antibodies. Nuclei were counterstained with DAPI and slides were merged.
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Figure 4. Sequential Recruitment of NER Factors on RARb2

Promoter Necessary for Histones PTMs and Active DNA

Demethylation

(A–Y) Relative RARb2 mRNA expression monitored by qPCR from

stable SiControl, SiXPC, SiXPA, and SiERCC1 HeLa cell lines treated

with t-RA (1 mM). ChIP monitoring the t-RA-dependent occupancy of

RAR, RXR, VDR (B–E), RNA pol II, XPB, cdk7 (F–I), XPC, CSB, XPA

(J–M), XPG, XPF, Gadd45a (N–Q) and di-/trimethylated histones

H3K9, H3K4, acetylated H3K9/14, and DDB1 (R–U) on RARb2 promoter

from stable SiControl, SiXPC, SiXPA, and SiERCC1 HeLa chromatin

extracts as indicated. Schematic representation of theRARb2 promoter

with the indicated CpG islands, restriction enzymes, and primers used

to evaluate the methylation status (lower panel). Methylation of CpG

islands of RARb2 promoter was determined by measuring the ratio of

PCR products obtained after digestion by BamHI/Hpa II, BamHI/ DpnI,

or just BamHI of genomic DNA of t-RA treated stable SiControl (V),

SiXPC (W), SiXPA (X), and SiERCC1 (Y) HeLa cells.
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EXPERIMENTAL PROCEDURES

Cell Culture and Reagents

HeLa, HeLa SiXPG (gift fromR. Tanaka), XPCHeLa Silencix (SiXPC), XPAHeLa

Silencix (SiXPA), ERCC1 HeLa Silencix (SiERCC1), Control HeLa Silencix

(SiControl), XP12RO (XPA/R207st) (Satokata et al., 1992), GM14867 (XP-C/

R579st) (Chavanne et al., 2000), XPCS1RO (XP-G/frameshift 925) (Hamel

et al., 1996), CS1AN (CSB/Q336st) (Troelstra et al., 1992) fibroblasts derived

from XP and CS patients and the corresponding rescued cells were cultured

in the appropriate medium.

Cells, treated with 1 or 10 mMall-trans retinoic acid (Biomol), were incubated

with red phenol-free medium containing 10% charcoal treated Fetal Calf

Serum (FCS) and 40 mg/ml gentamycin during 12 hr prior to the treatment.

HeLa cells were rinsed with PBS, UV-irradiated (20 J/m2) and treated with

t-RA (1 mM). HeLa cells were transfected by pSG5-PPARa with JetPei (Poly-

Plus) and treated 24 hr later with 1 mM of WY-14643 ligand (Calbiochem) in

a red phenol-free medium containing 10% delipidated FCS, 40 mg/ml

gentamycin. To inhibit transcription, 5,6-Dichloro-1-beta-D-Ribofuranosyl-

benzimidazole (DRB) (100 mM) or a-amanitin (10 mg/ml) (Calbiochem) were

added to media during 6 hr in addition to t-RA treatment.

Antibodies

Monoclonal antibodies against the TFIIH subunits XPB (1B3), XPD (2F6), p62

(3C9), p44 (1H5), cdk7 (2F8), cyclin H (2D4), RNA polymerase II (7C2), TBP

(3G3), TFIIF (2A3), RXR (3A2), RAR (9A6), XPG (1B5), CSB (1A11/3H8), XPA

(1E11), RPA (1E9),MED1 (1A10), TIF2 (1D12), andmethylatedH3K4 (2A12) acet-

ylated H3K9 (IGBMC). Polyclonal antibodies against TFIIH subunit cdk7 (C-19),

XPB (S-19), PPARa (H-98), VDR (H-81), MED6 (C-16), Gadd45a (C-20), and

DDB1 (V-17), XPF (H-300), XPC (D-18), MSH2 (N-20), Ogg1 (N-20) were from

Santa-Cruz Biotechnology. Antibodies against XPF (H5), monoubiquitinated

H2B (uH2B), di-methyl H3K9, acetylated H3K9/14 and acetylated H4K16 were

obtained from ThermoScientific, Medimabs, Cell Signaling Technology and

Epigentek, respectively.

Reverse Transcription and Quantitative PCR

Total RNA was isolated using a GenElute Mammalian Total RNA Miniprep kit

(Sigma) and reverse transcribed with SuperScript II reverse transcriptase

(Invitrogen). The quantitative PCRwas done using the QuantiTect SYBRGreen

PCR kit (QIAGEN) and the Lightcycler 480 (Roche). The primer sequences for

RARb2, GADD45a, HMGCS2, and Glyceraldehyde 3-phosphate dehydroge-

nase (GAPDH) genes used in real-time PCR are available upon request.

RARb2, GADD45a, and HMGCS2 mRNA levels represent the ratio between

values obtained from treated and untreated cells normalized against the

housekeeping GAPDH mRNA.

Chromatin Immunoprecipitation (ChIP)

Cells were crosslinked at room temperature for 10 min with 1% formaldehyde.

Chromatin was prepared (Drane et al., 2004) and sonicated on ice 20min using

a Bioruptor (Diagenode, Liège, Belgium). Samples were immunoprecipitated

(IP) with antibodies at 4 C overnight and protein G-Sepharose beads (Upsta-

te,Bellerica, MA) were added, incubated 4 hr at 4 C and sequentially washed.

For ChIP/ReChIP experiments, after the first immunoprecipitation and

washes, protein-DNA complexes were eluted with a 10 mM DTT solution

and diluted before addition of antibodies and protein G-sepharose beads for

the second immunoprecipitation. The complexes were eluted and the cross-

linking was heat reversed. DNA fragments were purified using QIAquick PCR

purification kit (QIAGEN) and analyzed by real-time PCR using sets of primers,

available upon request, targeting different regions of RARb2, HMGCS2, and

GADD45a genes.

ChIP/Western Blot on UV-Irradiated Cells

MRC5 treated with or without DRB (100 mM) during 6 hr were rinsed with PBS,

UV irradiated (20 J/m2). Cells were crosslinked at room temperature for 30 min

with 1% formaldehyde at indicated times post-UV irradiation and chromatin

was prepared (Fousteri et al., 2006). ChIP/Western blot, using XPB antibodies,

was performed as previously described (Coin et al., 2008). Briefly, the

chromatin suspension was sonicated in buffer S (10 mM Tris-HCl [pH 8.0],

140 mMNaCl, 1% Triton X-100, 0.1%Na-deoxycholate, 0.1% SDS). Samples

were spun down (13,000 rpm, 15 min). In each assay, 600 mg of protein from

crosslinked chromatin were immunoprecipitated with 1 mg of antibody in buffer

S, 4 hr at 4 C. The immunocomplexes were collected by adsorption to protein

G-Sepharose beads overnight at 4 C. The beadswere next washed and resus-

pended in 1 X Laemlli SDS Buffer. Samples were incubated at 95 C for 90 min

for crosslinking reversal prior electrophoresis. After Western blotting following

XPB-immunoprecipitation, the intensity of XPB, XPF, p62, RPA, cyclin H, and

cdk7 corresponding bands was quantified by densitometry using Genetool

(Syngene).

DNA Methylation Assay and Global Methylation Level Measurement

Genomic DNA was extracted using GenElute Mammalian Genomic DNA Mini-

prep Kit (Sigma). Methylation of CpG islands localized in and downstream

RARb2 promoter was investigated by digesting 1 mg genomic DNAwith 5 units

of HpaII or BamHI followed or not by a second digestion with 5 units of DpnI

(Fermentas).Methylation statuswas evaluated bymeasuring the ratio between

BamHI/DpnI or BamHI/HpaII and BamHI PCR amplified products using

specific primers for the RARb2 promoter (sequences are available upon

request). The quantification of PCR products was performed using Genetool.

Local UV Irradiation, Fluorescence, and Confocal Microscopy

The cells were rinsed with PBS and were covered with an isopore polycarbon-

ate filter with pores of 6 mm diameter (Millipore, Bedford, MA). Cells were

then exposed to UV irradiation with a Philips TUV lamp (predominantly 254 nm)

at a dose of 70 J/m2. Subsequently, the filter was removed, the medium was

added back to the cells, and cells were returned to culture conditions for

30 min.

Fibroblasts were fixed in 3% paraformaldehyde for 10 min at room temper-

ature and permeabilized with PBS/0.5% Triton for 5 min. After washing with

PBS-Tween (0.05%), the slides were incubated for 1 hr with the indicated

antibodies. After extensive washing with PBS-Tween, they were incubated

for 1 hr with Cy3-conjugated goat anti-rabbit IgG (Jackson Laboratory) or

with anti-mouse Alexa 488 IgG (Jackson Laboratories) diluted 1:400 in

PBS-Tween (0.5%). The slides were counterstained for DNA with DAPI

prepared in Vectashield mounting medium (Vector lab). All images were

collected using a Leica Confocal TCS 4D microscope equipped with both

UV laser and an Argon/Kripton laser and standard filters to allow collection

of the data at 488 and 568 nm. The software TCSTK was used for three-color

reconstructions, and figures were generated using the ImageJ software.
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Figure 5. RARb2 Induction, NER Factors Recruitment, Histones PTMs, and DNA Demethylation on Active Promoter in Fibroblasts Derived

from XP and CS Patients

(A–E) Relative RARb2 mRNA expression monitored by qPCR from GM14867 (XPC/R579st) (Aa), XP12RO (XPA/R207st) (Ba), and CS1AN (CSB/Q336st) (Da)

fibroblasts treated with t-RA (10 mM) and compared to the corresponding rescued fibroblasts as indicated. Error bars represent the standard deviation of three

independent experiments. ChIPmonitoring the t-RA-dependent occupancy of RAR, VDR (Ab, Bb, Cb, Db, and Eb), RNA pol II, XPB, cdk7 (Ac, Bc, Cc, Dc, and Ec),

XPC, CSB, XPA (Ad, Bd, Cd, Dd, and Ed), XPG, XPF, Gadd45a (Ae, Be, Ce, De, and Ee) and di-/trimethylated histones H3K9, H3K4 (Af, Bf, Cf, Df, and Ef) on

RARb2 promoter from GM14867, XP12RO, XP12RO rescued, CS1AN and CS1AN rescued chromatin extracts as indicated. Methylation of CpG islands of

RARb2 promoter determined by the ratio of PCR products obtained after digestion by HpaII, BamHI/ DpnI or just BamHI of genomic DNA from t-RA treated,

GM14867 (Ag), XP12RO (Bg), XP12RO rescued (Cg) CS1AN (Dg), and CS1AN rescued (Eg) fibroblasts. Error bars represent the standard deviation of three

independent experiments.
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Figure 6. Sequential Recruitment of the NER Factors at the Promoter of Activated Genes Facilitates Chromatin Remodeling

Upon the t-RA ligand induction, the transactivation complex is formed once RAR/RXR has targeted its responsive element; coactivators andmediator are assem-

bled at RARb2 promoter together with the transcriptional machinery. XPC is next recruited and allows the sequential arrival of the others NER factors in the

following order CSB, XPA/RPA, XPG/XPF/Gadd45a. This association of NER factors and Gadd45a with transcription machinery leads to a cascade of histones

PTMs. Concomitantly, an active demethylation of 5 CpG islands of RARb2 gene occurs. Altogether, these remodeling chromatin events are crucial for accurate

RNA synthesis. We can mention that XPG has, at least, a double action of stabilization of TFIIH and chromatin remodeling in transcription process.
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SUMMARY

Nucleotide excision repair factors, initially character-

ized as part of DNA repair, have been shown topartic-

ipate in the transcriptional process in the absence of

genotoxic attack. However, their molecular function

when recruited at the promoters of activated genes

together with the transcription machinery remained

obscure. Here we show that the NER factors XPG

and XPF are essential for establishing CTCF-depen-

dent chromatin looping between the promoter and

terminator of the activated RARb2 gene. Silencing

XPG and/or XPF endonucleases, or mutations in

their catalytic sites, preventsCTCF recruitment, chro-

matin loop formation, and optimal transcription of

RARb2. We demonstrated that XPG endonuclease

promotes DNA breaks and DNA demethylation at

promoters allowing the recruitment of CTCF and

gene looping, which is further stabilized by XPF. Our

results highlight a timely orchestrated activity of the

NER factors XPG and XPF in the formation of the

active chromatin hub that controls gene expression.

INTRODUCTION

RNA synthesis is the result of a cascade of chronologically

orchestrated events that requires several hundreds of proteins.

Upon gene activation, a host of proteins including RNA

polymerase II (pol II), the general transcription factors (GTFs),

coactivators, corepressors, and chromatin remodelers are

assembled around the promoter, and their enzymatic activities

contribute to protein coding gene expression (Brivanlou andDar-

nell, 2002; Kornberg, 2007). Among these proteins necessary to

initiate RNA synthesis are the nucleotide excision repair (NER)

factors. These factors are sequentially recruited and required

for optimal chromatin remodeling including histone posttransla-

tional modifications (PTMs) as well as DNA demethylation at

the activated genes (Le May et al., 2010; Schmitz et al., 2009;

Barreto et al., 2007). These NER factors (XPC, CSB, TFIIH,

XPA, XPG, XPF-ERCC1) were first characterized as part of the

DNA repair machinery to eliminate lesions originated by exoge-

nous or endogenous genotoxic attacks (for review, see Nouspi-

kel, 2009). Mutations in the genes coding for NER factors have

been associated with the human genetic disorders xeroderma

pigmentosum (XP), trichothiodystrophy (TTD), Cockayne syn-

drome (CS), XFE progeroid syndrome, and cerebro-oculo-

facio-skeletal syndrome (COFS) characterized by a combined

dysregulation of DNA repair and transcription processes

(Jaspers et al., 2007; Kraemer et al., 2007; Niedernhofer et al.,

2006).

In the present study, we investigated the implication of

XPG and XPF endonucleases in the transactivation of nuclear

receptor (NR) target genes. We found that these two factors, de-

tected at the promoter and terminator of the activated RARb2

gene, were required for DNA breaks and DNA demethylation.

These two steps are crucial for the recruitment of the CCCTC-

binding factor (CTCF) chromatin organizer and consequently

the formation of gene looping between promoter and terminator.

Altogether, these events optimize RNA synthesis.

RESULTS

XPG and XPF Are Recruited at the Promoter

and Terminator of RARb2 upon Activation

We first attempted to investigate the presence of the transcrip-

tion and NER factors along the RARb2-activated gene. Analysis

of the promoter region (Pro), including two RAR responsive

elements (RAREs) and the TATA box as well as a region defined

as the terminator (Ter) including the Poly(A) site, was performed

using chromatin immunoprecipitation (ChIP) followed by quanti-

tative PCR at various times as indicated (Figure 1). Cells that

either stably express targeted shRNA silencing XPG (ShXPG)

and ERCC1 (namedShXPF), XPA (ShXPA), or transiently express

siRNA against CTCF (SiCTCF) as well as their respective

corresponding controls (named Ctrl1-3, see the Experimental

Procedures) were treated with all-trans retinoic acid (t-RA).

Silencing ERCC1 also silenced XPF (Figure 1, left panel; see

also Gaillard and Wood, 2001).

In each silenced cell line, we observed a significant defect in

RARb2mRNA expression compared to the Ctrl1-3 cells (Figure 1

and Figure 2, left panels). We noticed that as a function of the cell

line and the set of experiments, RARb2 mRNA synthesis peaks

either at 3 or at 6 hr. Therefore ChIPs were performed either

at 0, at 3, or at 6 hr posttreatment. In Ctrl1 cells, we observed

at 6 hr posttreatment the concomitant recruitment of RAR,

pol II, and TFIIB together with the NER factors indicated by the
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Figure 1. XPG and XPF Are Necessary for

Concomitant Recruitment of Transcription

Machinery at Promoter and Terminator

upon RARb2 Induction

Schematic representation of the RARb2; the

amplicons at the 65 kb, Pro, Ter, and +323 kb

regions are indicated (upper panel). Relative

RARb2 mRNA expression monitored over time by

qPCR from t-RA-treated ShXPG, ShXPF, ShXPA

HeLa cells, and the corresponding Ctrl1 and Ctrl2

control cells (left panels). Error bars represent

the standard deviation of three independent

experiments. Western blotting analyses of XPG,

XPF, XPA, and TBP were performed from chro-

matin extracts of ShXPG, ShXPF, ShXPA HeLa

cells and their corresponding controls (left panels).

TBP is used as a positive nuclear marker. ChIP

monitoring the t-RA-dependent occupancy of

RAR, pol II, TFIIB (A1-4, B1-4, C1-4, D1-4, E1-4),

XPA, XPG, XPF, and CTCF (A5-8, B5-8, C5-8,

D5-8, E5-8) on RARb2 locus from ShXPG (B1-8),

ShXPF (D1-8), ShXPA (E1-8), and the corre-

sponding control (Ctrl1, Ctrl2) chromatin extracts

at 0, 3, and 6 hr upon t-RA induction as indicated.

A1-4, A5-8—E5-E8 are aligned under the corre-

sponding region of the RARb2 gene being probed.

Each series of ChIP is representative of at least

two independent experiments as indicated by

standard deviation, and values are expressed as

percentage of the input.
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presence of XPA, XPG, and XPF (Figure 1, panels A2 and A6) at

Pro, paralleling RARb2 mRNA synthesis. All of these proteins

were also observed at Ter (panels A3 andA7). Such a recruitment

pattern was not detected at position 65 kb ( 65 kb) and 323 kb

(+323 kb), upstream and downstream to the transcription start

site (TSS), respectively (panels A1, A5 and A4, A8). The recruit-

ment pattern at Pro/Ter is different from the one found at exon

6 that lacks the RAR as well as the TFIIB transcription initiation

factor (see Figure S1 available online). In Ctrl2 and Ctrl3, the

transcription and the NER factors were similarly detected at

Pro and Ter 3 hr post-t-RA treatment (Figure 1, panels C1–C8,

and Figure 2, panels A1–A8). Moreover, we also noticed the

absence of these proteins at the 65 kb and +323 kb regions

(Figure 1 and Figure 2).

We demonstrated that upon gene activation there is formation

of a large transcription complex containing the transcription and

NER machineries, using as a target both the promoter and the

terminator of the RARb2 gene. We next wondered whether the

absence of NER factors would prevent complex formation.

In ShXPG cells, XPA together with XPF, and in ShXPF cells,

XPA together with XPGwere detected at Pro, although to a lower

extent compared with their respective Ctrl1-2 controls (Figure 1,

compare panels B2 and B6, with panels A2 and A6, and panels

D2 and D6 with panels C2 and C6). In ShXPG cells, transcription

and NER factors were still recruited at Ter, but to a lower extent

in comparison to Ctrl1 (compare panels B3 and B7 with panels

A3 and A7). However, in ShXPF cells, the corecruitment of

transcription machinery with XPA and XPG, obvious at Pro,

was less significant at Ter (compare panels D2, D6 and D3, D7

with panels B2, B6 and B3, B7).

Previous work has described the sequential arrival of the NER

factors following the preinitiation complex (PIC) formation, in

which XPC, RPA, and XPA precede XPG and XPF at the RARb2

promoter (Le May et al., 2010). As expected, in ShXPA cells,

neither XPG nor XPFwas detected at Pro and Ter (Figure 1, com-

pare panels E6, E7 and C6, C7). Moreover, as in ShXPG and

shXPF cells, the transcriptional machinery was recruited to a

lower extent at Ter than at Pro in ShXPA cells (panels E3 and E2).

Our data indicated that the presence of the later-recruited

NER factors XPG and XPF was crucial in the formation of a

transactivation complex that encompassed both the promoter

and the terminator regions of the RARb2-activated gene, sug-

gesting a long-range chromatin rearrangement.

XPG, XPF, and CTCF Are Required for Gene Looping

Several studies have underlined the influence of DNA binding

proteins in specific loop formation and distinct gene expression

as demonstrated for the imprinted Igf2/H19 and the role of the

chromatin organizer CTCF (Murrell et al., 2004). In Ctrl1-3 cells,

CTCFwas recruited at Pro and Ter upon t-RA induction (Figure 1,

panels A6, A7, C6, C7, and Figure 2, panels A6, A7). However

in ShXPG, ShXPF, and ShXPA cells in which the concomitant

presence of XPG and XPF was abolished, CTCF was not

detected at Pro and Ter (Figure 1, panels B6, B7, D6, D7, and

E6, E7, respectively) when compared with Ctrl1-2 (panels A6,

A7 and C6, C7).

In SiCTCF cells, RARb2 expression was significantly reduced

compared to Ctrl3 but not totally abolished (Figure 2, left panel).

RARb2 mRNA synthesis still occurred, as indicated by the

presence of pol II at exon 6 and at Ter (Figure S1 and Figure 2,

panel B3). The ChIP assay showed a concomitant detection of

the NER factors with the transcriptional machinery at Pro, but

not at Ter (Figure 2, compare panels B2, B6 with panels A2, A6

and panels B3, B7 with panels A3, A7).

The above data indicate that the presence of both XPG and

XPF is required for the recruitment of CTCF. The correlated
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comitant Recruitment of Transcription
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upon RARb2 Induction

Schematic representation of the RARb2; the

amplicons at the 65 kb, Pro, Ter, and +323 kb

regions are indicated (upper panel). Relative

RARb2 mRNA expression monitored over time by

qPCR from t-RA-treated SiCTCF HeLa cells, and

the corresponding Ctrl3 control cells (left panel).

Error bars represent the standard deviation of

three independent experiments. Western blotting

analyses of CTCF and TBP were performed from

chromatin extracts of SiCTCF HeLa cells and the

corresponding control (left panel). TBP is used as

a positive nuclear marker. The t-RA-dependent

occupancy of RAR, pol II, TFIIB (A1-4, B1-4), XPA,

XPG, XPF, and CTCF (A5-8, B5-8) was monitored

by ChIP on RARb2 locus using SiCTCF (B1-8) and

Ctrl3 (A1–A8) chromatin extracts at 0, 3, and 6 hrs

upon t-RA induction. A1-4, A5-8—B5-B8 are

aligned under the corresponding region of the

RARb2 gene being probed. Each series of ChIP is

representative of at least two independent exper-

iments as indicated by standard deviation, and

values are expressed as percentage of the input.
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recruitment to distant regions along the RARb2 locus suggested

the formation of gene looping. We thus performed quantitative

chromatin conformation capture assays (q3C) and analyzed

interactions between several regions along theRARb2gene (Ver-

nimmen et al., 2007). Digestion of crosslinked chromatin by Hin-

dIII resulted in restriction fragments equidistantly separated by

60 kb and containing either 65 kb, Pro, Ter, or +323 kb as well

as an intronic region (M1) of the RARb2 locus (Figure 3, upper

scheme). Ter and M1 of RARb2 gene were used as baits. In

t-RA-treated Ctrl1 cells, we observed that Pro could specifically

and significantly interact with Ter at 6 hr (Figure 3A), paralleling

the RARb2mRNA synthesis (Figure 1, left panel) and the recruit-

ment of the transcriptional apparatus (Figure 1, panelsA2, A3,A6,

A7). Similar observations were made at 3 hr in Ctrl2-3 (data not

shown). By contrast, in ShXPG, ShXPF, and ShXPA cells as

well as in SiCTCF, no spatial proximity between Ter and Pro

was revealed. As controls, no specific interactions were

observed between the intronic M1 bait and Pro or between all

the other analyzed fragments upon t-RA treatment (Figure 3B).
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Figure 3. XPG and XPF Are Involved in

CTCF-Induced RARb2 Gene Looping

Schematic representation of the quantitative

chromatin conformation capture (q3C) (upper

panel). Two probes were designed at Ter (gray

square) and M1 (green square) of RARb2 gene.

These probes were used to investigate the asso-

ciations between the different elements including

upstream ( 65 kb, Pro), intronic (M1, M2), and

downstream (Ter, +257 kb, +323 kb, +385 kb)

regions as indicated by the black (Ter probe) and

red (M1 probe) arrows. q3C assays were per-

formed using crosslinked and HindIII-digested

chromatin from Ctrl1, ShXPG, ShXPA, ShXPF, and

siCTCF HeLa cells at 0, 3, and 6 hr post-t-RA

treatment (10 mM). The bar chart (y axis) shows the

enrichment of PCR product (%) normalized to the

enrichment within the human xpb gene (=100%),

as illustrated in Figure S2G. Each PCR was per-

formed at least three times and averaged as indi-

cated by standard deviation. Signals were

normalized to the total amount of DNA used,

estimated with an amplicon locatedwithin a HindIII

fragment in RARb2 gene (see the Experimental

Procedures).

Altogether our data showed that the

t-RA induction could initiate a CTCF-

related long-range interaction between

Pro and Ter of RARb2 gene that was

abolished in the absence of either XPG

or XPF, underlining the role of these

NER factors in chromatin remodeling.

The Catalytic Activity of Both XPG

and XPF Is Required for Gene

Looping

Consistent with the role of XPG and XPF-

ERCC1 in NER (Gillet and Scharer, 2006;

O’Donnovan et al., 1994; Sijbers et al.,

1996), we wondered about the requirement of their endonu-

clease activity in chromatin looping upon transactivation. The

SV40-immortalized XP-G (XPCS1RO) and XP-F (XP2YO) fibro-

blasts that were derived from a XP/CS and XP patient, respec-

tively (Ellison et al., 1998; Yagi and Takebe, 1983), were stably

transfected either with XPG/WT, XPG/E791A or with XPF/WT,

XPF/D676A (Figure S2A). XPG/E791A and XPF/676A mutations

were found to abolish the catalytic activity of these two endonu-

cleases and consequently their ability to eliminate DNA damages

when added in an in vitro NER assay (Lalle et al., 2002; Staresin-

cic et al., 2009; and Figure S2B). RARb2 mRNA synthesis was

significantly inhibited in XPG/E791A and XPF/D676A cells as

well as in the corresponding parental cells compared to the cells

expressing either XPG/WT or XPF/WT, respectively (Figure 4,

panels A1, B1, and Figures S2C and S2D). In XPG/WT and

XPG/E791A cells, we observed a conserved recruitment of

RAR, pol II, XPA, XPG, and XPF both at Pro and Ter at 3 and

8 hr, respectively (Figure 4, compare panels A2, A3 with panels

A4, A5). In XPG/E791A cells, the optimal ChIP recruitment
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reflected the RARb2 mRNA synthesis peak at 8 hr (panel A1). In

XPF/D676A and XPF/WT cells, the recruitment patterns of

transcription and NER factors were similar both at Pro and Ter

(compare panels B4, B5 with panels B2, B3), contrary to what

was observed at Ter in ShXPF cells (Figure 1, panels D3, D7).

We also noticed that both XPG/E791A and XPF/D676A proteins

were recruited with the other NER factors. However, in spite of

the presence of both endonucleases in XPG/E791A and XPF/

D676 cells, the q3C assay did not show any stable interaction

between Pro and Ter, while in both XPG/WT and XPF/WT cells,

such interaction was observed at 3 and 6 hr upon t-RA induction,

respectively (Figures 4C and 4D). In XPG/WT and XPF/WT cells,

CTCF was detected at both Pro and Ter concomitantly with

gene looping (Figure 4, panels A2, A3 and B2, B3). In XPG/

E791A or XPF/D676 cells, the inhibition of gene looping was

coincident with the absence of CTCF (Figure 4, panels A4, A5

and B4, B5).

These data indicated that the endonuclease activities of XPG

and XPF were necessary to recruit CTCF and to allow stable

chromatin looping between Pro and Ter of the RARb2-activated

gene.

XPG Endonuclease Induces DNA Breaks and DNA

Demethylation at the Promoter Region

Previous works have revealed the formation of transient DNA

breaks upon gene activation (Ju et al., 2006). This raises
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RelativeRARb2mRNAexpressionmonitoredbyquantitativePCR fromXPG/WT (A1), XPG/E791A (A1), XPF/WT (B1), XPF/D676A (B1) cells at 0, 1, 3, 6, 8, and 10hr
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pol II, XPA, XPG, XPF, andCTCF at Pro and Ter regions ofRARb2 gene fromXPG/WT (A2-3), XPG/E791A (A4-5), and XPF/WT (B2-3), XPF/D676A (B4-5) chromatin
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questions regarding the interplay between XPG and XPF endo-

nucleases and the transactivation process. Using a Bio-ChIP

assay which measures the incorporation of biotinylated dUTP

within broken DNA, we observed a concomitant increase of

DNA cleavage specifically both at Pro and Ter in all five of

the t-RA-treated Ctrl1, Ctrl2, XPG/WT, XPF/WT, and Ctrl3 cells

(Figure 5, panels A1, B1, C1, and D1, respectively). In ShXPG

and XPG/E791A cells, DNA breaks were hardly detected at

Pro (Figure 5, panels A1, C1), whereas in ShXPF and XPF/

D676 cells, DNA cleavage could only be observed at Pro

(panels B1 and C1). Nevertheless, we noticed that in XPG-

deficient cells there was a slight incorporation of bio-UTP at

Ter (panel A1).

Several studies have documented a relationship between

XPG and DNA demethylation upon transcription (Barreto

et al., 2007; Jin et al., 2008). We thus investigated whether or

not the endonuclease activity XPG and XPF was linked to

DNA demethylation upon RARb2 gene activation. Using an un-

methylated DNA immunoprecipitation (unMeDIP) approach, we

measured the removal of the 5 -methylcytosine (5mC) along the

different regions of activated RARb2. In all of the five control

cells, Pro and Ter were found unmethylated (Figure 5, panels

A2, B2, C2, and D2). In ShXPG and XPG/E791A cells, Pro re-

mained methylated, while a slight DNA demethylation was

observed at Ter when compared to their corresponding Ctrl1

and XPG/WT cells (panels A2, C2). In ShXPF and XPF/D676

cells, Pro but not Ter was unmethylated (panels B2 and C2).

Using the methylated DNA immunoprecipitation (MeDIP)

approach, no significant decrease was observed in DNA meth-

ylation at either Pro or Ter in t-RA-treated XPG/E791A and XPF/

D767A cells (Figure S3), which was found to be consistent with

the UnMEDIP (see above) assays and pyrosequencing data

(see below, panel E); in XPG/WT and XPF/WT, we observed

a weak but significant decrease of DNA methylation. Interest-

ingly, in ShXPA, neither DNA breaks nor DNA demethylation

was detected at Pro and Ter (panels B1 and B2, respectively),

likely due to the absence of XPG and XPF (Figure 1, panels

E6 and E7).

Having demonstrated the connection between CTCF and the

XPG and XPF endonucleases for chromatin looping, we then

investigated whether the presence of CTCF was a prerequisite

for DNA modifications. In SiCTCF, we repeatedly observed

both DNA breaks and DNA demethylation at Pro but not at Ter

when compared to Ctrl3 (Figure 5, panels D1 and D2). These

data strongly suggest a role for CTCF in gene looping and Ter

modification following DNA breaks and DNA demethylation at

Pro. However, our results showed that these DNA modifications

followed the dynamic recruitment of NER factors and the tran-

scriptional machinery upon transactivation (Figure 5). To further

localize these DNA modifications, we thus pyrosequenced the

promoter of RARb2 from t-RA-treated cells.

Pyrosequencing analysis of Bio-ChIP DNA samples from

t-RA-treated XPG/WT and XPF/WT cells indicated that a high

frequency of DNA breaks on both strands localized downstream

the RARb2 TSS (Figure 5E, red arrows); most of them were

detected on the transcribed strand (TS). In XGP/E791A cells,

the frequency of DNA cleavage strongly decreased and the

detected breaks were differently localized (Figure 5E, light blue

arrows). Interestingly, in XPF/D676A, the cleavage pattern

observed around the RARb2 promoter was similar (Figure 5E,

dark blue arrow), demonstrating that XPF endonuclease inhibi-

tion did not prevent Bio-UTP incorporation and thus DNA breaks

at Pro (see also panels B1 and C1).

Genomic DNA was next bisulfate converted and pyrose-

quenced to localize the demethylated 5mCat Pro in t-RA-treated

cells. Seventeen CpG dinucleotides, localized inside the prox-

imal promoter and downstream of the TSS, were analyzed (Fig-

ure 5E). In XPG/WT, XPF/WT, and XPF/D676A cells, CG1, CG3,

CG15, and CG16 (closed dark blue circles) were significantly

demethylated, whereas only CG1 remained demethylated in

XPG/E791A (Figure 5E). The above data underlined the role of

XPG and XPF endonucleases in both the formation of DNA

breaks and active DNA demethylation at Pro and Ter, respec-

tively. Our data also showed that XPG-dependent DNA breaks

and DNA demethylation at Pro preceded the recruitment of

CTCF.

DISCUSSION

Discovering the components of the eukaryotic transcription

apparatus has been a major theme of research over the past

decades. In the present study, we describe how XPG and XPF

endonucleases, which are sequentially recruited following the

arrival of the transcriptionmachinery at the promoter of activated

genes, are involved in their optimal expression.

We especially found that upon induction by t-RA, RAR as well

as GTFs and pol II were found at both the promoter and the

terminator of RARb2 gene. NER factors, where XPA recruitment

precedes XPG and XPF, are established once RNA pol II and

transcription factor are recruited (Figure 1, see also Le May

et al., 2010). We next demonstrate that both XPG and XPF

endonuclease activity are crucial to recruit the chromatin orga-

nizer CTCF and to promote gene looping between the promoter

and the terminator of the activated RARb2 gene.

The formation of such an ‘‘active chromatin hub’’ resulting

from inter- and intrachromosomal interactions between specific

subsets of transcription units of activated genes as described

for NR-target genes (Hu et al., 2008), b-Globin (de Laat and

Grosveld, 2003), T helper type 2 (Spilianakis and Flavell, 2004),

BRCA1 (Tan-Wong et al., 2008), GATA-4 loci (Tiwari et al.,

2008), and HIV-1 provirus (Perkins et al., 2008) might provide

additional control mechanisms for regulated gene expression

(Deng and Blobel, 2010). We here show that the presence of

XPG and XPF together with CTCF in the long-range interactions

can be considered as part of the regulatory biological program

of the RARb2 gene. Indeed, in ShXPG, ShXPF, and ShXPA

cells, in which the concomitant presence of XPG and XPF is

abolished, CTCF is absent, and, as well as in as in SiCTCF

cells, there is no gene looping and RARb2 RNA synthesis is

downregulated (Figure 1, Figure 2, and Figure 3). Moreover, it

is interesting to notice the crucial role of XPA in recruiting XPG

and XPF, knowing that XPA recruitment occurs before XPG

and XPF (Le May et al., 2010). It is not surprising to notice the

presence of XPA together with RNA pol II at exon 6 and Ter

(although at a very low level) in ShXPG and ShXPF cells (Fig-

ure S1 and Figure 1).
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Figure 5. XPG and XPF Are Required for DNA Breaks and DNA Demethylation at Pro and Ter, Respectively

Detection of DNA break at 65 kb, Pro, Ter, and +323 kb of the RARb2 locus from Ctrl1, ShXPG (A1), Ctrl2, ShXPA, ShXPF (B1), XPG/WT, XPG/E791A and XPF/

WT, XPF/D676A (C1), Ctrl3, SiCTCF (D1) t-RA-treated cells. DNA breaks are detected first through the incorporation of Biotin-dUTP via a terminal deoxy-

nucleotidyl transferase (TdT) reaction and second via a ChIP approach. DNA fragments containing DNA breaks are immunoselected by Biotin antibodies and

analyzed by qPCR. Each series of Bio-ChIP is representative of three independent experiments as indicated by standard deviation, and values are expressed as
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In addition, mutations that affect the catalytic activity of

XPG and XPF (XPG/E791A and XPF/D676A, respectively)

were found to prevent CTCF recruitment. More interestingly,

we discover that both gene looping and CTCF recruitment

occur in parallel with the formation of DNA breaks (Figure 5).

Having demonstrated (1) that XPG/E791A mutation prevented

DNA breaks formation at Pro while XPF catalytic mutation

does not (Figure 4) and (2) that in SiCTCF there are DNA breaks

at Pro but not at Ter around which no NER factors were de-

tected (Figure 2 and Figure 5), it is tempting to propose the

following model: upon t-RA transactivation and transcription

and NER factors recruitment (Figure 6, step 1), XPG induces

some DNA breaks at Pro (step 2) independently of both the

status of XPF and the presence of CTCF. Once XPG has

fulfilled its role at Pro, CTCF recruitment is initiated with the

help of XPF (step 3).

Such a scenario raises questions regarding the interplay

between molecular machineries that are involved in the forma-

tion of DNA breaks, DNA demethylation, the recruitment of

CTCF, and the activation of the gene transcription. Using

different approaches (UnMEDIP, MEDIP, and pyrosequencing),

we observed a relationship between the DNA demethylation at

Pro and Ter and the presence of CTCF necessary for the loop

formation of the RARb2-activated gene. In particular, we have

shown that demethylation at Pro is not sufficient to attract

CTCF when Ter is not demethylated (Figure 5). Indeed, XPG

and XPF defects abolish DNA demethylation at Pro and Ter,

respectively, and consequently CTCF recruitment (Figure 5).

Accordingly, DNA breaks and DNA demethylation at Pro are

not sufficient to attract CTCF in the absence of Ter domain

modification. We thus can speculate that the DNA breaks

induced by XPG and the consequent recruitment of CTCF at

demethylated promoter could be responsible for important

torsional tensions of DNA that allow the promoter-bound

XPF to be brought in proximity to the terminator (Figure 6,

step 3).

Mechanisms underlying the removal of methyl groups from

genomic DNA are very controversial (Barreto et al., 2007; Jin

et al., 2008) and have implicated DNA repair processes either

through deamination followed by excision of the 5mCor by direct

removal of the methyl moiety from the base (Gehring et al., 2009;

Ma et al., 2009). Our results do not allow the identification of

the precise causal relationships between DNA demethylation

and the effects of XPG and XPF endonucleases. However, our

data indicated that the DNA breaks induced by XPG were

located near the demethylated CG dinucleotides in the vicinity

of RARb2 TSS and almost exclusively on the TS (Figure 5E).

Whether or not DNA cuts are a prerequisite for DNA demethyla-

tion remains to be shown. However, the pattern of DNA cuts

and demethylated 5mC was strongly disturbed when XPG and

XPF endonucleases were inactivated. Such localized roles of

XPG at Pro and XPF at Ter, as well as their cooperation in

promoting loop formation and consequently optimal RARb2

gene expression, are reminiscent to the NER process in which

XPF and XPG excise at the 3 and 5 of the DNA lesion, respec-

tively, in a cooperative manner (Tapias et al., 2004b; Araujo

et al., 2000; Staresincic et al., 2009). In NER, XPG mutations

completely abolished the incision, while XPF mutations still

allow XPG cuts at the 5 side of the DNA damage (Lalle et al.,

2002).

The present study underlines the essential role of XPG, XPF,

and CTCF recruitment in the chromatin loop organization

required for optimal expression of activated genes. Further

genome-wide investigations are needed to question the general

role of these endonucleases. Any events as presently docu-

mented that distort the interaction network involving both

protein factors and the subsets of transcription units upon

gene activation might result in inaccurate transactivation com-

plex formation and altered gene expression. It would thus be

legitimate to raise the possibility of some other interconnecting

links in this cascade of events followed by the action of XPG,

XPF, and CTCF. For example, defects in either the basal tran-

scription factor TFIIB (Singh and Hampsey, 2007), the cdk7

kinase of TFIIH that abolishes RNA pol II (O’Sullivan et al.,

2004), and/or NR phosphorylation (Compe et al., 2007), as well

as mutations in the mediator that weaken its interaction with

activator (Hashimoto et al., 2011; Wang et al., 2005), might indi-

rectly disturb the formation of the transactivation complex by

preventing, in the end, the recruitment and/or the function of

XPG/XPF endonucleases and/or the recruitment of CTCF that

is essential in chromatin rearrangement and, further, in optimal

gene expression.

EXPERIMENTAL PROCEDURES

Cell Culture

HeLa Silencix cells (Tebu-Bio, provided by D. Biard) were used, including Ctrl

(Ctrl2, BD690), ShXPF, and ShXPA cells. ShXPG and the corresponding

control (Ctrl1, SiLuc) cells were provided by K. Tanaka. SiCTCF and Ctrl3 cells

were obtained by respectively transfecting HeLa cells with SMART pool siRNA

targeting CTCF or scrambled siRNA (Dharmacon) at a final concentration of

100 nM. XPG/WT and XPG/E791A cells, as well as XPF/WT and XPF/D676A

cells (gift from O. Scharer and W. Vermeulen), were obtained by the stable

transfection of the corresponding wild-type or mutated XPG and XPF

constructs (Staresincic et al., 2009) in SV40-immortalized XP-G (XPCS1RO)

and XP-F (XP2YO) (Ellison et al., 1998) (Yagi and Takebe, 1983).

All cells were cultured in appropriate medium. Cells were incubated with red

phenol-free medium containing 10% charcoal-treated fetal calf serum (FCS)

percentage of the input. Analysis of the unmethylation of DNA (UnMedIP) at 65 kb, Pro, Ter, and +323 kb of the RARb2 locus from Ctrl1, ShXPG (A2), Ctrl2,

ShXPA, ShXPF (B2), XPG/WT, XPG/E791A XPF/WT, XPF/D676A (C2), Ctrl3, SiCTCF (D2) t-RA-treated cells. UnMedIP was performed using the

UnMethylCollector kit (ActiveMotif). MseI-digested genomic DNAwas selected usingmagnetic beads conjugated with CXXC domains, and the resulted samples

containing unmethylated DNA were analyzed by qPCR. Each series of UnMedIP is representative of two independent experiments as indicated by standard

deviation, and values are expressed as percentage of the input. BioChIP and UnMedip were performed at the indicated times except for XPG/WT, XPG/E791A,

XPF/WT, and XPF/D676A (T[h] corresponds to the peaks of factors recruitment in Figures 3A2–3B5). (E) Schematic representation of the methylated (open circle)

or unmethylated (closed circle) CpG dinucleotides (in red) and DNA breaks (closed triangle) along the RARb2 promoter for WT (red), XPG/E791A (light blue), and

XPF/D676A (dark blue) cells. DNA breaks were localized at Pro by pyrosequencing the samples generated by Bio-ChIP. The methylated status of CpG dinu-

cleotides at Pro was measured using bisulfite converted genomic DNA from XPG/WT, XPG/E791A and XPF/WT, XPF/D676A fibroblasts and pyrosequencing.
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and 40 mg/ml gentamycin. Cells were treated with 10 mM t-RA into the same

medium.

Antibodies

RNA pol II (7C2), RAR (9A6), XPA (1E9), TBP (3G3), and XPG (1B5) antibodies

were from IGBMC antibody facilities. TFIIB (C-18), XPF (H-300), and Biotin (33)

antibodies were obtained from Santa-Cruz Biotechnology, b-tubulin from

Millipore, and CTCF (ab70303) from Abcam.

Reverse Transcription and Quantitative PCR

Total RNA was isolated from several cell lines using a GenElute Mammalian

Total RNA Miniprep kit (Sigma) and reverse transcribed with SuperScript II

reverse transcriptase (Invitrogen). The quantitative PCR was done using the

Lightcycler 480 (Roche). The primer sequences forRARb2 and glyceraldehyde

3-phosphate deshydrogenase (GAPDH) genes used in qPCR are available

upon request. The RARb2 mRNA expression represents the ratio between

values obtained from treated and untreated cells normalized against the

housekeeping GAPDH mRNA.

Chromatin Immunoprecipitation

Cells were crosslinked at room temperature (RT) for 10 min with 1% formalde-

hyde. Chromatin was prepared and sonicated on ice for 30 min using a

Bioruptor (Diagenode) as previously described (Le May et al., 2010). Samples

were immunoprecipitated with antibodies at 4 C overnight, and protein G

Sepharose beads (Upstate) were added, incubated for 4 hr at 4 C, and

sequentially washed. Protein-DNA complexes were eluted, and DNA frag-

ments were purified using QIAquick PCR purification kit (QIAGEN) and

analyzed by quantitative PCR.

Biotin-ChIP

Crosslinked cells following 1% formaldehyde treatment for 10 min at RT were

permeabilized with cytonin (Active Motif) for 30 min at RT. After extensive

washes with phosphate buffer salt (PBS), terminal deoxynucleotidyl trans-

ferase (TdT) reaction was performed using Biotin-16-dUTP (Roche) and

60 units of recombinant enzyme rTdT (Promega). TdT reaction was stopped

with specific stop buffer (Chemicon International) for 15 min at RT. After

extensive washes with PBS, the resulting samples were sonicated on ice

for 20 min (40 cycles, pulse 10 s, pause 20 s) using a Bioruptor (Diagenode)

and immunoprecipitated using anti-Biotin antibodies and treated as

described in the ChIP protocol. DNA fragments were purified using QIAquick

PCR purification kit (QIAGEN) and analyzed by quantitative PCR using sets

of primers.

Quantitative Chromosome Conformation Capture

The quantitative chromosome conformation capture (q3C) assay was per-

formed as previously described (Vernimmen et al., 2007). Briefly, cells were

crosslinked at RT for 10 min with 2% formaldehyde. Crosslinked chromatin

was digested in the appropriate restriction buffer by 400 units of enzyme

HindIII. The restriction enzyme mixture was stopped, diluted in ligation buffer,

and incubated with the highly concentrated T4 DNA ligase (Roche) for 4 hr at

16 C. The crosslinking was heat reversed, and DNA fragments were purified.

Undigested DNA or digested DNA without ligation step was used as negative

control. Moreover, we used the endogenous xpb locus, which has been re-

ported to adopt the same spatial conformation in different tissues (Vernimmen

et al., 2007), as an internal positive control. All q3C results were normalized

by data from xpb analysis (see Figure S2G), controlling for changes in nuclear

size, chromatin density, and crosslinking efficiency. Primers and probes were

designed as follows: a universal sequence-specific Taqman probe and

corresponding reverse primer on a fixed restriction fragment (Ter or M1)

were used in combination with different forward primers specific for the

other restriction fragments (see upper panel, Figure 3). Quantitative 3C

templates (200 ng) were used for Taqman/PCR reaction using the universal

PCR Master Mix and the Lightcycler 480 from Roche.

Unmethylated DNA Immunoprecipitation

Genomic DNA was extracted using GenElute Mammalian Genomic DNA

Mini-prep Kit (Sigma). Unmethylation of 5mC on the RARb2 locus was

measured by digesting 2 mg genomic DNA with 10 units of MseI (Fermentas)

and by using the UnMethylcollector kit (Active Motif). Unmethylated DNA

Immunoprecipitation Kit (UnMeDIP) is based on the affinity of the three zinc-

coordinating CXXC domains, localized in chromatin-associated proteins

such as DNA methyltransferase 1 (DNMT1) or mixed lineage leukemia (MLL),

that specifically bind nonmethylated CpG sites. The resulting samples were

selected using magnetic beads conjugated with CXXC domains, extensively

washed, and analyzed by quantitative PCR.

Pyrosequencing

Sequencing Analyses

Pyrosequencing was performed on a Pyromark Q96 ID Platform using the

PSQ Gold SQA reagent kit (QIAGEN). Briefly, 20 ml amplified DNA products

were mixed with 2 ml streptavidin Sepharose beads (Amersham Biosciences

AB), 38 ml binding buffer (10 mM Tris-HCl [pH 7.6], 2 M NaCl, 1 mM EDTA,

and 0.1% Tween 20), and 20 ml H2O, followed by shaking for 10 min. Then

Figure 6. A Role for XPG and XPF in the CTCF-Dependent Gene

Looping for Optimal Gene Expression

Upon ligand induction, nuclear receptor (NR) targets its responsive element

(RE). The transactivation complex is then formed at the promoter (PRO)

including the arrival of GTFs (IIA, IIB, IIE, IIF, IIH) and pol II. After the formation

of the PIC, NER factors (XPA, XPG, and XPF/ERCC1) are sequentially recruited

(step 1). XPG (red arrow) initiates DNA break (dotted DNA) and demethylation

(meC-C) at PRO (step 2), thus favoring the CTCF recruitment and gene looping

between PRO and the terminator TER (step 3); concomitantly, XPF (red arrow)

induces DNA break (dotted DNA) and DNA demethylation at TER.
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the immobilized biotinylated PCR products-streptavidin Sepharose beads

complex was captured using the QIAGEN Pyromark Q96 Work Station.

Single-strand DNA purification was achieved by sequential washes with

75% ethanol, 0.2 M NaOH, and 10 mM Tris-acetate, pH 7.6 buffer. The unbio-

tinylated strand was dissociated and discarded. The immobilized single

biotinylated strands were released to a 96-well microtiter plate, which was

preadded with 38 ml annealing buffer and 2 ml complementary sequencing

primer. The plate was incubated at 80 C for 2 min, followed by slow cooling

to RT. The processed mixture was loaded onto the PyroMark ID system equip-

ped with PyroMark ID software. The resulting pyrograms and associated

sequences were generated and analyzed automatically using PSQ 96 SQA

software (QIAGEN).

Methylation Analyses

Pyrosequencing was performed using a PyroMark Q96 ID Pyrosequencing

instrument (QIAGEN). Pyrosequencing assays were designed using Meth-

Primer (http://www.urogene.org/methprimer/index1.html). Genomic DNA

(200 ng) was treated with EZ DNA Methylation-Gold Kit (Zymo Research

Corporation) and amplified using 1.25 U Platinum Taq DNA Polymerase (Invi-

trogen) and 1 mM each forward and reverse primers in a 50 ml reaction volume

with 0.2 mM dNTP and 1.5 mM MgCl2. PCR conditions were 94 C for 3 min,

then 40 cycles of 94 C for 30 s, Tm for 30 s, and 72 C for 30 s, followed by

a 9 min extension at 72 C. Biotin-labeled single-stranded amplicons were

isolated using the QIAGEN Pyromark Q96 Work Station and underwent

pyrosequencing with 0.5 mM primer. The percent methylation for each of the

CpGs within the target sequence was calculated using PyroQ cpG Software

(QIAGEN). All methylation analyses were performed in duplicate.

All the sets of primers and probes targeting different regions of RARb2

gene and used for the qPCR analysis are available upon request.
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:5*,+71)*4+5 

A*0/ :)/) +4-5B+-50/' + K07- 01 *,0-)5/7 5/46385/: =<X *06;.),+7) "" Y=<X *06 ""Z' :)/),+6 

-,+/74,5*-50/ 1+4-0,7 Y#[27Z' 401+4-0,7' +/8 4K,0.+-5/P,).08)665/: 1+4-0,7 +77).96)7 +,03/8 

-K) *,0.0-), +/8 40/-,593-) -0 +443,+-) )L*,)7750/ 01 *,0-)5/P4085/: :)/)7M #)/) 

)L*,)7750/ 57 40.*,0.57)8 9; :)/0-0L54 7-,)77 -K+- 4K+66)/:)7 :)/0.) 5/-):,5-; +/8 

,)\35,)7 -K) 13/4-50/ 01 7)B),+6 (<X ,)*+5, *+-KU+;7 -0 ,).0B) (<X 6)750/7M [K57 5.*65)7 

-K+- -K),) .37- 9) 40//)4-50/7 9)-U))/ -K) 7)).5/:6; 857*+,+-) )B)/-7 01 -,+/74,5*-50/ +/8 

(<X ,)*+5, -0 0,4K)7-,+-) -K) )L*,)7750/ +/8 ,)*+5, 01 :)/)7M X 65/J 9)-U))/ (<X ,)*+5, 

+/8 -,+/74,5*-50/ U+7 15,7- )7-+9657K)8' U5-K -K) 85740B),; 01 -K) .36-5P*,0-)5/ 40.*6)L 

[2""W' UK54K U+7 90-K + 9+7+6 -,+/74,5*-50/ +/8 /346)0-58)P)L45750/ ,)*+5, Y<@=Z 1+4-0, 

Y>4K+)11), )- +6M' !]]FZ Y2)+B), )- +6M' !]]FZM [K) ,)6+-50/7K5* 9)-U))/ <@= +/8 -,+/74,5*-50/ 

57 )B)/ -5:K-), 75/4) ,)4)/- *+*),7 K+B) ,)B)+6)8 +885-50/+6 +/8 3/)L*)4-)8 ,06)7 10, -K) 

0-K), <@= 1+4-0,7 YVD&' VDX' VD#' VD2?@=&&!Z 3*0/ -,+/74,5*-50/ Y$+,,)-0 )- +6M' ^IIGZ 

Y>4K.5-_ )- +6M' ^II]Z Y`) %+; )- +6M' ^I!I9ZM  

<346)0-58) )L45750/ ,)*+5, Y<@=Z 57 0/) 01 -K) (<X ,)*+5, *+-KU+; -K+- 4+/ )65.5/+-) + U58) 

B+,5)-; 01 (<X 6)750/7' 5/46385/: 4;46093-+/) *;,5.585/) 85.),7 Y&D(7Z +/8 *;,5.585/)P

*;,5.580/) YEPHZ *K0-0*,0834-7 YEPHDD7Z 5/834)8 9; Aa 5,,+85+-50/ Y2,5)89),: )- +6M' ^IIEZM 

[K) :)/),+6 7)/70, 01 (<X 6)750/7 57 0!"#$!"%&' 1)*%!+,#-.% & YVD&Z *,0-)5/' UK54K 

,)40:/5_)7 + U58) B+,5)-; 01 (<X 8+.+:)M $; 8)-)4-5/: -K) 8+.+:)8 (<X' VD& 5/5-5+-) -K) 
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Y20/: )- +6M' ^I!!ZM W0U)B),' -K) 13/4-50/7 01 -K) <@= 1+4-0,7 +/8 )7*)45+66; VD& 3*0/ 
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5/46385/:  !"#$!"%&' 1)*%!+,#-.% YVDZ' 404J+;/) 7;/8,0.) Y&>Z +/8 -,54K0-K508;7-,0*K; 

Y[[(ZM VD 57 465/54+66; 4K+,+4-),5_)8 9; *K0-07)/75-5B5-; +/8 4+/4), *,)857*075-50/ 10, 7J5/ 

)L*07)8 -0 73/65:K- Y$00-7.+ )- +6M' ^II^ZM [K) 9504K).54+6 8)1)4- 5/ VDP& *+-5)/-7 57 -K) 

.07- *,)B+6)/- <@= 8)1)4-5B) :,03*7 40.*,575/: +**,0L5.+-)6; ]Ig 01 4K+,+4-),5_)8 

46+7754+6 VD *+-5)/-7M VDP& *+-5)/-7 +,) K5:K6; 7374)*-596) -0 8)B)60* -3.0,7 0/ 73/65:K-P

)L*07)8 +,)+7 01 -K) 7J5/ Y!III 1068Z Y&6)+B),' ^IIcZM W0U)B),' -K); ,+,)6; )LK595- 

/)3,060:54+6 8570,8),7 0, 8)B)60*.)/-+6 8)1)4-7M  
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b) K+B) *,)B50376; 8).0/7-,+-)8 -K) 5/B06B).)/- 01 <@= 1+4-0,7 5/ -K) -,+/7+4-5B+-50/ 01 

343 5 ,):36+-)8 9; -K) ,)-5/054 +458 ,)4)*-0, Y=X=Z Y`) %+; )- +6M' ^I!I9ZM b) .)+73,)8 

-K) 5.*654+-50/ 01 VD& 5/ -K) =X=P.)85+-)8 -,+/74,5*-50/+6 +4-5B5-; 375/: 7-+96) W)`+ 4)66 
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)L*,)775/: )5-K), + 7K=<X 85,)4-)8 +:+5/7- VD& Y7KVD&Z' 0, 74,+.96) 

7K=<X Y7K&-,6ZM "/ *+,+66)6' VDP& *+-5)/-7 4)667 YVD&?=cG]>-Z 9)+,5/: + *05/- K0.0_;:037 

.3-+-50/ 6)+85/: -0 -K) -,3/4+-)8 VD&?=cG]>- +/8 J/0U/ -0 9) 8)1545)/- 10, -K) <@= 

*+-KU+; U),) +670 37)8 Y$),/+,8)7 8) O)737 )- +6M' ^IIfZM 



 

b) 15,7- 097),B)8 + *)+J 01 .=<X 343 5 7;/-K)757' E K03,7 +1-), -,)+-.)/- U5-K !I.% 

-,+/7 ,)-5/054 +458 Y-P=XZ' 5/ +66 -K,)) 4)667 65/)7 9; =[PD&= +6-K03:K -K) -,+/7+4-5B+-50/ U+7 

60U), 5/ 7KVD& +/8 VD&?=cG]>- 4)667 Y25:3,) !ZM b) -K37 8)-),.5/)8 -K) -,+/74,5*-0.) 

*,0156)7 01 -K)7) 4)667 40.*+,)8 -0 7K&-,6 375/: .54,0,+,,+;7 +- E K03,7 *07-P-,)+-.)/-M "/ 

7K&-,6 4)667' GG :)/)7 7K0U + 1068 5/834-50/ h ^ Y73**6).)/-+6 [+96) !Z 5/46385/: 7)B),+6 U)66P

4K+,+4-),5_)8 :)/)7' 734K +7 343 5 0, 67(58M >3,*,575/:6;' i]Ig 01 :)/)7 +4-5B+-)8 5/ 7K&-,6 

7K0U)8 + 60U), 5/834-50/ 5/ 7KVD& Y25:3,) ! XZM "/-),)7-5/:6;' +66 -K)7) :)/)7 +,) +670 60U), 

-,+/7+4-5B+-)8 5/ VD&?=cG]>- 4)667M b) 40/15,.)8 734K VD&P8)*)/8)/4; 9; +/+6;75/: 343 5 

Y25:3,) ! $' &Z +7 U)66 +7 -K) 67(58' Y25:3,) >! XZ 5/834-50/ 9; =[P\D&=M [K)5, 5/834-0/ 57 

60U), 3* ,):36+-)8 YicIgZ 5/ 7KVD& +/8 VD&?=cG]>- 4)667 40.*+,)8 -0 ,)7*)4-5B) 40/-,06 

Y25:3,) !$' !& +/8 >!X' >!$ZM "/ 40/-,+7-' !Ig 01 :)/)7' 734K +7 -K) 5..)85+-) )+,6; :)/) 

94::;<'Y25:3,) >! $Z='+4-5B+-)8 5/ 7K&-,6 4)667 7K0U)8 + 75.56+, 5/834-50/ )B)/ 5/ +97)/4) 01 

VD&M 

"/ 7K&-,6 +/8 VD&?b[ 4)667' U) 097),B)8 + 40,,)6+-50/ 9)-U))/ 343 5 5/834-50/ +/8 

,)4,35-.)/- 01 -K) -,+/74,5*-50/+6 .+4K5/),; Y5/46385/: =X=' *06 "" +/8 [2""W 7393/5- &8JGZ 

-0:)-K), U5-K -K) <@= 1+4-0,7 YVD&' VDX' VD#Z +- *,0.0-), +/8 -),.5/+-0, ,):50/7 9; &K"D 

+77+;7 Y25:3,) !(!' (F' (c' (E +/8 25:3,) !@F' @E' @]' @!^ZM b) K+B) ,)4)/-6; 8).0/7-,+-)8 

-K+- -K) *,)7)/4) 01 <@= 1+4-0,7 VD# +/8 VD2 U+7 /)4)77+,; 10, -K) ,)4,35-.)/- 01 -K) 

4K,0.+-5/ 0,:+/5_), &[&2 -K+- *+,-545*+-) -0 -K) 10,.+-50/ 01 :)/) 600*5/: 9)-U))/ 

*,0.0-), +/8 -),.5/+-0, Y`) %+; )- +6M' ^I!^ZM d3, &K"D +77+; 7K0U)8 734K ,)4,35-.)/- 01 

&[&2 +- -K) *,0.0-), +/8 -K) -),.5/+-0, 01 343 5 Y25:3,) ! (F' (G' @E +/8 @!^ZM "/ 7KVD& 

+7 U)66 +7 5/ VD&?=cG]>- 4)667' 0/6; -K) 9+7+6 -,+/74,5*-50/ .+4K5/),; 57 ,)4,35-)8 +- -K) 

343 5 *,0.0-),' UK56) VD&' VDX' VD# +7 U)66 +7 &[&2 U),) /0- 75:/5154+/-6; 8)-)4-)8 Y25:3,) 

!(^' (H' @F +/8 @EZM "/ -K07) 4)667' /0 1+4-0,7 U),) 097),B)8 +1-), -P=X 5/834-50/ +- -K) 

-),.5/+-0, Y25:3,) !(E' (f' @G +/8 @!IZM 

b) -K37 /)L- U),) U0/8),5/: UK)-K), -K) +97)/4) +/8?0, .3-+-50/ 01 VD& U0368 *,)B)/- 

4K,0.+-5/ 600*5/:M j3+/-5-+-5B) 4K,0.+-5/ 40/10,.+-50/ 4+*-3,)7 +77+; Y\F&Z Ya),/5..)/ 

)- +6M' ^IIGZ' +60/: -K) 343 5 60437 +660U)8 -K) 8)-)4-50/ 01 60/:P,+/:) 5/-),+4-50/ 9)-U))/ 

*,0.0-), +/8 -),.5/+-0, 5/ 40/-,06 4)667 Y7K&-,6 +/8 VD&?b[Z Y25:3,) ! WZM "/ 7KVD& +/8 

VD&?=cG]>-' 5/ +440,8+/4) U5-K -K) +97)/4) 01 VD& +/8 &[&2 ,)4,35-.)/- 8)-)4-)8 9; &K"D' 

/0 7*+-5+6 5/-),+4-50/ 9)-U))/ *,0.0-), +/8 -),.5/+-0, U+7 ,)B)+6)8 Y25:3,) ! WZM  



 

"/ *+,+66)6' + 7)40/8 VDP& *+-5)/- 4)66 YVD&?DFFHWZ' 9)+,5/: + 75/:6) +.5/0 +458 4K+/:) +- 

*075-50/ FFH YDFFHWZ Y#0_3J+,+ )- +6M' ^II!Z U+7 +/+6;7)8 7K0U5/: +/ 3/+11)4-)8 343 5'+/8 

67(58 .=<X )L*,)7750/ 40.*+,)8 -0 -K) 40/-,06 Y25:3,) !&' >!XZM "/8))8' U) /0-54)8 -K+- 

-K) VD&?DFFHW .3-+-50/ 858 /0- *,)B)/- -,+/74,5*-50/ +/8 <@= .+4K5/),5)7 ,)4,35-.)/- +- 

*,0.0-), +/8 -),.5/+-0, Y25:3,) ! @^' @c' @f +/8 @!!ZM "/ +440,8+/4) U5-K &K"D +77+;7' \F& 

+77+;7 +660U)8 -K) 8)-)4-50/ 01 4K,0.+-5/ ,)+,,+/:).)/- 9)-U))/ *,0.0-), +/8 

-),.5/+-0, 5/ VD&?DFFHW 159,096+7- Y25:3,) ! WZM  

X6-0:)-K),' 03, 8+-+ 5/854+-)8 -K+- -K) *,)7)/4) 01 VD& 57 /)4)77+,; 10, -K) -,+/7+4-5B+-50/ 

01 + 7397)- 01 =X=P-+,:)- :)/)7M "-7 *,)7)/4) +- -K) *,0.0-), +/8 -K) -),.5/+-0, 01 343 5'

7)).7 5.*0,-+/- 10, -K) ,)4,35-.)/- 01 &[&2 +/8 40/7)\3)/-6; -K) 10,.+-50/ 01 4K,0.+-5/ 

600*' -K+- 0*-5.5_)7 -K) =<X 7;/-K)757M  
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b) *,)B50376; 097),B)8 + 40,,)6+-50/ 9)-U))/ <@= 1+4-0,7 ,)4,35-.)/- +/8 K57-0/)7 *07-P

-,+/76+-50//+6 .085154+-50/7 YD[%7Z 83,5/: -K) +4-5B) -,+/74,5*-50/ Y>4K.5-_ )- +6M' ^II]Z Y`) 

%+; )- +6M' ^I!I+ZM b) -K37 5/B)7-5:+-)8 -K) )7-+9657K.)/- 01 -K) )34K,0.+-5/ 3*0/ 

-,+/74,5*-50/ +- -K) 343 5 *,0.0-), +/8 -),.5/+-0,M "/ 7K&-,6 +/8 VD&?b[' U) 097),B)8 

-,+/74,5*-50/+6 +4-5B) .+,J7 5/46385/: +/ 5/4,)+7) 01 WFTH.) +/8 WFT]+4 40/40.5-+/-6; 

U5-K -K) 8)4,)+7) 01 WFT].) 0/ -K) *,0.0-), +/8 -K) -),.5/+-0, +- EK Y25:3,) ^ $!' $H' &F 

+/8 &EZM "/-),)7-5/:6;' 5/ 7KVD& +/8 VD&?=cG]>- 4)667' -K) +97)/4) 01 VD& ,)4,35-.)/- 

,)736-)8 5/ + 40.*6)-) 8;7,):36+-50/ 01 )34K,0.+-5/ .+,J7M b) 097),B)8 +/ 5/4,)+7) 01 

WFT].) +/8 + 8)4,)+7) 01 WFTH.) +/8 WFT]+4 0/ -K) *,0.0-), +/8 -K) -),.5/+-0, Y25:3,) 

^ $^' $c' &! +/8 &HZM X7 )L*)4-)8' 5/ VD&?DFFHW 4)667' -K) K57-0/) +4-5B) 6+/8.+,J7 ,).+5/ 

40/7),B)8 Y25:3,) ^ &^' &cZM  

[0 13,-K), 5/B)7-5:+-)' 51 VD& 57 ,)7*0/7596) 10, -K)7) K57-0/)7 D[%7' U) 37)8 756)/4)8 VDX 

4)667 Y7KVDXZ' 5/ UK54K VD& U+7 /0,.+66; )L*,)77)8 +/8 ,)4,35-)8 0/ -K) *,0.0-), Y25:3,) 

>^Z Y`) %+; )- +6M' ^I!I9ZM A*0/ -P=X +4-5B+-50/' +66 -K) 9+7+6 -,+/74,5*-50/+6 .+4K5/),;' +7 

U)66 +7 VD&' +,) ,)4,35-)8 +- -K) *,0.0-), 01 343 5 :)/) +- F K03,7 Y25:3,) >^ $! +/8 $^ZM 

b) +670 097),B)8 -K) ,)P)7-+9657K.)/- 01 )34K,0.+-5/ .+,J7 YWFTH.)' WFT]+4 +/8 

8)4,)+7) 01 WFT].)Z 0/6; +- -K) *,0.0-), Y25:3,) ^ $FZM 20, -K) -),.5/+-0,' .+5/-)/+/4) 01 

-K) K)-),04K,0.+-5/ 6+/874+*) 57 097),B)8 U5-K )L46375B)6; WFT].) 5/ +440,8+/4) U5-K -K) 

+97)/4) 01 VD& +- -K) -),.5/+-0, Y25:3,) ^ $E' >^$HZM  



 

[K)7) ,)736-7 73::)7- -K+- VD& 57 5/B06B)8 5/ )7-+9657K.)/- 01 +4-5B) 4K,0.+-5/ .+,J7 +- -K) 

*,0.0-), 01 +4-5B+-)8 :)/)M 

 

-./ 43 459+29#7 45 *"# ,#),14*6#5* +' "43*+5#3 6+74'@450 #5;@6#3 ,#38+534D2# '+, "43*+5# 

.!?3C 

b) /)L- 5/B)7-5:+-)8' UK)-K), K57-0/)7 .0851;5/: )/_;.)7 YW%@Z ,)7*0/7596) 01 734K 

K57-0/)7 .085154+-50/7 40368 9) ,):36+-)8 9; -K) *,)7)/4) 01 VD&M >@[!?%``! 85?-,5P

.)-K;6+-)7 WFTH Yb;704J+ )- +6M' ^IIFZ Ye0J0;+.+ )- +6M' ^IIHZ -K+- 4+/ 9) 8).)-K;6+-)8 

9; T(%c$ Y>)U+,8 )- +6M' ^IIGZM 20, WFT] .)-K;6+-50/' .+/; WFT] .)-K;6-,+/71),+7)7 K+B) 

9))/ 4K+,+4-),5_)8' 5/46385/: >3BF]W! +/8 #]+ Y2,5-74K )- +6M' ^I!IZM [K) 8).)-K;6+-50/ 01 

WFT] 57 4+-+6;7)8 9; T(%H( Y>K5/ +/8 O+/J/)4K-' ^IIGZM #&<c .)85+-)8 -K) WFT] 

+4)-;6+-50/ Y$,0U/)66 )- +6M' !]]EZ YT30 )- +6M' !]]EZ UK),)+7 W(X&! 8)+4)-;6+-)7 5-M  

b) 097),B)8 5/ 7K&-,6 4)66 65/) +- EK' -K) ,)4,35-.)/- 01 %``!?>@[! 5/ *+,+66)6 U5-K WFTH.) 

*)+J Y25:3,) F X! +/8 XHZM =)4,35-.)/- 01 T(%H( 40,,)6+-)8 U5-K 8)4,)+7) 01 WFT].) 

Y25:3,) F X^ +/8 XfZM b) +670 097),B)8 40/40.5-+/-6; -0 WFT]+4 -K) *,)7)/4) 01 #&<c +- 

-K) 343 5'*,0.0-), Y25:3,) F XF +/8 XEZM  

"/ 7KVD& +/8 VD&?=cG]>- 4)667' #&<c' >3BF]W! +/8 T(%c$ U),) /0- 8)-)4-)8 9; &K"D +- 

-K) *,0.0-), Y25:3,) F (E' (c' (G +/8 @E' @c' @EZM W0U)B),' U) 097),B)8 -K) *,)7)/4) 01 

-K) K)-),04K,0.+-5/ W%@ #]+ Y25:3,) F (c +/8 @cZM "/ 40/-,+7-' 5/ 7KVDX +/8 5/ VD&?DFFHW 

4)667' /0 75:/5154+/- 5/-),1),)/4) 5/ -K) ,)4,35-.)/- 01 -K) 8511),)/- W%@ U+7 097),B)8 

Y25:3,) F & +/8 2ZM "/8))8' +7 5/ 40/-,067 Y7K&-,6 +/8 VD&?b[Z' #&<c' >3BF]W! +/8 T(%c$ 

U),) *,)7)/- +- -K) 343 5'*,0.0-),' 40,,)6+-)8 U5-K -K) 8511),)/- ,)6+-)8 K57-0/)7 D[%7 

YWFTH.) +/8 WFT]+4ZM  

X6-0:)-K),' -K) +90B) 8+-+ 7-,0/:6; 73::)7- +/ 5/B06B).)/- 01 VD& 5/ -K) ,)4,35-.)/- 01 

W%@ ,)6+-)8 -0 -,+/74,5*-50/+6 +4-5B) K57-0/)7 D[%7 +- -K) 343 5 *,0.0-),M 
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/#22 /12*1,#I 

W)`+ >56)/45L 4)667 Y[)93P$50' *,0B58)8 9; (M $5+,8Z U),) 37)8 5/46385/: 7K&-,6 Y$(E]IZ' 

7KVD& 4)667 +/8 7KVDX 4)667M b568P-;*) 2$Gf] YVD&?b[Z' #%!HfEG YVD&?=cG]>-Z +/8 

#%I^I]E YVD&?DFFHWZ 8),5B)8 1,0. VD *+-5)/-7M X66 4)667 U),) 436-3,)8 5/ +**,0*,5+-) 

.)853. +/8 U),) -,)+-)8 U5-K !Ik% +66P-,+/7P,)-5/054 +458 Y-P=XZ 5/-0 -K) 40,,)7*0/85/: 

.)853.M 

 

E5*4D+74#3I 

=<X *06 "" YG&^Z' =X= Y]XEZ' VDX Y!@]Z +/8 VD# Y!$cZ +/-59085)7 U),) 1,0. "#$%& +/-5908; 

1+4565-5)7M &(TG Y&P!]Z' VD& Y(P!fZ +/8 W(X&! Y&P!]Z +/-59085)7 U),) 09-+5/)8 1,0. >+/-+P

&,3_ $50-)4K/060:; +/8 &[&2 Y+9GIFIFZ' T(%c9 Y+9cEGc]Z' >3BF]W! Y+9!^HIcZ' #&<c 

Y+9!fFf!Z +/8 T(%H( Y+9]FE]HZ 1,0. X94+.M X/-59085)7 %``! +/8 >@[! U),) 09-+5/)8 

1,0. $)-K;6 +/8 +/-59085)7 +:+5/7- WFT].)^?F' WFT]X4' WFTH.)F +/8 #]+ Y&EWFZ U),) 

09-+5/)8 1,0. &)66 75:/+665/:M 

 

&#9#,3# !,(53),48*4+5 (57 J1(5*4*(*49# ./& 

[0-+6 =<X U+7 5706+-)8 1,0. 7)B),+6 4)66 65/)7 375/: + #)/@63-) %+..+65+/ [0-+6 =<X 

%5/5*,)* J5- Y>5:.+Z +/8 ,)B),7) -,+/74,59)8 U5-K >3*),>4,5*- "" ,)B),7) -,+/74,5*-+7) 

Y"/B5-,0:)/ZM [K) \3+/-5-+-5B) D&= U+7 80/) 375/: -K) `5:K-4;46), HfI Y=04K)ZM [K) *,5.), 

7)\3)/4)7 10, 343>5 +/8 9?@A!"&?$!B@$!'CD1B#-1B&,!'$!-B@$"#*!+&-!'E94(:FG :)/)7 37)8 

5/ \D&= +,) +B+56+96) 3*0/ ,)\3)7-M [K) 343>5 .=<X )L*,)7750/ ,)*,)7)/-7 -K) ,+-50 

9)-U))/ B+63)7 09-+5/)8 1,0. -,)+-)8 +/8 3/-,)+-)8 4)667 /0,.+65_)8 +:+5/7- -K) 

K037)J))*5/: 94(:F .=<XM 

 

/",+6(*45 :6615+8,#)484*(*4+5 G/":.HI 

&)667 U),) 4,077P65/J)8 +- ,00. -).*),+-3,) Y=[Z 10, !I .5/ U5-K !g 10,.+68)K;8)M 

&K,0.+-5/ U+7 *,)*+,)8 +/8 70/54+-)8 0/ 54) HI.5/ 375/: + $50,3*-0, Y(5+:)/08)Z +7 

*,)B50376; 8)74,59)8 Y`) %+; )- +6M' ^I!I9ZM >+.*6)7 U),) 5..3/0*,)45*5-+-)8 U5-K 

+/-59085)7 +- Hl& 0B),/5:K- +/8 *,0-)5/ #P7)*K+,07) 9)+87 YA*7-+-)Z U),) +88)8' 5/439+-)8 



 

H K03,7 +- Hl& +/8 7)\3)/-5+66; U+7K)8M D,0-)5/P(<X 40.*6)L)7 U),) )63-)8 +/8 (<X 

1,+:.)/-7 U),) *3,515)8 375/: j"X\354J D&= *3,5154+-50/ J5- Yj"X#@<Z +/8 +/+6;_)8 9; 

\3+/-5-+-5B) D&=M 

 

J1(5*4*(*49# /",+6+3+6# /+5'+,6(*4+5 /(8*1,# GKL/HI 

[K) \3+/-5-+-5B) 4K,0.070.) 40/10,.+-50/ 4+*-3,) +77+; U+7 *),10,.)8 +7 *,)B50376; 

8)74,59)8 Ya),/5..)/ )- +6M' ^IIGZM $,5)16;' 4)667 U),) 4,077P65/J)8 +- =[ 10, !I .5/ U5-K ^g 

10,.+68)K;8)M &,077P65/J)8 4K,0.+-5/ U+7 85:)7-)8 5/ -K) +**,0*,5+-) ,)7-,54-50/ 9311), 9; 

HII 3/5-7 01 )/_;.) F)+$HHHM [K) ,)7-,54-50/ )/_;.) .5L-3,) U+7 7-0**)8' 8563-)8 5/ 65:+-50/ 

9311), +/8 5/439+-)8 U5-K -K) K5:K6; 40/4)/-,+-)8 [H (<X 65:+7) Y=04K)Z 10, H K03,7 +- !El&M 

[K) 4,077P65/J5/: U+7 K)+-P,)B),7)8 +/8 (<X 1,+:.)/-7 U),) *3,515)8M A/85:)7-)8 (<X 0, 

85:)7-)8 (<X U5-K03- 65:+-50/ 7-)* U+7 37)8 +7 /):+-5B) 40/-,067M %0,)0B),' U) 37)8 -K) 

)/80:)/037 01I' 60437 -K+- K+7 9))/ ,)*0,-)8 -0 +80*- -K) 7+.) 7*+-5+6 40/10,.+-50/ 5/ 

8511),)/- -5773)7 +7 +/ 5/-),/+6 *075-5B) 40/-,06M X66 \F& ,)736-7 U),) /0,.+65_)8 9; 8+-+ 1,0. 

01I' +/+6;757' 40/-,0665/: 10, 4K+/:)7 5/ /346)+, 75_)' 4K,0.+-5/ 8)/75-; +/8 4,077P65/J5/: 

)11545)/4;M D,5.),7 +/8 *,09)7 U),) 8)75:/)8 +7 10660U7Q + 3/5B),7+6 7)\3)/4)P7*)45154 

[+\.+/ *,09) +/8 40,,)7*0/85/: ,)B),7) *,5.), 0/ + 15L)8 ,)7-,54-50/ 1,+:.)/- Y[),Z U),) 

37)8 5/ 40.95/+-50/ U5-K 8511),)/- 10,U+,8 *,5.),7 7*)45154 10, -K) 0-K), ,)7-,54-50/ 

1,+:.)/-7M j3+/-5-+-5B) F& -).*6+-)7 Y^II/:Z U),) 37)8 10, [+\.+/?D&= ,)+4-50/ 375/: -K) 

3/5B),7+6 D&= %+7-), %5L +/8 -K) `5:K-4;46), HfI 1,0. =04K)M 

 

?4),+(,,(@ (5(2@343 

[0-+6 =<X 1,0. 7KVD&' VD&?=cG]>- +/8 7K&-,6 4)667 U),) )L-,+4-)8 9)10,) 0, E K03,7 +1-), -P

=X -,)+-.)/- Y!I.%Z 375/: #)/@63-) %+..+65+/ [0-+6 =<X %5/5*,)* J5- Y>5:.+ZM [U0 

5/8)*)/8)/- )L*),5.)/-7 U),) *),10,.)8M =<X \3+65-; U+7 B),515)8 9; +/+6;757 0/ -K) ^!II 

$50+/+6;_), YX:56)/-ZM $50-5/;6+-)8 75/:6) 7-,+/8 4(<X -+,:)-7 U),) *,)*+,)8' 7-+,-5/: 1,0. 

^cI /: 01 -0-+6 =<X' 375/: -K) X.950/ b[ @L*,)7750/ T5- Y&+- m HH!!]GHZ +/8 -K) X11;.)-,5L 

#)/)&K5*n b[ [),.5/+6 `+9)65/: T5- Y&+- m ]IIEG!Z' +440,85/: -0 X11;.)-,5L 

,)40..)/8+-50/7M 

20660U5/: 1,+:.)/-+-50/ +/8 )/8P6+9)65/:' !M] k: 01 4(<X7 U),) K;9,585_)8 10, !E K03,7 +- 

Hc0& 0/ #)/)&K5*n W3.+/ #)/) !MI >[ +,,+;7 YX11;.)-,5LZ 5/-),,0:+-5/: ^f'fcF :)/)7 

,)*,)7)/-)8 9; +**,0L5.+-)6; ^G *,09)7 7*,)+8 +4,077 -K) 1366 6)/:-K 01 -K) :)/)M [K) 4K5*7 



 

U),) U+7K)8 +/8 7-+5/)8 5/ -K) #)/)&K5*n 26358547 >-+-50/ HcI YX11;.)-,5LZ +/8 74+//)8 

U5-K -K) #)/)&K5*n >4+//), FIII G# YX11;.)-,5LZM 25/+66;' ,+U 8+-+ YM&@` "/-)/75-; 156)7Z 

U),) )L-,+4-)8 1,0. -K) 74+//)8 5.+:)7 375/: -K) X11;.)-,5L #)/)&K5*n &0..+/8 &0/706) 

YX#&&Z B),750/ FM!M &@` 156)7 U),) 13,-K), *,04)77)8 U5-K X11;.)-,5L @L*,)7750/ &0/706) 

701-U+,) B),750/ !M! -0 4+6436+-) *,09)7)- 75:/+6 5/-)/75-5)7 375/: =0937- %36-5P+,,+; 

XB),+:) Y=%XZ +6:0,5-K.7 U5-K 8)1+36- 7)--5/:7M 

 

 

E)M5+N2#06#5*3 

b) -K+/J (M a),/5..)/ 10, K57 K)6* 5/ 8)75:/5/: -K) \F& )L*),5.)/-o (M $5+,8 10, *,0B585/: 

-K) 8511),)/- 4)667 +/8 -K) "#$%& 4)66 436-3,) 1+4565-5)7M b) +670 -K+/J 2M &05/' @M &0.*) +/8 

XM >5/:K 10, 1,35-136 857437750/7M [K57 7-38; U+7 73**0,-)8 9; +/ @=& X8B+/4)8 :,+/- Y-0 

OM%M@MZ' 6pX:)/4) <+-50/+6) 8) 6+ =)4K),4K) Y<mX<=! If%"@<PI^^PIFZ' 6pX77045+-50/ 8) 6+ 

=)4K),4K) 40/-,) 6) &+/4),' -K) "/7-5-3- <+-50/+6 83 &+/4), Y"<&XP^IIfPIH!Z +/8 

6pX77045+-50/ 8) =)4K),4K) 73, 6) (5+9q-) YX=( :,+/- ^II]P I! -0 D$Z +/8 ,)7)+,4K :,+/-7 

1,0. <0B0<0,857J 2,+/4) YrDK+,.+40@*5:)/)-547 01 #,0U-Ks ^II]P^I!! -0 D$Z +/8 D15_), 

2,+/4) Yr&+/858+-) #)/) >)+,4K 10, >K0,-/)77 #)/) a+,5+-50/7 t #@[&P^I!IP^I^fF^E -0 D$ZM 

"M"M 57 :,+/-)8 9; -K) 6pX77045+-50/ 8) 6+ =)4K),4K) 40/-,) 6) &+/4),o <M`M%M 57 + ,)45*5)/- 1,0. 

-K) "<>@=%M 
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GEH [,+/74,5*-0.) *,01565/: 01 7K&-,6 Y963)Z' 7KVD& Y,)8Z +/8 VD&?=cG]>- Y:,))/Z 4)667 -,)+-)8 

U5-K -P =X Y!I.%o E K03,7Z 375/: -K) UK06) -,+/74,5*- 40B),+:) X11;.)-,5L W3.+/ #)/) !MI 
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SUMMARY

Poly-(ADP-ribose) glycohydrolase (PARG) is a cata-

bolic enzyme that cleaves ADP-ribose polymers

synthesized by poly-(ADP-ribose) polymerases.

Here, transcriptome profiling and differentiation

assay revealed a requirement of PARG for retinoic

acid receptor (RAR)-mediated transcription. Mecha-

nistically, PARG accumulates early at promoters of

RAR-responsive genes upon retinoic acid treat-

ment to promote the formation of an appropriate

chromatin environment suitable for transcription.

Silencing of PARG or knockout of its enzymatic

activitymaintains the H3K9me2mark at the promoter

of the RAR-dependent genes, leading to the absence

of preinitiation complex formation. In the absence of

PARG,we found that the H3K9 demethylase KDM4D/

JMJD2D became PARsylated. Mutation of two gluta-

mic acids located in the Jumonji N domain of KDM4D

inhibited PARsylation. PARG becomes dispensable

for ligand-dependent transcription when either a

PARP inhibitor or a non-PARsylable KDM4D/JMJD2D

mutant is used. Our results define PARG as a coacti-

vator regulating chromatin remodeling during RA-

dependent gene expression.

INTRODUCTION

Poly-(ADP-ribosyl)ation (PARsylation) of proteins is a NAD(+)-

dependent posttranslational modification catalyzed by poly-

(ADP-ribose) polymerases (PARPs) (Krishnakumar and Kraus,

2010b; Rouleau et al., 2010). PARP-1 is responsible for about

90% of the total PARsylation activity in the cell (Amé et al.,

2004) and is involved in various cellular processes such as

single-strand/base excision repair, alternative end-joining during

immunoglobulin class switch recombination and mitotic segre-

gation (Robert et al., 2009; Schreiber et al., 2006).

Increasing evidence supports the active involvement of

PARP-1 in gene expression and repression (Ji and Tulin, 2010;

Kraus, 2008). Studies of the Parp-1 / mouse and PARP-1-

silenced human cells have shown that an absence of PARP-1

alters the expression of many genes involved in both cell-cycle

control and the stress response (Frizzell et al., 2009; Krishnaku-

mar and Kraus, 2010a; Ogino et al., 2007; Simbulan-Rosenthal

et al., 2000). In addition, it has been demonstrated that

PARP-1 is also required for nuclear receptor (NR)-mediated tran-

scription processes, including those of the retinoic acid (RAR)

and estrogen (ER) receptors (Ju et al., 2006; Pavri et al., 2005).

The involvement of PARP-1 enzymatic activity in transcription

depends on the nature of the gene and stimuli studied, for

reasons that are not yet fully understood (Hassa et al., 2003;

Ju et al., 2006; Pavri et al., 2005; Simbulan-Rosenthal et al.,

2003; Tulin and Spradling, 2003).

The metabolism of PAR is tightly regulated not only through

the regulation of PARP activity, but also through the activity of

poly(ADP-ribose) glycohydrolase (PARG), an enzyme with both

exo- and endoglycosidase activities that generates large

amounts of free ADP-ribose (Heeres and Hergenrother, 2007).

PARG is encoded by a single gene in humans, which produces

several isoforms with various subcellular localizations (Meyer

et al., 2007;Meyer-Ficca et al., 2004; Niere et al., 2008). The exis-

tence of these multiple PARG isoforms and the embryonic

lethality of mice deficient in all of them (Koh et al., 2004) compli-

cate the study of this enzyme in the context of fundamental

cellular processes. However, the use of human knockdown cells

deficient in all PARG isoforms revealed that PARG is involved in

the repair of single- and double-strand breaks and in the mitotic

spindle checkpoint (Amé et al., 2009; Erdélyi et al., 2009; Fisher

et al., 2007). The structure of a bacterial PARG has been recently

solved and has revealed that the PARG catalytic domain is

a distant member of the ubiquitous ADP-ribose binding macro-

domain family (Slade et al., 2011). However, our understanding

of the cellular function of PARG remains poor compared to the

PARP family members.

Given the importance of PAR in NR-dependent transcription

and the increasing evidence that inhibitors of PARG are potent

anticancer drug candidates (Miwa and Masutani, 2007), we

sought to investigate the potential function of PARG in NR-

dependent gene transcription. The NR superfamily consists

of a variety of DNA binding transcription factors that control

the expression of genes involved in many cellular processes
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Figure 1. PARG Stimulates RAR-Dependent Gene Expression

(A) Proteins fromwhole-cell extracts (50 mg) of either shCTL or shPARG cells were resolved by SDS-PAGE followed bywestern blotting using anti-PARG and anti-

actin antibodies. Molecular weights are indicated.
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(Kastner et al., 1995). NRs are mainly classified as either

steroid receptors, such as ER, or nonsteroid receptors, such

as RAR. These receptors target promoters by binding specific

recognition sequences and activate transcription by recruiting

coactivators (Glass and Rosenfeld, 2000). The all-trans retinoic

acid (t-RA), the ligand of RAR, is a pleiotropic signaling mole-

cule derived from vitamin A that regulates critical genetic

programs, thereby controlling cell proliferation and differentia-

tion, as well as cell death or survival (Clagett-Dame and Knut-

son, 2011).

In the present study, we demonstrate the participation of the

PAR-degrading activity of PARG in the transactivation of genes

mediated by RAR. We have shown that t-RA-induced F9 embry-

onic cell differentiation depends on PARG. Global transcriptome

analysis revealed that the induction of a significant number of

RA-induced genes was stimulated by PARG. Mechanistically,

we show that PARG is recruited to the promoters of RAR-depen-

dent genes in a ligand-dependent manner to promote the

formation of a permissive chromatin environment suitable for

transcription. In particular, PARG targeted the demethylase

KDM4D/JMJD2D to favor the removal of the repressive

H3K9me2 mark around the promoters of RAR-dependent genes

and the subsequent formation of the transcription preinitiation

complex (PIC).

RESULTS

Absence of PARG Impairs RAR-Dependent Gene

Transactivation

To evaluate the influence of PARG in transcription, we assayed

RAR-mediated transcriptional activity of a HeLa cell line consti-

tutively expressing shRNA directed against the catalytic domain

of all PARG isoforms (shPARG) (Amé et al., 2009). The HeLa

control cell line (shCTL) expresses a nonfunctional shRNA. A

robust knockdown of PARG (Figure 1A) and an absence of

PAR-degrading activity (see Figure S1A online) were observed

in shPARG cells.

We analyzed the transcriptome profiles of shCTL and shPARG

cells 3 hr after t-RA treatment (10 mM). Treatment of shCTL cells

with t-RA resulted in the induction of several immediate-early

responsive genes, such as RARb2, CYP26, or TGM2 (Table S1

and Table S2). Interestingly, 70% of genes showing an induc-

tionR1.5 in shCTL cells had a lower induction level in shPARG

cells (Table S3 and Figure 1B). Using RT-qPCR, we confirmed

that RARb2 (Figure 1C), CYP26 (Figure 1D), TGM2 (Figure 1E),

PDK4 (Figure 1F),NRIP1 (Figure S1B), and TNFAIP2 (Figure S1B)

were less induced in shPARG cells over time after t-RA treat-

ment. In contrast, another group of genes including SMAD3

was induced similarly in shCTL and shPARG cells (Table S1

and Figure 1G). Note that no dramatic changes in expression

were observed in the absence of t-RA between shCTL and

shPARG cells (Table S4).

Since PAR activity has been implicated in mRNA splicing (Ma-

langa et al., 2008), we measured the accumulation of pre-mRNA

to determine if the defect in transactivation could be explained

by a deficiency in splicing (Figure S1C). We observed a defect

in RARb2 expression in shPARG cells whether we measured

pre-mRNA or total mRNA (Figures S1D and S1E), consistent

with the participation of PARG in an early step of the RAR-depen-

dent transcription process, before mRNA splicing.

RAR-Dependent Gene Transactivation Depends

on the PAR-Degrading Activity of PARG

We next explored whether the PAR-degrading activity of PARG

was required for RAR-dependent gene transcription. We used

GFP-tagged shRNA-resistant constructs expressing either

a wild-type (PARGWT-GFP) or a catalytically inactive version of

PARG, targeting the two consecutive glutamates of the active

site (PARGE755/756A-GFP) (Patel et al., 2005; Mortusewicz et al.,

2011; Slade et al., 2011). Transfection of PARGWT-GFP into

shPARG cells treated with H2O2 resulted in the depletion of the

nuclear PAR (Amé et al., 2009), which was not achieved with

PARGE755/756A-GFP (compare Figures 2Aa–2Ac with Figures

2Ad–2Af). Furthermore, expression of PARGWT-GFP reduced

the genotoxic-stress-independent PARsylation of PARP-1

observed in shPARG cells (Amé et al., 2009) that was not

achieved with GFP-PARGE755/756A (Figure 2B). These results

indicate that the E755/756A mutations abolished the PAR-

degrading activity of PARG.

When expressed in shPARG cells, PARGWT-GFP rescued the

ligand-dependent expression of RARb2 (Figure 2C), CYP26,

PDK4, NRIP1, and TNFAIP2 (Figure S2A). The rescue was

greatly compromised following expression of PARGE755/756A-

GFP (Figure 2C and Figure S2A) despite producing similar

protein amounts as PARGWT-GFP (Figure 2B). These data indi-

cate that the PAR-degrading activity of PARG stimulates RAR-

dependent gene transcription and imply that PAR polymerase

activity may thwart gene activation in the absence of an active

PARG. Consequently, we pretreated shPARG cells with the

PARP-specific inhibitor KU0058948 (K948) (McCabe et al.,

2005) for 12 hr prior to t-RA addition and observed a rescue of

the transactivation of RARb2 (Figure 2D), CYP26, PDK4,

NRIP1, and TNFAIP2 (Figure S2B). The transactivation of

RARb2was not affected by the inhibition of PARP in shCTL cells.

Altogether, these results suggest that the catalytic activity of

PARG is involved in NR-dependent gene transactivation as

a countermeasure to PAR polymerase activity.

Absence of PARG Inhibits RA-Induced F9 Embryonic

Cell Differentiation

Treatment with t-RA induces proliferation arrest, differentiation,

and apoptosis in many cells (Strickland and Mahdavi, 1978).

To study the role of PARG in a physiological context, we trans-

fected F9 mouse embryonic carcinoma cells with siRNA against

(B) Transcriptome profiling of shCTL (light gray) or shPARG (dark gray) cells treated with t-RA (10 mM; 3 hr) using the whole transcript coverage Affymetrix Human

Gene 1.0 ST arrays. Based on two independent experiments, these genes show an upregulation >1.5 (±SEM) compared to t = 0 hr (F test, p < 0.005).

(C–G) Relative mRNA expression ofRARb2 (C),CYP26 (D), TGM2 (E), PDK4 (F), and SMAD3 (G) in either shCTL or shPARG cells measured at different time points

after treatment with t-RA (10 mM). Error bars represent the standard deviation (SD) of three independent experiments. The values are plotted relative to the

expression level of the no treatment control that is set to 1 in all experiments.
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PARG (siPARG versus siCTL; Figure S3) and followed the

process of differentiation after t-RA treatment based on the

morphological features characteristic of pre-endoderm-like

cells. Seventy-two hours after t-RA treatment, siCTL-transfected

F9 cells became more adhesive and grew separately (compare

Figures 3Aa and 3Ab). At the same time point, the morphology

of the siPARG-transfected F9 cells treated with t-RA remained

unchanged, revealing a weak adhesive capacity and the forma-

tion of clusters (compare Figures 3Ae and 3Af). In the presence of

the PARP inhibitor K948, the morphology and individual growth

capacities of the siPARG-transfected F9 cells were similar to

those of the siCTL-transfected cells treated with t-RA alone

(compare Figures 3Ac and 3Ad with Figures 3Ag and 3Ah). The

treatment of siCTL-transfected cells with K948 only slightly inter-

fered with the differentiation process (compare Figures 3Aa and

3Ab with Figures 3Ac and 3Ad), in agreement with previous data

(Quénet et al., 2008).

In parallel to the morphological study, we followed the relative

expression of genes associated with t-RA-induced differentia-

tion of F9 cells in pre-endoderm-like cells (Eifert et al., 2006; La-

levée et al., 2011). CYP26, HOXA1, HOXB1, and RARb2 showed

increased expression in siCTL-transfected F9 cells 48 hr after

t-RA treatment (Figure 3B). The expression of all of these genes

was reduced in siPARG-transfected F9 cells treated under the

same conditions (Figure 3B), while the maintenance of K948

treatment during differentiation restored their expression (Fig-

ure 3B). Altogether, these studies suggest a physiological role

for PARG in RA-induced F9 embryonic cell differentiation.
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Figure 2. The PAR-Degrading Activity of PARG Is Required for RAR-Dependent Gene Expression

(A) Immunodetection of PAR in shPARG cells treated with 1 mM H2O2, during 10 min (to stimulate PAR synthesis). Cells were transfected 36 hr before treatment

with either PARGWT-GFP (Aa–Ac) or PARGE755/756A-GFP (Ad–Af). Transfected cells (indicated with an arrow) were detected with GFP. PAR was detected with

a mouse monoclonal anti-PAR antibody (10H). DNA was counterstained with DAPI. Immunofluorescence was performed as described (Amé et al., 2009).

(B) Proteins from whole-cell extracts (50 mg) of shPARG cells expressing either PARGWT-GFP or PARGE755/756A-GFP were resolved by SDS-PAGE followed by

western blotting using anti-GFP, anti-PARP-1, and anti-b-tubulin antibodies.

(C) Relative mRNA expression (±SD, three independent experiments) of RARb2measured at the transactivation peak, 3 hr post-t-RA treatment, in the indicated

cell lines. The values are expressed relative to the expression level of the no treatment control that is set to 1 in all experiments.

(D) Relative mRNA expression (±SD, three independent experiments) of RARb2 measured 3 hr after t-RA treatment in shCTL and shPARG cells incubated with

K948 (100 nM) for 12 hr before addition of t-RA. The values are plotted relative to the expression level of the no treatment control that is set to 1 in all experiments.
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Absence of PARG Leads to Defective Preinitiation

Complex Formation

To address the precise role of PARG in RAR-dependent tran-

scription, we used chromatin immunoprecipitation (ChIP) assay

and monitored the recruitment of transcription factors to several

RAR-dependent promoters in shCTL versus shPARGHeLa cells.

In shCTL cells, we observed the ligand-dependent recruitment of

RNA Pol II and RARa to the RARb2 (Figure 4A and Figure S4A)

and CYP26 promoters (Figure S5A), which was optimal at the

mRNA transactivation peak, 3 hr after t-RA treatment. In

contrast, PIC formation was deficient in PARG-depleted cells

throughout the time course (Figure 4A and Figures S4B and

S5B) and partially restored following the expression of

PARGWT-GFP (Figure 4A and Figure S4G). The recruitment of

PARP-1 parallels that of the PIC in shCTL cells (Figures S4A

and S5A). In shPARG cells, the recruitment of PARP-1 was still
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Figure 3. PARG Is Required for RA-Induced Differentiation of Pluripotent F9 Cells

(A) Effects of PARG silencing on the differentiation of F9 embryonic carcinoma cells. Thirty-six hours after siRNA transfection, cells were treatedwith t-RA (1 mM) in

the presence or absence of the PARP inhibitor K948 (100 nM). The morphology of the F9 cells was analyzed 72 hr later by phase-contrast microscopy.

(B) mRNA level (±SD, three independent experiments) of upregulated RAR target genes in differentiated F9 cells, measured 48 hr after t-RA treatment. F9 cells

were incubated with the PARP-1 inhibitor K948 during differentiation when indicated. Values are expressed as the percentage of mRNA level compared with

GAPDH.
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Figure 4. Defect in PIC Assembly at the RARb2 Promoter in the Absence of PARG

(A) (Upper panel) Diagram of the endogenous human RARb2 promoter. Positions of the primers for amplification of promoter region in ChIP are indicated with

arrows. (Lower panels) ChIP monitoring the t-RA-dependent occupancy (±SEM) of RNA Pol II and RARa on theRARb2 promoter in chromatin extracts from either

shCTL (light gray), shPARG (dark gray), or shPARG cells transfected with shRNA-resistant PARGWT-GFP construct (black).
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detected, although to a lesser extent than in shCTL cells (Figures

S4B and S5B).

We also observed the recruitment of PARG to theRAR-depen-

dent promoters in a ligand-dependent manner either in shCTL

cells or in shPARG cells transiently expressing shRNA resistant

PARGWT-GFP (Figure 4B and Figures S4A, S4G, and S5A). In

contrast to PIC, the optimal accumulation of both endogenous

and transiently expressed PARG occurred before the transacti-

vation peak, 1 hr after t-RA treatment. The formation of the PIC

on the SMAD3 promoter was not altered in shPARG cells, and

PARG was not recruited to this promoter in shCTL cells (Fig-

ure 4C and Figures S6A and S6B).

PARG Controls Chromatin Derepression at RAR-

Dependent Gene Promoters

We next assayed chromatin remodeling around the RAR-depen-

dent promoters. We found a parallel between the recruitment of

the PIC and the increase in both dimethylation of histone H3

lysine 4 (H3K4me2) and acetylation of histone H3 lysine 9

(H3K9ac), two marks of active transcription, on the promoters

of RARb2 (Figures 5A and 5B and Figure S4C), CYP26 (Fig-

ure S5C), and SMAD3 (Figure S6C) in shCTL cells. A decrease

in the dimethylation of histone H3 lysine 9 (H3K9me2), a mark

of repressive transcription, took place before PIC formation,

1 hr after t-RA treatment, on both RARb2 (Figure 5C, Figure S4E)

and CYP26 promoters (Figure S5E). In addition, the exclusion of

the repressive histone H1 from these promoters was observed

soon after t-RA treatment, along with H3K9me2 demethylation

(Figure 5D and Figures S4E and S5E).

In shPARG cells, H3K4me2 and H3K9ac appeared on RARb2,

CYP26, and SMAD3 promoters, 3 hr after treatment, similarly to

shCTL cells (Figures 5A and 5B and Figures S4D, S5D, and S6D).

In contrast to shCTL cells, a dramatic increase in H3K9me2 and

Histone H1 (for RARb2) occurred at the RARb2 and CYP26

promoters, 1 hr posttreatment (Figures 5C and 5D, Figures

S4F and S5F). Transfection of PARGWT-GFP in shPARG restored

a profile of H3K9me2 and H1 occupancy at the promoter of

RARb2 similar to that of shCTL cells (Figures 5C and 5D and Fig-

ure S4I). Note that H3K9me2 andH1were released similarly from

the promoter of SMAD3 in both cell lines (Figures S6E and S6F).

Recent finding demonstrated that PARP-1 plays a role in the

regulation of histone methylation (Krishnakumar and Kraus,

2010a). Since the absence of PARG led to an increase in the

repressive H3K9me2 histonemark, we next focused on a histone

methyltransferase and a demethylase whose activities regulate

the methylation state of H3K9. The methyltransferase KMT1C

(also called G9a) (Allis et al., 2007) is responsible for the majority

of H3K9me2 marks in cells (Patnaik et al., 2004). The level of

KMT1C decreased at theRARb2 promoter soon after t-RA-treat-

ment in shCTL cells, while it remained stable in shPARG cells

(Figure 5E). The H3K9me3/2 demethylase KDM4D (Klose et al.,

2006; Whetstine et al., 2006; Shin and Janknecht, 2007) accu-

mulated at the RARb2 promoter in shCTL cells soon after t-RA

treatment but was not recruited throughout the time course in

shPARG cells (Figure 5F). However, transfection of PARGWT-

GFP construct restored the accumulation of KDM4D and the

release of KMT1C (Figures 5E and 5F).

Using siRNA against KDM4D, we next demonstrated the

involvement of KDM4D in RARb2, CYP26, and PDK4 gene acti-

vation in HeLa cells (Figure 5G and Figure S7). Interestingly,

KDM4D was dispensable for the transactivation of the PARG-

independent gene SMAD3 (Figure S7). Taken together, these

results suggest that PARG controls chromatin derepression at

RAR-dependent gene promoters.

Mutations of Two Residues Located in the JmjN Domain

of KDM4D Prevent PARsylation after t-RA Treatment

The above data suggest that the interplay between PARP and

PARG may control the activity of KDM4D or KMT1C. Since any

substrate of PARG is first a substrate of PARP enzymes, we

asked whether KDM4D or KMT1Cwas modified by PARP-1. Re-

combinant KDM4D (His-KDM4D[1–350] [Weiss et al., 2010]) was

modified following the addition of recombinant affinity-purified

human PARP-1, in vitro (Figure 6A, compare lanes 6 and 7). By

comparison, KMT1C was only weakly modified by PARP-1 (Fig-

ure 6A, compare lanes 4 and 5). Histone H1, a well-known PARP

target, was used as a positive control (Figure 6A, lanes 2 and 3).

Furthermore, a polymer blot assay (Quénet et al., 2008) showed

that KDM4D was not able to bind PAR noncovalently (data not

shown).

The catalytic Jumonji C domain (JmjC) characterizes the

KDM4/JMJD2 family members (Tsukada et al., 2006). In addi-

tion, a conserved N-terminal domain called JmjN, rich in amino

acids (aa) that can be substrates for PARP-1, is present in

KDM4 proteins including KDM4D (from aa 15 to 58) (Balciunas

and Ronne, 2000; Chen et al., 2006; Katoh and Katoh, 2004).

After deletion of its JmjN domain, GST-KDM4DDel(15-58) was no

longer modified by PARP-1 (Figure 6B, compare lanes 5 and 6

with lanes 3 and 4). Two potential substrates for PARP-1 (E26

and E27) present in the JmjN domain and conserved in the

KDM4 demethylase family (Figure 6C, upper panel) were

mutated to alanine, and the resulting GST-KDM4DE26/27A was

assayed for PARsylation. The doublemutant showed a complete

lack of modification by PARP-1 (Figure 6C, compare lanes 8 and

9 with lanes 2–7), demonstrating that mutation of these two

residues prevents PARsylation. In a Histone H3K9me2 demeth-

ylation assay, the mutations E26A/E27A did not affect the

activity of the demethylase (Figure 6D, compare lanes 5–7 with

lanes 2–4), suggesting that they do not alter the structure of

KDM4D.

We next analyzed the PARsylation of KDM4D in vivo. We ex-

pressed GFP-KDM4DWT and GFP-KDM4DE26/27A in shPARG

(B) ChIP monitoring the t-RA-dependent occupancy (±SEM, two independent experiments) of PARG on the RARb2 promoter in chromatin extracts from either

shCTL (light gray), shPARG (dark gray), or shPARG cells transfected with shRNA-resistant PARGWT-GFP construct (black). Chromatin extracts were immuno-

precipitated with an anti-PARG in the upper panel and with an anti-GFP in the lower panel.

(C) (Upper panel) Diagram of the endogenous human SMAD3 promoter. Positions of the primers for amplification of promoter region in ChIP are indicated with

arrows. (Lower panels) ChIP monitoring the t-RA-dependent occupancy (±SEM, two independent experiments) of RNA Pol II and PARG on the SMAD3 promoter

in chromatin extracts from either shCTL or shPARG cells.
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Figure 5. Chromatin Remodeling at the RARb2 Promoter

(A and B) ChIPmonitoring the t-RA-dependent occupancy (±SEM, two independent experiments) of H3K4me2 (A), H3K9Ac (B) on the promoter ofRARb2 gene in

chromatin extracts from either shCTL cells or shPARG cells.

(C–F) ChIP monitoring the t-RA-dependent occupancy (±SEM, two independent experiments) of H3K9me2 (C), Histone H1 (D), KMT1C (E), KDM4D (F) on the

promoter of RARb2 gene in chromatin extracts from either shCTL cells, shPARG cells, or shPARG cells transfected with (PARGWT-GFP).

(G) (Left panel) HeLa cells were transfected either with siRNA control or with siRNA against KDM4D. Forty-eight hours later, proteins from whole-cell extracts

(50 mg) were resolved by SDS-PAGE followed by western blotting using anti-KDM4D and anti-TBP antibodies. (Right panel) Relative mRNA expression (±SD,

three independent experiments) of RARb2 in HeLa cells transfected either with siRNA control or with siRNA against KDM4D, measured 3 hr after treatment with

t-RA (10 mM). The values are expressed relative to the expression level of the no treatment control that is set to 1 in all experiments.

Molecular Cell

PARG Is a Transcriptional Coactivator

8 Molecular Cell 48, 1–14, December 14, 2012 ª2012 Elsevier Inc.

Please cite this article in press as: Le May et al., Poly (ADP-Ribose) Glycohydrolase Regulates Retinoic Acid Receptor-Mediated Gene Expression,

Molecular Cell (2012), http://dx.doi.org/10.1016/j.molcel.2012.09.021



cells, treated the cells with t-RA for 1 hr, immunoprecipitated the

material with an anti-PAR antibody, and subjected the precipi-

tate to western blotting with an anti-GFP antibody. GFP-

KDM4DWT was pulled down by anti-PAR antibody after t-RA

treatment (Figure 6E, compare lanes 2 and 8), while GFP-

KDM4DE26/27A was not (Figure 6E, compare lanes 3 and 9). We

also noticed that GFP-KDM4DWT was not pulled down following

H2O2 treatment (Figure 6E, compare lanes 2, 5, and 8), suggest-

ing that PARsylation of KDM4D(1–350) is specific to t-RA

treatment.
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Figure 6. Two Glutamic Acid Residues in the JmJN Domain of KDM4D Are Required for PARsylation

(A) Two hundred and fifty nanograms of recombinant Histone H1 (lanes 2 and 3), His-KMT1C (lanes 4 and 5), and His-KDM4D(1–350) (lanes 6 and 7) were mixed

with 100 ng of recombinant PARP-1 (lanes 3, 5, and 7) in the presence of 32P-NAD+ and 100 nM of cold NAD+. These assay conditions used favor synthesis of

short polymers due to limiting amounts of NAD. Samples were run on a SDS-PAGE gel followed by Coomassie staining (Coomassie) and autoradiography

(Autoradio).

(B) (Upper panel) Schematic representation of KDM4D(1–350). JmJN and JmJC domains are represented in green and blue, respectively. (Lower panel)

One hundred and fifty nanograms of recombinant Histone H1 (lane 1), 300 ng of GST (lane 2), 150 and 300 ng of GST-KDM4DWT (lanes 3 and 4), or GST-

KDM4DDel(15-58) (lanes 5 and 6) was mixed with 100 ng of recombinant PARP-1 and 32P-NAD+. Samples were run on a SDS-PAGE gel followed by Coomassie

staining (Coomassie) and autoradiography (Autoradio). Three hundred and fifty nanograms of GST-KDM4DWT (lane 7) or GST-KDM4DDel(15-58) (lane 8) was

incubated alone as controls.

(C) (Top panel) Sequence alignment of the JmJN domains of the KDM4 family members performed with the ClustalX multiple sequence alignment software.

PARP-1 potential targets (lysine and glutamic acid residues) are indicated in blue and green, respectively. Lysine and glutamic acid residues are particularly

enriched in the JmjN domain of KDM4D in which they represent 30% of the total amino acids content compared with 6% in the total protein. The two conserved

glutamic acids present in all KDM4 family members are marked with a star. (Lower panel) GST-KDM4DWT (lanes 2 and 3), GST-KDM4DE26A (lanes 4 and 5), GST-

KDM4DE27A (lanes 6 and 7), and GST-KDM4DE26/27A (lanes 8 and 9) were treated as in (B).

(D) GST-KDM4DWT and GST-KDM4DE26/27Awere used in a demethylation assay containing core histones from HeLa. The reactions were then subjected to either

western blotting using anti-Histone H3K9me2 antibody (WB) or Red Ponceau staining (Ponceau).

(E) GFP-KDM4DWT or GFP-KDM4DE26/27A was transiently expressed in shPARG cells. Immunoprecipitation was performed from 200 mg of whole-cell extracts

10 min after treatment with H2O2 (1 mM) or 1 hr after treatment with t-RA (10 mM), using anti-PAR antibody. Following SDS-PAGE, western blotting analysis was

performed with an anti-GFP antibody on the immunoprecipitated material (upper panel) or on 20 mg of whole-cell extracts (lower panel).

(F) ChIP-reChIP monitoring the t-RA-dependent coaccumulation (±SEM, three independent experiments) of PARG and KDM4D on the RARb2 promoter in

chromatin extracts of shCTL and shPARG cells. A first IP performed against KDM4D was followed by a second IP using anti-PARG antibody on the eluted

complexes.
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Next, we used a ChIP-reChIP assay to test whether PARG and

KDM4D were in close contact at the RARb2 promoter. Our

results revealed a coaccumulation of PARG and KDM4D, which

occurred 1 hr after t-RA treatment in shCTL cells (Figure 6F and

Figure S8). This coaccumulation was absent in shPARG cells

(Figure 6F and Figure S8). No signal was detected in the ChIP-

reChIP experiment with KMT1C (data not shown). Altogether,

these data suggest that KDM4D is PARsylated following t-RA

treatment and that PARG counteracts this modification.

KDM4DE26/27A Restores RAR-Dependent

Transactivation in the Absence of PARG

To test the above hypothesis, we sought to assess the need of

KDM4D PARsylation for RAR-mediated gene expression.

Expression of the unPARsylable GFP-KDM4DE26/27A in shPARG

cells rescued RARb2, CYP26, PDK4, and NRIP1 expression,

which was not achieved with GFP-KDM4DWT (Figure 7A and Fig-

ure S9). In agreement with the rescue of mRNA transactivation,

expression of GFP-KDM4DE26/27A, but not GFP-KDM4DWT,
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Figure 7. KDM4DE26/27A Restores RAR-Dependent Transactivation in the Absence of PARG

(A) (Upper panel) shCTL (lanes 1–3) or shPARG (lanes 4–6) cells were transfected either with GFP-KDM4DWT (lanes 2 and 5) or GFP-KDM4DE26/27A (lanes 3 and 6).

Forty hours later, proteins from whole-cell extracts (50 mg) were resolved by SDS-PAGE followed by western blot using an anti-GFP antibody. (Lower panel)

RelativemRNA expression ofRARb2 in the indicated cells (±SD, three independent experiments), measured 3 hr after treatment with t-RA (10 mM). The values are

expressed relative to the expression level of the no treatment control that is set to 1 in all experiments.

(B–D) ChIP monitoring the occupancy (±SEM, two independent experiments) of RNA Pol II (B), RARa (C), and H3K9me2 (D) on the RARb2 promoter in chromatin

extracts from shPARG cells transfected either with an empty vector (light gray), with GFP-KDM4DWT (dark gray), or with GFP-KDM4DE26/27A (black) expression

vectors.

(E) ChIP monitoring the occupancy (±SEM, two independent experiments) of either GFP-KDM4DWT or GFP-KDM4DE26/27A on the RARb2 promoter in chromatin

extracts from shPARG cells after t-RA treatment.
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partially restored the recruitment of both RNA Pol II and RARa to

the RARb2 promoter (Figures 7B and 7C and Figures S10A and

S10B). This recruitment was accompanied by a decrease in

H3K9me2 modification until 6 hr posttreatment (Figure 7D and

Figure S10C). We also monitored the presence of KDM4D at

theRARb2 andCYP26promoters in shPARGand found a recruit-

ment of GFP-KDM4DE26/27A early after t-RA treatment that did

not take place with GFP-KDM4DWT (Figures 7E, Figures S10D

and S10E), suggesting that PARsylation regulates the binding

of the histone demethylase to the chromatin (Krishnakumar

and Kraus, 2010a). These results demonstrate that an unPARsyl-

able KDM4D mutant can compensate for the absence of PARG

and restores a permissive chromatin environment suitable for

RAR-dependent gene transcription.

DISCUSSION

PARG Is a Coactivator of RAR-Mediated Gene

Expression

PARG has been extensively studied for its role in the DNA

damage response and in cell death, but some studies have

also suggested a role in transcription (Frizzell et al., 2009; Tulin

et al., 2006). Here, we demonstrate that PARG functions as

a transcriptional coactivator that modulates RAR-mediated

gene expression. Global transcription profiling and individual

gene studies show that the transactivation of several RAR-

dependent genes was impaired in the absence of PARG, which

localized to the promoter of these genes in a ligand-dependent

manner. The recruitment of PARG to these promoters occurred

1 hr posttreatment and preceded the recruitment of the tran-

scription machinery. This observation suggests that PARG may

be required for the formation of the PIC. Indeed, we observed

that the recruitment of RNA Pol II or RAR to the promoters of

RAR-dependent genes was dependent on PARG. An shRNA-

resistant PARGWT construct rescued the NR-dependent trans-

activation in shPARG cells, excluding any off-target effects of

the shRNA. We also identified genes whose transactivation by

t-RA was independent of PARG. In agreement with this observa-

tion, PARG does not localize to the promoter of these genes,

indicating that transactivation by t-RA can occur following

different molecular pathways.

PAR-Degrading Activity Is Required for RAR-Mediated

Transcription Process

The role of the PAR-degrading activity of PARG in transcription

has been examined but has led to contradictory results (Frizzell

et al., 2009; Rapizzi et al., 2004). In our well-defined system,

we observed that RAR-mediated transcription required the

PARG catalytic activity. Our data imply that PARG targets

a substrate that must be dePARsylated before transactivation

takes place. In agreement with this hypothesis, a rescue in the

transactivation of the RAR-dependent genes in PARG-depleted

cells was obtained by treatment of these cells with a PARP-

specific inhibitor. We noticed that treatment of shCTL cells

with this inhibitor had no effect on RAR-dependent gene expres-

sion, in agreement with previous results indicating that RAR-

mediated gene transcription was dependent on the presence

of the PARP-1 protein but not on its activity (Pavri et al., 2005).

Our data support these observations but further demonstrate

that PARP activity may even have a repressive effect on RAR-

dependent gene expression, in the absence of PARG.

PARG Promotes a Permissive Chromatin Environment

around the Promoter of NR-Dependent Genes

The absence of PIC formation in PARG-depleted cells and the

involvement of PAR in the regulation of chromatin structure

(Krishnakumar and Kraus, 2010b) led us to analyze histonemodi-

fications around the promoters of RAR-dependent genes.

H3K9ac or H3K4me2, active marks of transcription, were

present after t-RA treatment even in the absence of PARG.

Surprisingly, we detected a peak of H3K9me2 and the persis-

tence of Histone H1, two strong marks of transcriptional repres-

sion, soon after t-RA treatment of shPARG cells. The peak of

H3K9me2 appeared at the promoter of the RAR-dependent

genes in shPARG between 1 and 3 hr after t-RA-treatment,

a time when PARG was recruited to these promoters in shCTL

cells. This indicates that PARG may work to alleviate the tran-

scriptional repression induced by H3K9me2, thereby triggering

the formation of the PIC.

In line with this hypothesis, the H3K9me2 demethylase

KDM4D was efficiently PARsylated by PARP-1 and coaccumu-

lates with PARG on these promoters after t-RA treatment.

Besides, KDM4D was required for the transactivation of

PARG-dependent genes but dispensable for PARG-indepen-

dent ones. What exactly dictates a gene’s PARG dependency

remains to be further investigated. However, it appears that

SMAD3, a PARG-independent gene, contains a promoter with

multiple SP1 binding sites that are supposed to recruit RAR.

On the other hand, RARb2, CYP26, PDK4, and TNFAIP2 show

the classical RXR/RAR binding sites (Cheng et al., 2011). There-

fore, the nature of the NR binding element may induce a variation

in the cofactors required to transactivate various genes with the

same NR.

Interplay between PARP-1 and PARG Controls the

Activity of KDM4D on the Promoter of NR-Dependent

Genes

The JmjC domain-containing histone demethylases (JHDM

proteins) consist of several subfamilies that can remove methyl

groups from the modified H3K4, H3K9, H3K27, or H3K36 resi-

dues (Hou and Yu, 2010; Varier and Timmers, 2011). KDM2A is

the founding member of this large family, which is characterized

by the presence of a JmjC catalytic domain (Tsukada et al.,

2006). Some JHDM proteins also possess a conserved

N-terminal motif (JmjN domain), strictly associated with the

JmjC domain (Balciunas and Ronne, 2000). The function of the

JmjN domain is still unclear, but it has been shown to have exten-

sive interactions with JmjC through the formation of hydrogen

bonds and hydrophobic contacts (Chen et al., 2006). Further-

more, removal of the JmjN domain impairs the stability and

activity of JmjC (Chen et al., 2006). The JmjN domain typically

spans 40 amino acids, as depicted in Figure 6. Our results

show that two glutamic residues belonging to the JmjN domain

are required for the modification of KDM4D by PARP-1.

The fact that unPARsylable mutant can compensate for the

absence of PARG and rescued RAR-dependent transactivation
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in shPARG cells, while overexpression of KDM4DWT did not,

suggests that PARsylation of KDM4D was responsible for the

inhibition of RAR-dependent gene transactivation. These data

suggest that PARsylation of KDM4D negatively regulates its

activity at the promoter of RAR-dependent genes and, thereby,

the transactivation of these genes. PARsylation may lead to

the destabilization of the JmjN/JmjC interaction that is required

for KDM4D activity. Alternatively, the PARsylation of KDM4D

may destabilize the interaction between KDM4D and the chro-

matin. ChIP results show a higher occupancy of the GFP-

KDM4DE26/27A mutant at RAR-dependant promoters following

t-RA treatment that may suggest that PARsylation of KDM4D

regulates its binding to chromatin, as demonstrated for the

H3K4 demethylase KDM5B (Krishnakumar and Kraus, 2010a).

Due to the low level of PARsylation of KDM4D that we were

able to achieve in vitro, it was not possible to test the conse-

quences of PARsylation on KDM4D activity in a demethylase

assay. Altogether, our data allow us to propose a model in which

the activity of PARP-1 regulates RAR-dependent gene transcrip-

tion through the depletion of an active KDM4D from the chro-

matin, thereby establishing a heterochromatin landscape. In

this model, PARG counteracts the action of PARP-1 to induce

an open chromatin structure and an active transcription process.

Whether or not the amount of PARG, PARP-1, or their subcellular

localization in different cell types would lead to a cell-specific

modulation of RAR-dependant gene transcription remains to

be established.

As stated above, it is also likely that other KDMs are regulated

in a similar manner. Krishnakumar and Kraus demonstrated

recently that the PARsylation of KDM5B regulates the genome-

wide methylation of histone H3K4 in basal transcription by im-

pacting its interaction with the nucleosomes (Krishnakumar

and Kraus, 2010a). It is interesting to note that KDM5B contains

a JmjN domain (Yamane et al., 2007) with two conserved

successive glutamic acid residues that, in light of our results,

may be crucial for its PARsylation. Future work in this area will

broaden our knowledge of the role of PARG in transcription,

which could prove as important as that of PARP-1.

EXPERIMENTAL PROCEDURES

Cell Lines

shCTL (BD650) and shPARG (PARGKD) cells were characterized previously

(Amé et al., 2009). Cells were maintained in Dulbecco’s modified Eagle’s

medium (DMEM; GIBCO-BRL, Invitrogen) supplemented with 10% fetal calf

serum (FCS), 40 mg/ml gentamicine, and 125 mg/ml hygromycin B. NR-depen-

dent gene activation was performed as described (Keriel et al., 2002) (also see

the Supplemental Information). F9 mouse embryonic carcinoma cells were

cultured in DMEM supplemented with 10% FCS and 40 mg/ml gentamycin.

ON-TARGET plus smart pool siRNA control or targeting the mouse PARG

was transiently transfected in F9 cells with Lipofectamine 2000 (Invitrogen).

After 24 hr of transfection, the cells were first treated with KU0058948

(100 nM) to avoid the lethal accumulation of PAR and 24 hr later with t-RA

(10 7M) for differentiation.

32P-NAD+ PARsylation Assay

PAR reaction was carried out as described (Amé et al., 1999). Briefly, 100 ng of

recombinant PARP-1 (Enzo Life Sciences) was incubated with 250 ng of re-

combinant histone H1.2 (Enzo Life Sciences), KMT1C (active motif), or

KDM4D (Weiss et al., 2010) or purified GST-tagged proteins as indicated in

the Figure 6 legend, in PAR reaction buffer (50 mM Tris-HCl [pH 8.0], 4 mM

MgCl2, 300 mM NaCl, 1 mM DTT) supplemented with 0.1 mg/ml BSA, 6 pmol

of DNase I-activated DNA, 1 mC32P-NAD+, and 100 nM cold NAD+. Reaction

was allowed for 20 min at 25 C, stopped by addition of SDS-PAGE loading

buffer and boiling for 5 min. Samples were subjected to SDS-PAGE. Detection

of automodification was carried out by autoradiography and detection of

proteins by Coomassie staining.

Demethylation Assay

Demethylation of core histones by KDM4D was performed in 20 mM Tris (pH

7.3), 150 mM NaCl, 50 mM [NH4]2Fe[SO4]2$6H2O, 1 mM a-ketoglutarate,

2 mM ascorbic acid using 5 mg of purified HeLa histones. The demethylation

reaction was incubated for 12 hr at 37 C, and the samples were subsequently

analyzed by western blotting.

Antibodies

Mouse monoclonal antibodies against the RNA polymerase II (7C2), RARa

(9A6), and TBP (3G3) were produced at the IGBMC facility.

Rabbit polyclonal anti-Nter-PARG, mouse monoclonal anti-PARP1 (C2-10),

and anti poly(ADP-ribose) (10H) were previously described (Amé et al., 2009).

Rabbit polyclonal anti-GFP (TP401) was produced at Torrey Pines Biolabs.

Rabbit polyclonal anti-KMT1C/G9a (3306), anti-dimethyl histone H3K9 (9753),

anti-dimethyl histone H3K4 (9726), and anti-acetylhistone H3K9 (9671) were

produced at Cell Signaling. Rabbit polyclonal anti-KDM4D (AB93694) was

produced at Abcam. Mouse monoclonal anti-H1 antibody (clone AE4)

was produced at Millipore. Mouse monoclonal anti-b-tubulin (MAB3408) was

produced at Chemicon.

ACCESSION NUMBERS

The data in this paper have been deposited in the GEO Database (http://www.

ncbi.nlm.nih.gov/geo/) under accession number GSE40883.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four tables, ten figures, Supplemental

Experimental Procedures, and Supplemental References and can be found

with this article at http://dx.doi.org/10.1016/j.molcel.2012.09.021.

ACKNOWLEDGMENTS

We are grateful to Zita Nagy and Emmanuel Compe for their critical reading.

We thank Steve Brooks for English proofreading. We thank Robert Schneider

for the His-KDM4D construct. This study was supported by funds from the

Ligue Contre le Cancer (V.S. Equipe Labellisée and CCIR-GE); from the Labo-

ratory of Excellence MEDALIS, Initiative of Excellence (IdEx), Strasbourg

University, France; from Electricité de France; from the French National
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Abstract 

The xeroderma pigmentosum group D helicase is a subunit of transcription/DNA repair factor 

TFIIH that catalyzes the unwinding of a damaged DNA duplex during nucleotide excision 

repair. Apart from two canonical helicase domains, XPD is composed of a 4FeS cluster 

domain involved in DNA damage recognition and of a novel module of uncharacterized 

function, termed the ARCH domain. By investigating the consequence of a mutation found in 

a TTD patient, we show that the ARCH domain is critical for the recruitment of the CAK 

kinase complex. Indeed, this mutation not only affects the interaction with the MAT1 CAK 

subunit, thereby decreasing the in vitro basal transcription activity of TFIIH itself and 

impeding the efficient recruitment of the transcription machinery on the promoter of an 

activated gene but also impairs the DNA unwinding activity of XPD and the NER activity of 

TFIIH. We further demonstrate the role of CAK in down-regulating the XPD helicase activity 

within TFIIH. Altogether, our results not only identify the ARCH domain of XPD as a 

platform for the recruitment of CAK but also as a potential molecular switch that might 

control TFIIH composition and play a key role in the conversion of TFIIH from a factor 

active in transcription into a DNA repair factor.  
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Introduction 

The xeroderma pigmentosum group D (XPD) gene encodes a 5Õ-3Õ helicase (XPD) which 

harbours mutations in patients suffering from xeroderma pigmentosum (XP), 

trichothiodystrophy (TTD) and Cockayne syndrome (CS), three rare autosomal recessive 

diseases
1,2

: XP is characterized by a deficit of the nucleotide excision repair (NER) pathway, 

leading to sun sensitivity and skin cancer susceptibility; TTD is characterized by sulfur-

deficient brittle hair and a variety of neuroectodermal symptoms
3
. XPD is the founding 

member of a family of DNA helicases conserved in archaea and eukaryotes. All family 

members share a four domain organization including a conserved (Fe-Se) cluster binding 

domain that is essential for the helicase activity and a novel module of uncharacterized 

function, named the ARCH domain
4-7

. While archeal XPD homologues are monomers and 

have no known stable interactors, eukaryotic XPD homologues are part of the general 

transcription/DNA repair factor TFIIH, a multi-subunit complex made up of ten subunits (see 

reference
8
 for a review). Low resolution models for TFIIH have been obtained for the yeast

9,10
 

and the human complex
11

, showing an overall conservation of shape. Human TFIIH can be 

resolved into two functional and structural entities bridged by XPD: the core-TFIIH consists 

of XPB, p62, p52, p44, p34, and p8, whereas the CDK-activating kinase (CAK) subcomplex 

contains cyclin-dependent kinase 7 (CDK7), cyclin H, and MAT1. XPD interacts with the p44 

core-TFIIH subunit and with MAT1, a subunit of CAK involved in the regulation of CDK 7 

transcription activity
12-15

.   

TFIIH was first identified as a basal transcription factor and was subsequently shown to play a 

key role in DNA repair. The XPB helicase is involved in promoter opening during 

transcription initiation while XPD allows strand separation around the DNA lesion in the 
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context of DNA repair by NER 
16,17

. Biochemical and genetic studies have shown the need of 

both XPB and XPD ATPase activities to open up DNA around a damaged site
18,19

. Recent 

data showed that only the ATPase activity of XPB was required for opening and remodeling 

of DNA in NER and transcription, while its helicase would be devoted to promoter escape in 

transcription
20,21

. On the contrary, the XPD helicase activity plays a minor role in 

transcription, but is necessary for NER
19,22

. Once recruited to DNA damage/XPC:HR23B 

complex, CAK dissociates from core-TFIIH and XPD upon arrival of XPA and other NER 

factors, thus promoting incision/excision of the damaged oligonucleotide and repair of the 

DNA
23

. The CDK7 subunit of TFIIH phosphorylates residues Ser5 and Ser7 from the C-

terminal domain (CTD) of the rpb1 RNA Polymerase II (RNA Pol II) subunit and functions in 

promoter-proximal pausing and termination 
24-26

. In addition to its role in basal transcription, 

CDK7 also participates in the transactivation of several hormone-dependent genes by 

phosphorylating nuclear receptors (NR) including retinoic acid receptors 
27,28

, the estrogen 

receptor
29

, peroxysome proliferatoractivated receptor
30

 or the androgen receptor 
31

.  The 

importance of NR phosphorylation by TFIIH in transcription has been highlighted in studies 

using cells from patients bearing mutations in the XPD subunit of TFIIH or in the XPG 

endonuclease that established the consequence of hormonal/transcriptional dysfunctions in 

XP-CS/TTD phenotypes. In patient cell lines, NRs are hypophosphorylated and the ligand-

dependent response is decreased
28,32

. 

Most mutations in TFIIH which originate XP, TTD and XP/CS both disturb regulatory 

interactions between TFIIH components and affect the catalytic activities of the complex. For 

example, mutations in p8/TTD-A weaken interactions with the p52 core-TFIIH subunit, 

leading to a reduced intracellular TFIIH concentration and a defect in NER, a common feature 

of TTD cells
33,34

. The F99S mutation in XPB weakens the XPB/p52 interaction and thus the 

resulting decrease in the XPB ATPase activity
21

. Similarly, R683W and R772W mutations 
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found in XPD patients weaken its interaction with p44, another TFIIH subunit, and 

consequently disrupt its helicase activation function
35,36

. 

 

We have combined in vitro reconstituted assays with cell-based approaches to provide new 

insights on structure/function relations for XPD and on the architecture of TFIIH.  Based on a 

detailed characterization of mutations identified in cell lines derived from patients suffering 

from TTD, we show that the previously uncharacterized ARCH domain of XPD not only 

plays a key role for DNA recognition and for the strand-displacement activity of the helicase 

but have also identified this domain as platform for the recruitment of CAK and thus the 

regulation of TFIIH transcription and NER activities. 

 

 

Results  

Impaired in vitro NER of reconstituted mutant TFIIH  

To address the role of the ARCH domain of human XPD we take advantage of the C259Y 

mutation, which is to our knowledge the only one identified in this domain and which is found 

associated with the R772W allele in patients TTD12PV and TTD15PV (Fig. 1a). Fibroblasts 

from these patients show both a drastic reduction of the capacity to perform DNA-repair 

synthesis with UDS levels that are 20% of normal and poor survival after UV irradiation
37

.  

We first examined the consequences of the C259Y mutation on TFIIH composition and 

activities. Recombinant complexes TFIIH (rIIH), resulting from coinfection by baculoviruses 

expressing either wild-type (XPD-wt) or mutant proteins (XPD-C259Y and XPD-R722W) 

were produced in insect cells. Sf21 cells were co-infected with a first virus for expression of 

the six core-TFIIH subunits, a second one for the three CAK subunits and a last one for 

production of XPD. Recombinant complexes were immunopurified from infected cell extracts 
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using an antibody directed against the p44 core-TFIIH subunit under physiological salt 

conditions (150 mM KCl) and after extensive washing at the same ionic strength, bound 

complexes were eluted with a competitor peptide. Western Blot analysis of immuno-purified 

complexes shows that the C259Y mutation does not affect the composition and stoichiometry 

of rIIH XPD-C259Y, which is comparable to that of rIIH XPD-wt or rIIH XPD-R722W: 

Immunopurification by the p44 antibody precipitated not only the p44, XPB and p8 subunits 

of core-TFIIH but also the XPD as well as CDK7, a component of the CAK subcomplex (Fig. 

1b, compare lanes 1, 5 and 6). For further insights, we also engineered an XPD variant (XPD-

 !"#$%&in which residues 248-438 that correspond to the entire ARCH domain were deleted 

and replaced by a short linker peptide. Deletion of the ARCH domain however has no visible 

effect of the composition of TFIIH (lane 4). As controls, we also analyzed XPD-Ins199 and 

XPD-Q452X two mutant forms located on each side of the ARCH domain 
36

. In rIIH XPD-

Q452X, where the XPD ARCH domain is present but the C-terminal domain lacking, the 

level of CDK7 is similar to that observed in the control (compare lanes 1 and 3). The 

frameshift at position 199 in XPD-Ins199 leads to a protein lacking the ARCH domain and 

the C-terminal part of the protein. In rIIH XPD-Ins199, XPD as well as CDK7, a component 

of CAK are sub-!stoichiometric while XPB and p8 are not affected (compare lanes 1 and 2), 

suggesting that such a mutation strongly impairs association with core-TFIIH and CAK 

anchoring. This does not exclude the influence of the other subunits in maintaining the 

compact architecture of TFIIH.  
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The ARCH domain and the helicase activity of XPD  

We tested the different rIIHs recombinant complexes in a dual incision assay that contains 

XPC-HR23b, XPA, RPA, XPG, ERCC1-XPF factors and a closed-circular plasmid with a 

single 1,3-intra-strand d(GpTpG) cisplatin-DNA crosslink as template 
35

. Both deletion of the 

ARCH domain and the C259Y mutation impair incision: While rIIH XPD-'!"#$&()&*+*,--.&

inactive (Fig. 2a, lanes 7-8), low but significant residual incision activity is detectable with 

rIIH XPD-C259Y (lanes 3-4), suggesting that the C259Y is a causative mutation. Note that 

rIIH XPD-R722W, the complex harboring the mutation found in the second allele in 

TTD12PV and TTD15PV patients, is unable to potentiate dual incision of the damaged DNA 

(lanes 5-6).   

We then evaluated the helicase 5Õ 3Õ activity of purified XPD using a double stranded 

oligonucleotide substrate with a 5Õ single strand extension (Fig.2b). Experiments were 

performed in presence of the p44 TFIIH core subunit, known to specifically interact with and 

regulate the XPD helicase activity
38

. In contrast to XPD-wt which is able to displace the 25 bp 

P
32

-labelled oligonucleotide in the presence of p44, neither XPD-C259Y nor XPD-'!"#$&

exhibit detectable helicase activity, even upon addition of a large excess of p44 (compare 

lanes 4-6 and lanes 7-9 to lanes 1-3). We next investigated interactions with the substrate 

DNA using an electrophoretic mobility shift assay (EMSA) and tested whether mutations in 

the ARCH domain impair DNA binding. While the inactive XPD-R722W mutant has partially 

retained the capacity to form a stable complex with the duplex oligonucleotide, (Fig. 2c, 

compare lanes 6-7 to lanes 2-3), neither XPD-C259Y nor XPD-'!"#$&,/0&,1-0&*+&)2(3*&*20&

helicase DNA substrate (compare lanes 4-5 and lanes 8-9). As TFIIH subunits are involved in 

an intricate protein-protein interaction network that is likely to modulate its catalytic 

activities, we also analyzed the 5Õ 3Õ helicase activity of XPD when associated to core-TFIIH 

and in the context of Holo-TFIIH (that is composed of core-TFIIH, XPD and CAK). To our 
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surprise, the 5Õ 3Õ helicase activity of Holo-TFIIH was reduced by an order of magnitude 

when compared to that of core-TFIIH (Fig. 2d, compare lane 1 to lane 4). However, and as 

shown above for the isolated proteins, none of the mutant complex exhibited detectable 

helicase activity (Fig 2d, lower panel, compare lane 1 to lanes 2-3 and lane 4 to lanes 5-6). 

Altogether, these results show that the ARCH domain is required for the unwinding reaction 

and is involved in recognition of the DNA substrate. Comparison of the helicase activity of 

core-TFIIH to that of Holo-TFIIH suggests that the presence of CAK represses the XPD 

helicase activity. In agreement with this observation, gel shift experiments performed with 

CAK/XPD instead of XPD do not lead to the formation of a stable nucleoprotein complex 

detectable under our experimental conditions (Fig. 2c compare lanes 11-12 to 13-14).  

 

XPD mutations impair in vitro transcription activity of TFIIH  

The rIIHs complexes were next tested for their transcription activity using an in vitro 

reconstituted assay in the presence of recombinant TBP, TFIIA, TFIIB, TFIIE and TFIIF in 

addition to purified RNA Pol II and a linearized DNA template containing the adenovirus 

major late promoter. rIIH XPD-C259Y and rIIH XPD-R722W significantly impair RNA 

synthesis relative to wild type (Fig. 3a, compare lane 1-3 to 4-6 and 7-9).  

Phosphorylation of RNA Pol II CTD by CAK being required for the transition between 

initiation and elongation and further promoter escape 
39,40

, we investigated how mutation in 

XPD impact on the phosphorylation status of the polymerase. When added to an in vitro 

transcription system that contains all the basal transcription factors in addition to core-TFIIH, 

CAK and XPD-wt results in a shift from the lower molecular weight RNA Pol IIA (the non 

phosphorylated form) to higher molecular weight RNA Pol IIO (the hyperphosphorylated 

form; Fig. 3b, lanes 1-3). Interestingly, no phophorylation of RNA Pol II CTD is observed in 
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the presence of XPD-C259Y or XPD-722W (Fig. 3b, compare lanes 2-3 to 4-5 and 6-7), 

while TFIIH containing the XPD-R48K (that carries a mutation in the helicase motif I) allow 

CTD phosphorylation
22

 (lanes 10-11).  We then wondered whether an excess of CAK could 

enhance the transcription activity of recombinant TFIIH harboring the XPD mutations and 

added increasing amounts of CAK to an in vitro transcription system reconstituted with 

purified recombinant TFIIH.  Addition of CAK to recombinant rIIH XPD-C259Y leads to a 2-

fold stimulation and a partial restoration of transcription activity (Fig. 3c, lanes 2-4) 

suggesting that the XPD-C259Y disturbs the equilibrium between core-TFIIH and core-TFIIH 

plus CAK but does not lead to a totally inactive conformation. In contrast, the effects of the 

R722W point mutation, which impairs interaction with the p44 core-TFIIH subunit 
38

 as well 

as deletion of the entire ARCH domain, which strongly affects transcription (Fig 3a, lanes 7-

12) and CTD phosphorylation (Fig 3b, lanes 5-9) could not be compensated by an excess of 

CAK (Fig. 3c, lanes 5-10). Altogether, the above results have established that the C259Y 

mutation impairs TFIIH basal transcription initiation.  

The ARCH domain is a platform for CAK anchoring domain is a platform for CAK 

To further provide a mechanistic explanation for the rIIH XPD C259Y transcription defect, 

we first tested pair-wise interactions between either mutant XPDs and p44 from core-TFIIH 

or XPDs with MAT1 from CAK, the two TFIIH subunits that tightly interact with the 

helicase
12,38

. Proteins were co-expressed in insect cells, immunoprecipitated in 250 mM NaCl 

using the Flag-affinity tag fused to the N-terminal extremity of XPD, eluted with competitor 

peptide in native conditions and analyzed by Western Blot. Mutation C259Y in the ARCH 

domain as well as deletion of the entire module have no visible effect on association of XPD 

with p44 (Fig. 4a, compare lanes 6 and 8 to lane 5) but strongly affect the MAT1/XPD 

interaction (compare lanes 2 and 4 to lane 1), suggesting that the ARCH domain is involved in 
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the anchoring of CAK to XPD. Point mutation R772W in contrast impairs the p44/XPD 

interaction (compare lane 7 to lane 5) but does not modify of its interaction with MAT1 

(compare lane 3 to lane 1). In a second set of experiments, we analyzed interactions between 

XPD variants and the XPG endonuclease that strongly associates with TFIIH and stabilizes 

the interaction between core-TFIIH, CAK and XPD 
32

.Pull down from whole cell extracts of 

Sf9 cells infected by viruses expressing XPG and XPD showed that mutations in the ARCH 

domain of XPD did not modify association with XPG (Fig. 4b, compare lane 1 to lanes 2 and 

4), suggesting that the ARCH domain is not critical for XPG binding.  

Next, to further characterize the CAK/XPD interface, XPD deletion fragments corresponding 

either to the N-terminal region (residues 1-277), the ARCH domain (residues 245-443) or the 

C-terminal region (residues 444-760) of XPD (Fig. 1a) were co-expressed with the three 

subunits of CAK in insect cells. Complexes were affinity purified using either the Flag-tag 

fused to the N-terminus of XPD constructs or the C-terminal strep-tag from the CDK7 

component of CAK. Both FLAG-XPD and CDK7-strep pull down experiments followed by 

coomasie staining show that the XPD fragment corresponding to the ARCH domain is able to 

co-immunoprecipitate with the three subunits of CAK (Fig. 4c, lanes 3 and 6). This is not the 

case of fragments corresponding to the N- and C-terminal regions of XPD which do not 

associate with CAK (Fig. 4c, lanes 1-2 and 4-5), showing that this module is indeed required 

for stable association with CAK and can be considered as a recruitment platform.  

To investigate consequences of XPDs mutations on association with CAK and core-TFIIH, 

recombinant complexes were co-expressed in insect cells and immunopurified using the 

epitope Flag fused to the N-terminus of XPD in 250 mM NaCl to eliminate weak and non 

specific interactions.  Analysis of CDK7 kinase activity using a peptide that mimics the RNA 

Pol II CTD shows that the immunopurified complexes rIIH XPD-C259Y and rIIH XPD-

'!"#$& ,/0& 45,1-0& *+& 62+)62+/.-,*0& *20(/& )41)*/,*0& because they contain only limited 
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amounts of active CAK (Fig. 4d, compare lanes 1 and 3 to lanes 2 and 4). This is in perfect 

agreement with a critical role of the ARCH domain as a recruitment platform for CAK. 

Western Blot analysis shows that these immunoprecipitated complexes contain detectable 

amounts of p52 a core-TFIIH subunit, which is not the case of the complex harboring the 

R722W mutation. Surprisingly, a quantitative interpretation of Western Blot experiments 

shows that mutations in the ARCH domain and particularly the deletion of the entire domain 

not only affect association with CAK but also with the p44 core-TFIIH subunit (Fig. 4d, 

histogram). Together, these observations establish the role of the ARCH domain as a platform 

for recruitment of CAK but also highlighting the intricacy of the protein-protein interaction 

network within TFIIH. 

 

Incidence of XPD mutations on transactivation mediated by nuclear receptors.  

Knowing that mutations in XPD can affect ligand-dependent transactivation mediated by 

nuclear hormone receptors
28

, we tested the effect of the C259Y mutation on the capacity of 

TFIIH to transactivate the RAR 2 gene in response to all-trans retinoic acid (t-RA). The 

established cell line HD2 harboring the causative XPD-R683 point mutation
41

 was transfected 

with a plasmid expressing either wild-type (XPD-wt), XPD-C259Y or XPD-R722W, treated 

t-RA and the concentration of RAR 2 mRNA was quantified by quantitative PCR (Q-PCR) 

(Fig. 5a). Overexpression of XPD-wt allows a significant transcriptional activation upon 

ligand induction compared to HD2 control. This correction is specific of XPD-wt and neither 

XPD-C259Y nor XPD-R722W was able to significantly increase the level of RAR 2 mRNA, 

demonstrating that although not lethal, the C259Y mutation strongly affects TFIIH function in 

vivo.   

Chromatin immunoprecipitation (ChIP) assays were then undertaken to investigate whether 

mutations affect recruitment of TFIIH on activated RAR 2 promoter using isogenic stable 
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cell lines engineered by site-specific integration of transgenes into HEK293 cells using an 

FLP-FRT system. These cells express in addition to endogenous XPD, either a wild type 

(XPD-wt) or a mutant (XPD-C259Y and XPD-R722W) protein fused to an amino terminal 

Flag peptide (Fig. 5b). The genomic DNA fragments bound to XPD were immunoprecipitated 

with antibodies directed against either the Flag epitope or the XPD protein and were further 

analyzed by Q-PCR. After 6 h of treatment with t-RA and synthesis of RAR 2mRNA 
42

, the 

recruitment of TFIIH containing the Flag XPD at the RAR 2 promoter was evaluated. Using 

antibodies directed against either Flag XPD or the XPD subunit itself demonstrated that both 

integrate TFIIH and are recruited together with RNA Pol II at the RAR 2 promoter in XPD-

wt/HEK293 cells (Fig. 5c and 5f); ChIP/reChIP further confirm that the immunoprecipitated 

Flag XPD-wt complex recruited at the RAR 2 promoter also contains MAT1 and p44 TFIIH 

subunits (Fig. 5f).  We next observed that mutants XPD-C259Y and XPD-R722W are not 

efficiently recruited at the RAR 2 promoter (Fig. 5d and 5e) explaining the inability of this 

mutated protein to restore the RAR 2 expression (Fig. 5a). In such case, only XPD-wt is 

found at the RAR 2 promoter (Fig. 5d and 5e). We also should notice that the Flag XPD-

C259Y and -R722W immunoprecipitated complexes are not integrated in vivo with the other 

TFIIH subunits (Fig. 5g and 5h).  

All together our data show that the XPD-C259Y mutation is detrimental for RNA synthesis; 

this results from its inability to integrate in optimal conditions the TFIIH complex and by 

extension the formation of the transactivation complex.  
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Discussion  

Helicases are modular proteins that use ATP to bind and/or remodel nucleic acid complexes; 

Involved in virtually all aspects of RNA and DNA metabolism, these motor proteins are built 

around a conserved helicase core consisting of two similar RecA like motor domains with 

additional accessory domains: N- or C-flanking regions or inserts within the core. Specific 

regulation or complementary catalytic activities are often provided by interactions with 

protein partners, and several helicases are components of large macromolecular complexes.  

 

Structural considerations  

The XPD helicase illustrates the molecular organization of these motor proteins and the key 

role of accessory domains for regulation. Apart from its motor domains HD1 and HD2 human 

XPD is composed of a 4FeS cluster domain, the ARCH domain and a specific C-terminal 

extension required for association with the p44 core-TFIIH subunit 
5-7

 (Fig. 6a). The 4FeS 

cluster domain contains four redox-sensitive cysteines that are thought to play a role in DNA 

damage recognition
43

 and together with the ARCH domain forms a small tunnel, large enough 

to accommodate single stranded DNA
5-7,44

 . We have shown that the ARCH domain of human 

XPD constitutes a platform for the recruitment of the kinase module of TFIIH and that this 

module specifically interacts with the MAT1 subunit of CAK. In this work, we largely took 

advantage of the C259Y mutation which impedes the MAT1/XPD interface. Residue C259 

maps onto the first helix of the ARCH domain and its side chain points into the center of the 

helical bundle where it packs with other residues that form the core of the domain (Fig 6a). 

Mutation of C259 into a tyrosine probably destabilizes or unfolds the protein locally, which is 

consistent with the reduced thermal stability of a mutant XPD homologue from Sulfolobus 

Tokodai. We have shown that mutation C259Y in human XPD affects the XPD/MAT1 

interface and thus the stability of mutant TFIIH. In TTD12PV fibroblasts, this mutation is 
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found associated with the R772W allele that leads to a destabilization of the XPD/p44 

interaction
38

 and as a consequence also impacts on the stability of TFIIH, explaining the low 

intracellular concentration of TFIIH measured, a common feature of TTD derived cell lines 

37,45,46
.  

 

Functional implications  

The C259Y mutation does not drastically modify the composition of recombinant TFIIH, 

when purified under physiological conditions, but both in vitro NER and transcription 

activities are significantly reduced. We have shown that this mutation directly impairs DNA 

binding and the capacity of human XPD to unwind a DNA substrate, explaining the observed 

low NER activity of a mutant TFIIH harboring the C259Y mutation. In favor of a direct 

implication of the ARCH domain in DNA recognition, mutagenesis and structural data 

obtained on archebacterial XPD, suggest that the translocated DNA strand is protruding 

through the pore formed by HD1, the ironÐsulphur cluster and the ARCH  domain
44

. Mutation 

of the residue corresponding to C259 in human affects the stability of XPD from sulfolobus 

Tokodai as well as its DNA dependent ATPase activity but not the helicase activity
6
.  

The XPD helicase activity is not required for the transcription activity and the limited 

capacity of TFIIH containing mutant XPD-C259Y to stimulate transcription/trans-activation 

probably result from the perturbed interaction of XPD with CAK. We can reasonably 

speculate that this mutation leads to an inactive conformation and to the mis-positioning of 

TFIIH within transcription/trans-activation complexes. This can explain the inability of the 

CDK7 subunit of CAK to phosphorylate the CTD of RNA Pol II (and thus the transcription 

70308*&+1)0/907&(5&9(*/+%&,)&:0--&,)&*20&,1)0580&+3&;<==$&/08/4(*>05*&+5&*20&"!"?@&6/+>+*0/&

in response to tÐRA. Altogether, these data show that the ARCH domain of XPD not only 
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plays a direct role in catalysis but also constitute a platform for the recruitment of CAK, and 

is thus essential for transcription initiation and its regulation.  

 

A negative regulation mechanism  

XPB, XPD and CDK7 exert their enzymatic activities in a complex network of interactions 

essential to ensure the correct functioning of TFIIH in transcription and repair. Fine tuning 

mechanisms exerted by core-TFIIH subunits have been proposed to explain regulation of 

XPB ATPase and XPD helicase activities (Fig 6b). Interactions between XPB, p52 and 

p8/TTD-A stimulate XPB ATPase activity and consequently favor binding of TFIIH to 

damaged DNA
21

. Interactions between p44 and XPD stimulate the helicase activity
35,38

, 

allowing unwinding of DNA around the lesion and subsequent double incision by the endo 

nucleases XPF-ERCC1 and XPG. Our data provide evidences for a negative regulation 

mechanism that involve the CAK module of TFIIH and a cross-talk between core-TFIIH, 

XPD and CAK. Following previous observation with isolated subunits
13

, we have compared 

the 5Õ 3Õ catalytic activities of wild type core- and Holo-TFIIH complexes and have shown 

that the XPD helicase activity which is dispensable for transcription initiation but required for 

NER
19,22

, is repressed when CAK is associated with TFIIH. Underlining the crucial role of the 

ARCH platform domain in the anchoring of CAK, it was recently shown that NER is driven 

by dissociation of CAK from core-TFIIH, a mechanism that allows TFIIH to switch from its 

transcription to its repair function
23

. In favor of  such a model where CAK negatively 

regulates NER, CDK7 has also been shown to inhibit repair by phosphorylation of one or 

more NER factor
47

.  
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Non-TFIIH XPD complexes  

 The XPD helicase functions as a component of TFIIH but can also be found associated with 

non-TFIIH complexes which play roles in processes other that transcription and DNA repair. 

The MMXD complex is composed of XPD, MMS19, MIP18, Ciao1, and ANT2 and is 

involved in chromosome segregation and nuclear shape formation
48

. XPD also associates with 

CAK in absence of the other TFIIH subunits, regulating the localization of CAK on its 

substrate and therefore its activity
49,50

. The XPD/CAK complex plays a role in coordination 

and progression of mitosis during late division steps
50,51

. How do mutations in XPD impact on 

the functions of the different non-TFIIH complexes.  Identification of XPD ARCH domain as 

the minimal region required for CAK binding suggests that mutations in ARCH such as the 

mutation C259Y which impair association between CAK and XPD should result in increased 

CAK activity, increased cell growth and proliferation in drosophila embryos with new 

insights to our understanding of XP, XP/CS and TTD.  

In conclusion, the present study underlines the essential roles of regulatory domains from 

motor proteins in the context of transcription regulation and maintenance genome integrity. 

Using the human XPD helicase, a subunit of the transcription/DNA repair factor TFIIH, we 

have shown that its ARCH domain is not only involved in DNA binding and catalysis but also 

constitutes an essential component of the intricate protein-protein interaction network that 

enables assembly of functional transcription/trans-activation complexes. Introduction of a 

TTD mutation indentified in a TTD patient impairs the helicase activity of XPD and the NER 

activity of TFIIH.  We have also demonstrated that the ARCH domain is critical for the 

recruitment of the CAK kinase module of TFIIH and alteration of the interface with the 

MAT1 CAK subunit both decreases the in vitro basal transcription activity of TFIIH and 

impedes an efficient recruitment of the trans-activation complex on the promoter of the 
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activated RAR?@&A050B&=5*0/0)*(5A-.C&comparison of the 5Õ 3Õ catalytic activities of wild type 

core- and Holo-TFIIH complexes showed that XPD is repressed when CAK is associated with 

TFIIH, suggesting that the ARCH domain also participates in the fine tuning of TFIIH 

enzymatic activities.  

 

Methods 

 !"#$%&'$(!")!*)+,'&-!.(%&#/#0)1%!$/(")1%!2&'$(!"),"2)1&%(*(',$(!")

The cDNAs encoding XPD wild type (residues 1-762), XPD variants (K48R, C259Y, 

R722W, ins199PP, Q452X, N-ter(1-245), C-ter(443-762), ARCH (245-443) and  ARCH) 

and XPG were cloned into pAC8F
52

. Variant XPD- ARCH, designed on the basis of the 

crystal structures of archeal XPD homologues
4-7

 and analysis of multiple sequence 

alignments, results from deletion of residues 248-438 of human XPD that were replaced by 

the hexapeptide SGASAS. The mutations generating a frame shift after 2-aa PP insertion at 

position 199 (ins199PP) and the premature stop codon at position 452 (Q452X) have been 

described previously
36

. All resulting transfer vectors were recombined with baculovirus DNA 

(BaculoGold DNA, Pharmingen ) in Sf9 cells to generate viruses for production of proteins 

in fusion with the Flag peptide (DYKDDDDK). In the case of XPG, the protein is also fused 

to a C-terminal c-Myc peptide (AEEQKLISEEDLLRKRREQLKHKLE). Baculoviruses 

overexpressing p44 and MAT1 were as previously described
22

. Two multigene expressing 

viruses were used: the first (VCAK) allows expression of CDK7 with a carboxy-terminal 

strep tag II together with Cyclin H and MAT1 
53

; the second (Vcore), co-expression of the 

core-TFIIH subunits p8, p34, p44, p52, p62 and XPB. Vcore was generated from a transfer 

vector resulting from Cre/LoxP fusion of three vectors
54

 (i) pFL in which XPB, p34 and p44 
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were cloned (ii) pUCDM in which p52 and p62 were cloned (iii) pSPL in which p8 was 

cloned.  

For production of proteins and complexes, Sf21 insect cells grown in suspension (typically 

250 ml) were infected/co-infected with the appropriate viruses/combinations of viruses,  

collected 48 hours post infection and resuspended in 10ml of buffer A (20 mM TrisÐHCl, pH 

8.0, 150 mM KCl, 1mM DTT) supplied with Complete protease inhibitor cocktail (Rocheª). 

Cells were disrupted using a Vibracell sonicator (3mm probe at 20% intensity for 30 seconds) 

and after centrifugation at 14,000g for 30 min at 4¡C, the lysate was incubated for 2h with 

200 µl of protein A sepharose beads crosslinked to the M2 anti-Flag antibody (SIGMAª) for 

purification of Flag-XPD, to the 1H5 anti-p44 antibody (directed against residues 1-17 of 

Human p44) for purification of core-IIH and rIIH or with Streptactin sepharose (IBAª) for 

purification of CAK. After extensive washing in buffer A and equilibration in buffer B (50 

mM Tris-HCl pH 8.0, 75 mM KCl, 20% glycerol, 0.1% NP-40, 1mM DTT), proteins were 

eluted by competition with 2 CV of buffer B containing the appropriate synthetic peptide at 

0.5 mg/ml for immunoprecipitations or 2.5 mM d-desthiobiotin for elution from Streptactin 

sepharose (IBAª).  

Monoclonal antibodies against the TFIIH subunits XPB (1B3), XPD (2F6), p52 (1D11), p44 

(1H5), CDK7 (2F8), MAT1 (2D3), p8 (1D1), XPG (1B5) were from IGBMCÕs facilities. 

 

In vitro transcription and phosphorylation assays  

Run-off transcription assays was performed using recombinant TFIIB, TFIIE, TFIIF, TBP, 

endogenous RNA Pol II, and the different rIIHs as previously described
22,55

. RNA Pol II 

phosphorylation was carried out as a classical runoff transcription except that ATP was added 
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to a final concentration of 5 mM, that the amount of purified RNA Pol II polymerase was 

adjusted (typically reduced by a factor 3) and that rIIH was substituted by a mixture purified 

core-IIH, CAK and XPD, which allows to prepare a pre-mix containing all components but 

XPD variants.  Hypo (IIA) and hyper (IIO) phosphorylated forms of RNA Pol II were 

resolved on a 6% SDS-PAGE and detected by Western Blot using the monoclonal antibody 

(7C2) directed against the CTD. 

To analyze the CDK7 kinase activity, purified complexes (typically 5µl) were added to a 

reaction mixture containing 1 µg of bacterially expressed GST-fused human CTD in 20mM 

Tris-HCl pH 7.5, 250mM NaCl, 10mM MgCl2, 20% glycerol and 0.005 µM 0.5 D#(&EF-
32

P] 

in a total reaction volume of 20µl for 30Õ at 25 ¡C. Reactions were stopped by the addition of 

5µl concentrated Laemmli sample buffer and the amount of phosphate incorporated is 

analyzed by autoradiography after separation on a 12 % SDS- polyacrylamide gel.  

3&,-)("'(#(!"0)helicase and gel shift experiments 

Nucleotide excision repair dual incision assays were performed using a plasmid with a single 

a single 1,3-intrastrand d(GpTpG) (50ng) in a buffer containing 50 mM Hepes-KOH (pH 7.8), 

G&>H&HA#-@C&I&>H&J;;C&KBL&>H&MJ;!C&IKN&A-.80/+-C&@BG&OA&PQ!C&GK&>H&R#-C&,57&@&

mM ATP. Reactions mixes (10 µl) containing XPG (5 ng), XPF/ERCC1 (15 ng), XPC/ 

hHR23B (10 ng), RPA (50 ng), XPA (25 ng), and increasing amount of rIIH complexes were 

incubated at 30 C for 90 minutes and analyzed as previously described
35

.  

DNA unwinding reaction substrate was prepared by annealing two oligonucleotides: AL 

(TTTTTTTTTTTTTTTTTTTTTTTTTTTCGAGCACCGCTGCGGCTGCACCGGC) and BC 

(GCCGGTGCAGCCGCAGCGGTGCTCG). Prior to annealing, BC is labeled using [F-32P] 

ATP and T4 polynucleotide kinase (New England Biolabsª) and purified using Micro Bio-
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Spin clean-up columns (Bioradª). Reaction was performed during 40min at 25¡C by adding 

the immuno-purified helicase to the DNA probe at 10 nM 20 mM Tris/HCl (pH 8.0), 75 mM 

KCl, 4mM MgCl2, 1 mM DTT, 4mM ATP and 0.1 mg/ml BSA with a total reaction volume 

of 20 µl. Reaction was stopped by adding 20mM EDTA, 14% glycerol, 0.2% SDS and 

0.028% bromophenol to the reaction mixture. Analyses were performed by migration in 14 % 

polyacrylamide gel (acrylamide/bis-acrylamide ratio: 33/1) and autoradiography. 

The helicase assay probe described above was used for gel shift experiments. Increasing 

amounts (2.5 and 10 µl) of immuno-purified XPD variants or TFIIH complexes were 

incubated with the probe in absence of ATP during 15 min at 25¡C in 20 mM Tris/HCl (pH 

8.0), 75 mM KCl, 4mM MgCl2, 1 mM DTT, 0.1 mg/ml BSA. Analyses were performed by 

migration in 6% polyacrylamide gel (acrylamide/bis-acrylamide ratio: 29/1) and 

autoradiography.))

Protein interaction assays 

Wild-type or mutated XPDs complexes were co-expressed by co-infecting Sf9 insect cells 

monolayers (typically 20 10
6
 cells) with the appropriate baculoviruses, resuspended in 1ml of 

buffer A and cell extracts were prepared as described above. Pull down were performed in 

buffer C (50 mM Tris-HCl pH 8.0, 250 mM NaCl, 0.1% NP-40, 1mM DTT) using 30 µl of 

Protein A sepharose cross-linked with M2 anti-Flag (SIGMAª) or 9E10 anti c-Myc 

antibodies or Streptactin sepharose (IBAª). Pulled down complexes were eluted by 

competition in non denaturing conditions, analyzed on SDS PAGE followed by coomasie 

staining or Western Blot experiments.  
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Cell culture and Reagents 

Human fibroblasts HD2
41

 cells derived from patients and HEK Flp-In cells (Invitrogenª) 

were cultured in DMEM with 4,5g/L glucose and 862mg/L Glutamax-I supplemented with 

Pennicilin (100UI/ml), Streptomycin (100µg/ml) and 10% Fetal Calf Serum (FCS) at 37¡C in 

the presence of 5% CO2. HD2 cells were transfected with a pSG5 plasmid containing XPD-

wt or mutants (-C259Y and -R722W) with Lipofectamine 2000 (Invitrogenª) according to 

manufacturerÕs instructions. Stable cells lines were obtained after transfection of HEK Flp-In 

cells with a pcDNA5FRT plasmid containing a 3Flag tagged version of XPD (wt or mutants), 

pOG44 and JetPEI according to manufacturerÕs instructions. After selection with Hygromycin 

(150µg/ml), cells were diluted to establish subclonal populations. For the time course, cells 

were incubated with red phenol-free medium containing 10% charcoal-treated fetal calf serum 

(FCS) and 40 mg/ml gentamycin one day before treatment with 10µM t-RA (Biomolª). 

)

Reverse transcription and Quantitative PCR 

!"#$%&'()&*$+&,+"%$#-.&/+,01&$&2-03%/#-&4$55$%,$0&!"#$%&'()&4,0,67-6&8,#&9:,15$ ;&

$0.& 7-<-7+-& #7$0+=7,>-.& *,#?& :/6-7:=7,6#& @@& 7-<-7+-& #7$0+=7,6#$+-& 9@0<,#7"1-0 ;A& !?-&

B/$0#,#$#,<-& CD'& *$+& ."0-& /+,01& #?-& E,1?#=F=%-7& GHI& :JK'& 27--0& @& 4$+#-7& $0.& #?-&

E,1?#=F=%-7& GHI& 9'"=?- ;A& !?-& 67,5-7& +-B !"#!$% &'(% )*)+,% -".% /01#!(-0.!21.!% 3L

6?"+6?$#-& .-+?F.7"1-0$+-& 92)CMN;& 1-0-+& /+-.& ,0& 7-$%L#,5-& CD'& $7-& $<$,%$>%-& /6"0&

(!4 !$56%)*)+,%7)8*%0!9!0$%(!:(!$!"5%52!%(-5;'%<!5=!!"%9-0 !$%'<5-;"!.%&('7%5(!-5!.%

$0.&/0#7-$#-.&=-%%+&0"75$%,O-.&$1$,0+#&#?-&?"/+-8--6,01&2)CMN&5'()A&&

&
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Chromatin immunoprecipitation 

Cells were crosslinked at room temperature for 10min with 1% formaldehyde. Chromatin was 

prepared (Drane et al., 2004) and sonicated on ice 30min using a Bioruptor (Diagenodeª). 

Samples were immunoprecipitated (IP) with antibodies at 4¡C for 6h and protein G-Sepharose 

beads (Upstateª) were added, incubated overnight at 4¡C and sequentially washed. For 

ChIP/ReChIP experiments, after the IP with Flag M2 Sepharose beads (Sigmaª) and washes, 

protein-DNA complexes were eluted with a competitive peptide (PD157) and samples were 

immunoprecipitated with antibodies at 4¡C overnight, and protein G Sepharose beads were 

added, incubated for 4 hr at 4¡C, and sequentially washed. The complexes were eluted and 

DNA fragments were purified using QiAquick PCR purification kit (QIAGEN) and analyzed 

by real-time PCR using a set of primers targeting the transcription initiation start (from Ð80 to 

-30) of the "!"?@&6/+>+*0/&/0A(+5B 
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Figures  

 

Figure 1 TTD and XP mutations in the XPD TFIIH subunit. 

 

a. Schematic representation of XPD. Helicase 

motor domains HD1 and HD2 are in magenta 

and blue, respectively, the FeS iron sulfur 

containing domain in cyan and the ARCH 

domain in green. Black bars indicate the 

helicase motifs (I, Ia, II, II, IV, V and VI). 

Positions of mutations flanking the ARCH 

domain and associated diseases are shown. b. 

Production of recombinant TFIIH (rIIH). The 

10 subunits of human TFIIH,  including either 

wt or mutated XPD were co-expressed in insect 

cells using the baculovirus expression system, 

and complexes were immunoprecipitated using 

an antibody (Ab) directed toward the p44 

subunit of the core TFIIH in low salt conditions 

(Buffer B containing 75mM KCl). After elution 

with a synthetic peptide recognized by Ab-p44, 

equal amounts of purified rIIHs were then  

analyzed on a 12.5% SDS-PAGE followed by Western Blot analysis with Abs directed 

against either XPB, the amino-terminus of XPD, p44, CDK7 or p8. Arrows indicate the 

theoretical molecular weight of each XPD mutated form. * indicate a non specific band. 
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Figure 2 DNA repair and helicase activities of rIIHs.  

 

a. In vitro double incison assay. Increasing amounts immuno-purified rIIHs were added to an 

incision/excision assay using recombinant NER factors. The reaction was analyzed by 

electrophoresis followed by auto-radiography. b 5ÕÐ3Õ helicase activity of XPD variants. 

Equivalent amounts (adjusted according to Western blot analysis) of each Flag-purified XPD 

variant  was added to 5Õ strand extension probe obtained by annealing an 52 nt single strand 

DNA to a 5Õ P
32

 labeled 25 nt single stranded DNA. Unwinding assay was performed in 

absence or in presence of increasing amounts of p44 (0, x or 10x). Single and double stranded 

DNA are separated by electrophoresis in 14% polyacrylamide gel and analyzed by 

autoradiography (lanes 3-15). Native and denatured probes have been loaded as controls 

(lanes 1 and 2, respectively) c. DNA binding activity of XPD variants. The capacity of XPD 

variants (left panel, lanes 1-9) and CAK-XPD (right panel, lanes 10-14) to bind to the 5Õ 

strand extension probe (shown in panel b) were compared by adding increasing equivalent 

amounts (adjusted according to Western blot analysis) of XPD variants and CAK-XPD to the 

5Ô extension probe. DNA shifts were analyzed by electrophoresis in 6% poly-acrylamid gel 

followed by autoradiography. BP Bound probe, FB Free probe d. 5ÕÐ3Õ helicase activities of 

rIIHs complexes. Insect cells were infected with a set of baculoviruses overexpressing the 

subunits of TFIIH including either wt or mutated Flag-tagged XPD and complexes were 

immuno-precipitated using an antibody (Ab) directed toward the Flag epitope in buffer B. 

After elution with the Flag synthetic peptide, immunopurified complexes were analyzed by 

Western Blot analysis (WB) and their 5ÕÐ3Õ helicase activities (Helicase) were tested.   
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Figure 3: Transcription and CTD kinase activity of rIIHs. 

 

a. Basal transcription activity. Increasing amounts of 

the purified rIIHs with different XPD variants were 

added to an in vitro reconstituted transcription 

system lacking TFIIH. Transcripts were analyzed by 

electrophoresis followed by autoradiography. The 

length of the corresponding transcript is indicated on 

the left side. The signals were quantified and plotted 

in arbitrary units (au). b. To evaluate the RNA Pol II 

kinase activity of the TFIIH variants, purified CAK, 

core-TFIIH and XPD mutants were mixed in an in 

vitro assay containing all the basal transcription 

factors and the AdMLP. Arrows indicate hypo (IIA) 

and hyper (IIO) phosphorylated forms of RNA pol 

II. c. The transcription activity of XPD variants was 

assessed using fixed amounts of purified rIIHs in 

presence of increasing amounts (0, x and 2x) of 

purified recombinant CAK complex. The signals 

were quantified and plotted in arbitrary units (au). 
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Figure 4: The ARCH domain is a recruitment platform for CAK  

 
 

a. Pair wise interactions between XPD variants and MAT1 or p44. Sf9 insect cells were co-

infected with viruses which allow the expression of Flag-tagged XPD variants and a virus 

which allows the expression of MAT1 or p44. Proteins were immuno-purified with anti-Flag 

M2 resin epitope in presence of 250 mM KCl (Buffer C). Input and purified complexes were 

analyzed by anti-p44, anti MAT1 or anti-Flag western blot.  b. Pair wise interactions between 

XPD variants and XPG. Sf9 insect cells were co-infected with viruses which allow the 

expression of Flag-tagged XPD variants and a virus which allows the expression of c-myc 

tagged XPG. Immuno-purification was performed with anti-c-Myc resin in buffer C. Input 

and the purified complexes were analyzed by western blot with anti-Flag antibody. c. 

Interactions between XPD fragments and CAK. Sf9 insect cells were co-infected with a virus 

which allows the expression of the CAK subcomplex with CDK7 carboxy-terminal strep tag 

fusion and with viruses which allow the expression of either N-ter XPD (1-245), C-ter XPD 

(443-762) or ARCH (245-443) with amino-terminal Flag tag. The capacity of XPD fragments 

to bind CAK and to co-purify was tested using the Flag tag (lane 1,2 and 3) or the strep tag II 

(lane 4,5 and 6) for the purification of the complexes in buffer C. Purified proteins were 

analyzed on 12.5 % SDS-PAGE followed by coomasie staining. Proteins are indicated with 

arrowhead and molecular weight markers are shown with provided sizes. d. Consequences of 

XPDs mutations on association with CAK and core-TFIIH. Insect cells were infected with a 

set of baculoviruses overexpressing the subunits of TFIIH including either wt or mutated 

Flag-tagged XPD and complexes were immuno-precipitated using an antibody (Ab) directed 

toward the Flag epitope in buffer C. After elution with the Flag synthetic peptide, 

immunopurified complexes (rIIHs) were analyzed by Western Blot analysis (WB, top) and 

tested for their capacity to phosphorylate the CTD of RNA Pol II (autoradio; bottom). 
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Figure 6 XPD structure and TFIIH architecture  

 

 

a. Modular organization of XPD.   T.acidophilum XPD (PDB: 2VSF) is composed of four 

structural domains: two RecA like helicase domain (HD1 in blue and HD2 in magenta), one 

domain which contains an iron sulfur group (in cyan) and a domain described as the ARCH 

domain (in green). The C-terminal extension of eukaryotic XPDs that is required for 

interaction with the p44 core-TFIIH subunit and for which no structural data is available is 

represented by an ellipse. Residue 259 mutated into a tyrosine in the TTD12PV patient cell 

line maps onto the first helix of the ARCH domain and its side chain points into the center of 

the helical bundle. b. Schematic of subunit architecture of TFIIH. Each subunit is represented 

by a circle with the radius of a sphere corresponding to its molecular weight. Interactions 

between XPB, p52 and p8/TTD-A stimulate XPB ATPase activity and consequently favor 

binding of TFIIH to damaged DNA. Interactions between p44 and XPD stimulate the helicase 

activity, allowing unwinding of DNA around the lesion and subsequent double incision by the 

endonucleases XPF-ERCC1 and XPG. XPD helicase activity, dispensable for transcription 

initiation but is required for NER is repressed when CAK is associated with TFIIH. 
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R�sum� 
 
Lors de la vie, des m�canismes de r�paration de lÕADN sont mis en Ïuvre lors 
dÕagressions, pour prot�ger le g�nome. La r�paration par excision de nucl�otides 
(NER) est lÕun de ces m�canismes. Des mutations des facteurs NER sont � lÕorigine 
de 3 maladies g�n�tiques humaines: Xeroderma pigmentosum (XP), la 
trichothiodystrophie (TTD) et le syndrome de Cockayne (CS). Certains de leurs 
signes cliniques ne sont pas expliqu�s par un d�faut de r�paration de lÕADN. Des 
�tudes sugg�rent que ces facteurs interviennent dans dÕautres processus, 
notamment lors de lÕexpression des g�nes.  

Durant ma th�se, je me suis int�ress� aux r�les des facteurs NER dans la 
transcription. En effet, jÕai montr� que ces facteurs, dit de r�paration, �taient recrut�s 
avec la machinerie transcriptionnelle au niveau du promoteur et du terminateur de 
g�nes activ�s. Ils influencent lÕenvironnement chromatinien des g�nes activ�s 
(boucles de chromatine et modifications post-traductionnelles des histones).  
Ma th�se apporte une meilleure compr�hension du processus de transcription des 
g�nes activ�s, permettant de mieux comprendre certaines anomalies associ�es aux 
syndromes XP, CS et TTD. 
 

 

R�sum� en anglais 
 
Throughout life, the mechanisms of DNA repair are implemented in attacks to protect 
the integrity of our DNA. The nucleotide excision repair (NER) is one of these 
mechanisms. Mutations targeting genes of NER factors (XPA-G, TTD-A, CSA and 
CSB) are responsible for three human genetic diseases: Xeroderma pigmentosum 
(XP), trichothiodystrophy (TTD) and Cockayne syndrome (CS). Some of them clinical 
features cannot be explained by a defect in DNA repair only. Previous studies 
suggest that these factors could be involved in other functions, including gene 
expression. 

In my thesis, I am interested in the roles of NER factors during the 
transcription process. Indeed, we have shown that these ÒrepairÓ factors, were 
recruited with the transcriptional machinery at the promoter and terminator of 
activated genes during transcription. They influence the chromatin environment of 
activated genes (chromatin loops and post-translational modifications of histones). 

My thesis provides a better understanding of the transcription process of 
activated genes and allows a better understanding of some syndromes associated 
with XP, CS and TTD. 


