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handover of nucleosomal UV lesions in nucleotide

excision repair
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Abstract

Ultraviolet (UV) light induces mutagenic cyclobutane pyrimidine
dimers (CPDs) in nucleosomal DNA that is tightly wrapped around
histone octamers. How global-genome nucleotide excision repair
(GG-NER) processes CPDs despite that this chromatin arrangement
is poorly understood. An increased chromatin association of CHD1
(chromodomain helicase DNA-binding 1) upon UV irradiation indi-
cated possible roles of this chromatin remodeler in the UV damage
response. Immunoprecipitation of chromatin fragments revealed
that CHD1 co-localizes in part with GG-NER factors. Chromatin
fractionation showed that the UV-dependent recruitment of CHD1
occurs to UV lesions in histone-assembled nucleosomal DNA and
that this CHD1 relocation requires the lesion sensor XPC (xero-
derma pigmentosum group C). In situ immunofluorescence analy-
ses further demonstrate that CHD1 facilitates substrate handover
from XPC to the downstream TFIIH (transcription factor IIH).
Consequently, CHD1 depletion slows down CPD excision and sensi-
tizes cells to UV-induced cytotoxicity. The finding of a CHD1-driven
lesion handover between sequentially acting GG-NER factors on
nucleosomal histone octamers suggests that chromatin provides a
recognition scaffold enabling the detection of a subset of CPDs.

Keywords chromatin remodeling; DNA damage; nucleosomes; skin cancer; UV
light

Subject Categories Chromatin, Epigenetics, Genomics & Functional
Genomics; DNA Replication, Repair & Recombination

DOI 10.15252/embj.201695742 | Received 16 September 2016 | Revised 10
August 2017 | Accepted 8 September 2017 | Published online 10 October 2017
The EMBO Journal (2017) 36: 3372-3386

Introduction

Genomic DNA is susceptible to damage caused by a plethora of
endogenous or environmental genotoxic agents. In particular, bulky
base lesions induced by ultraviolet (UV) light and the consequent
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accumulation of mutations are the major cause of skin cancer
(Mouret et al, 2011; DiGiovanna & Kraemer, 2012; Marteijn et al,
2014). UV irradiation of DNA gives rise to cyclobutane pyrimidine
dimers (CPDs) and 6-4 photoproducts (6-4PPs) in a ratio of ~3:1
(Kobayashi et al, 2001). The quantitatively predominant CPDs are
distributed evenly in chromatin and arise abundantly in nucleosome
cores where the DNA is wrapped around histone octamers
(Smerdon & Conconi, 1999; Zavala et al, 2014; Han et al, 2016).
Nucleotide excision repair (NER) is the versatile process that
removes these UV lesions as well as other bulky base adducts
elicited by chemical carcinogens or oxygen radicals. Depending on
their genomic location, bulky lesions are sensed by two alternative
mechanisms. In the template strand of transcribed genes, detection
of DNA damage occurs when the elongating RNA polymerase II
encounters obstructing lesions (Hanawalt & Spivak, 2008;
Vermeulen & Fousteri, 2013). Conversely, global-genome NER
(GG-NER) detects bulky DNA adducts anywhere in the genome
independently of transcription (Sancar, 1996; Hoeijmakers, 2009;
Schérer, 2013). Genetic defects in the latter pathway result in the
cancer-prone syndrome xeroderma pigmentosum (XP) with patients
being classified into complementation groups (XP-A through XP-G)
reflecting mutations in distinct repair genes (Friedberg et al, 2006).
The GG-NER reaction relies on a trimeric complex consisting of
XPC, RAD23B (a human homolog of yeast RAD23), and centrin 2 to
initially sense the presence of bulky lesions in the DNA double helix
(Sugasawa et al, 1998; Araki et al, 2001; Volker et al, 2001). The
DNA-binding function of this initiator complex resides entirely with
the XPC subunit that, for the recognition of CPDs, is additionally
supported by UV-damaged DNA-binding (UV-DDB) protein, also
known as DDB1-DDB2 heterodimer (Hwang et al, 1999; Wakasugi
et al, 2001; Rapic-Otrin, 2002; Fitch et al, 2003). The XPC subunit
mediates recruitment of the transcription factor IIH (TFIIH)
complex, which contains the XPD helicase that scans DNA for
damage verification (Mathieu et al, 2013) and unwinds the double
helix by 20-25 nucleotides around the lesion (Evans et al, 1997;
Riedl et al, 2003; Compe & Egly, 2016). The transiently unwound
state is then stabilized by XPA in conjunction with replication
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protein A (RPA) (Li et al, 2015), until the endonucleases XPG and
XPF/ERCC1 (a heterodimer of XPF and excision repair cross-comple-
menting 1) incise the damaged strand on each side of the unwound
duplex to remove damaged bases as part of an excised oligonu-
cleotide (Aradjo et al, 2000; Reardon & Sancar, 2003; Staresincic
et al, 2009). The remaining single-stranded gap is filled by DNA
synthesis and closed by DNA ligation (Moser et al, 2007; Ogi et al,
2010). To allow for repair despite compaction of the DNA substrate
in chromatin, this multi-step process involves the temporary release
of histones from damaged DNA (Adam et al, 2016) but how these
chromatin rearrangements take place is not yet understood.

Members of distinct families of ATP-dependent remodelers have
been implicated in relaxing histone-DNA interactions to prime
chromatin for GG-NER activity (Czaja et al, 2012; Peterson &
Almouzni, 2013). A pioneer study in yeast indicated that switch/
sucrose non-fermenting (SWI/SNF) stimulates GG-NER activity in
transcriptionally silent loci (Gong et al, 2006). In higher eukary-
otes, UV-DDB has been shown to recruit at least three chromatin
remodelers, that is, brahma-related gene 1 (BRGI1, a catalytic
subunit of SWI/SNF) (Zhang et al, 2009; Zhao et al, 2009), ampli-
fied in liver cancer 1 (ALC1) (Pines et al, 2012), and inositol
requiring 80 (INO80) (Jiang et al, 2010). In a further study,
however, INO80 was not required for chromatin remodeling before
initiating GG-NER activity, but for the restoration of nucleosome
repeats after DNA repair (Sarkar et al, 2010). In addition, the
mammalian SWI/SNF subunit SNF5 (for sucrose non-fermenting 5)
interacts with XPC protein and its deletion causes UV hypersensi-
tivity (Klochendler-Yeivin et al, 2006; Ray et al, 2009), although
these results were challenged by another study where no effect of
SNF5 on UV sensitivity was detected (McKenna et al, 2008). The
above reports all suggest that chromatin remodelers facilitate GG-
NER activity although the underlying mechanisms are lacking
(Aydin et al, 2014). The basic conundrum remains whether chro-
matin relaxation precedes DNA lesion detection or vice versa
(Rubbi & Milner, 2003). It is also not known if remodelers are
recruited to unfold nucleosomes for the access of GG-NER factors
to DNA, or rather promote the assembly of repair complexes, or
their release from DNA, after chromatin relaxation by other mech-
anisms. In addition, previous reports on BRG1 and SNF5 show
that chromatin remodelers may assist the GG-NER reaction by acti-
vating cell cycle checkpoints (Ray et al, 2009; Zhang et al, 2013)
or that their depletion may lead to apoptosis, which attenuates
GG-NER activity (Gong et al, 2008).

Chromodomain helicase DNA-binding 1 (CHD1) supports chro-
matin plasticity crucial for the pluripotency of embryonic stem cells,
for transcriptional reprogramming, and for homologous recombina-
tion (Gaspar-Maia et al, 2009; Park et al, 2014; Piatti et al, 2015;
Kari et al, 2016). The genomewide range of these known CHDI1
functions prompted us to test whether this same remodeler is also
involved in chromatin dynamics required for GG-NER activity. We
found that, in UV-damaged chromatin, CHD1 stimulates the hand-
over between XPC protein and the TFIIH complex at DNA lesion
sites. To facilitate this substrate handover, XPC protein recruits
CHD1 directly to nucleosome cores indicating that the XPC subunit
is able to form lesion recognition intermediates with a subset of
damages positioned around histone octamers. The main implication
of this unexpected mechanism is that, rather than always represent-
ing a barrier impeding the accessibility to damaged DNA,

© 2017 The Authors

The EMBO Journal

nucleosomes play a scaffolding role in priming specific lesions for
the GG-NER reaction.

Results
CHD1 co-localizes in chromatin with GG-NER factors

We tested whether CHD1 translocates to the chromatin of human
cells upon exposure to UV-C light. For that purpose, HeLa cells were
UV-irradiated or mock-treated and collected after different incuba-
tion times. For the detection of chromatin recruitments, the cells
were lysed in the presence of 0.3 M NaCl to extract, into the super-
natant, free proteins that are not associated with chromatin or only
loosely bound to chromatin. The remaining pellet contains chro-
matin-bound proteins (Fei et al, 2011). After measuring protein
concentrations in each fraction, 25 pg of free proteins and 15 pg of
chromatin-bound proteins were separated by gel electrophoresis
and analyzed by immunoblotting. The validity of this approach to
monitor UV-dependent redistributions is demonstrated by the strong
relocation to chromatin of DDB2 observed 1 h after irradiation
(Fig 1A), in line with the expected association of this recognition
subunit with UV lesions (Otrin et al, 1997; Yeh et al, 2012). The
immunoblot of Fig 1A also reproduces the well-described degrada-
tion of DDB2 in response to UV exposure (Rapic-Otrin, 2002), which
is apparent after the 3- and 6-h incubation periods. In addition, the
UV treatment led to a modest increase in CHDI1 in the fraction of
chromatin-bound proteins over the normal presence of this remod-
eler in the chromatin of unchallenged cells. The immunoblot quan-
tifications using histone H3 as the internal standard revealed that
the level of CHD1 in chromatin is increased by ~40% at 1 h after UV
irradiation compared to unirradiated controls (Fig 1B).

To test whether this CHD1 recruited to chromatin upon UV radia-
tion co-localizes with GG-NER factors, we transiently transfected
HEK293 cells with a construct that drives overexpression of the
DDB2 subunit of the UV-DDB heterodimer fused to the FLAG
peptide. HEK293 cells were used for this experiment because of their
permissivity to DNA transfections. The purpose of this approach
was to exploit the tight binding of DDB2 protein to UV-damaged
DNA and, concomitantly, its transient interactions with the core
GG-NER factors XPC and XPA (Sugasawa et al, 2005; Wakasugi
et al, 2009). These two factors, in turn, associate with each other
and with the TFIIH complex comprising the XPD helicase (Nocentini
et al, 1997; Yokoi et al, 2000; Uchida et al, 2002; Bunick et al,
2006). The DDB2-FLAG fusion protein was, therefore, used as a
molecular bait to isolate short chromatin fragments containing UV
lesions and GG-NER factors and to test whether CHD1 co-localizes
with these nucleoprotein complexes.

After pre-extraction with 0.3 M NaCl, chromatin was dissected
by digestion with saturating amounts of micrococcal nuclease
(MNase), which cleaves DNA preferentially in linker segments
spacing the nucleosome cores (Fig EV1). Finally, the fragmented
chromatin was solubilized by sonication before carrying out precipi-
tations taking advantage of anti-FLAG antibodies (Fig 1C). This
immunoprecipitation of short chromatin fragments from UV-irra-
diated cells resulted in the co-fractionation of both CHD1 and XPD
(a core NER subunit). Much less DDB2, CHD1, and XPD were
immunoprecipitated from the chromatin of cells that were not
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Figure 1. CHD1 co-localizes in chromatin with GG-NER proteins.

A Chromatin recruitment of DDB2 and CHD1. The chromatin of Hela cells was salt-extracted at different times after exposure to UV-C light (10 J/m?). Free proteins in
the supernatant (25 pug per sample) and chromatin-bound proteins in the pellet (15 pg per sample) were analyzed by gel electrophoresis and immunoblotting. CHD1
(197 kDa) migrates to a position just below the 250-kDa marker; tubulin and histone H3 were loading controls for the free and chromatin-associated fraction,
respectively. CTR, mock-treated control cells. Numbers indicate the relative quantity of free CHD1 (normalized to tubulin) and chromatin-bound CHD1 (normalized to

H3), whereby the respective CHD1 levels in unirradiated cells are set to 1.

B Quantification of chromatin-bound CHD1 normalized to H3 (n = 5 independent experiments). The CHD1 level in the chromatin of unirradiated cells is set to 1.
Co-localization of CHD1 with GG-NER factors in the chromatin of UV-irradiated cells. HEK293 cells were transfected with a vector for expression of FLAG-tagged DDB2
and treated with UV light (10 J/m?). After a 1-h incubation, the chromatin was salt-extracted and, following fragmentation by MNase digestion, dissolved by
sonication. The resulting chromatin fragments were precipitated with anti-FLAG antibodies, thus exploiting the FLAG tag to isolate nucleoprotein complexes
containing DDB2. Input chromatin fractions and immunoprecipitated nucleoprotein complexes were analyzed by blotting with antibodies against CHD1, DDB2, and
XPD (short and long exposures are shown). IgG, immunoglobulin G heavy chains interfering with the detection of DDB2-FLAG.

D Quantified CHD1 levels co-localizing in fragmented chromatin with NER factors, normalized to the amount of CHD1 in the respective input fractions (n

independent experiments).

=3

Data information: In (B and D), data are presented as mean + SEM. *P < 0.05 (one-sample t-test with a hypothetical value of 1).

Source data are available online for this figure.

subjected to UV radiation or not previously transfected with the
DDB2-FLAG-expressing construct. The quantification of CHD1 levels
in immunoprecipitated complexes, using CHD1 in the respective
input fractions as the reference, highlights its redistribution in
response to UV radiation (Fig 1D). Collectively, the UV-dependent
CHDI1 recruitment to chromatin (Fig 1A) and its co-localization with
short chromatin fragments containing GG-NER factors (Fig 1C) led
to the hypothesis that CHD1 may contribute to GG-NER activity.

CHDL1 is recruited to UV-damaged nucleosome cores

The observed redistribution of CHD1 protein to chromatin sites
containing GG-NER factors prompted us to use U20S and HeLa cells
to delineate the exact positions to which CHD1 moves after UV radi-
ation. As above, free proteins that are not or only loosely associated
with chromatin were removed by salt (0.3 M NaCl) extraction and
the remaining chromatin was dissected by incubation with MNase.
At a saturating level of this nuclease, the genome is totally
converted to short DNA segments of 147 base pairs (Fig 2A). The
size of these residual fragments corresponds to the DNA length of
nucleosome cores protected from MNase digestion by interactions
with histone octamers. Thus, saturating MNase digestions reduce
the entire chromatin to nucleosome cores by eliminating all inter-
nucleosomal linker DNA segments.

Analysis of defined proportions of the different fractions from
U20S cells showed that most CHDI1 is actually found in the
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unbound state as free protein extracted with buffer containing
0.3 M NaCl (Fig 2B, top panel). The subsequent MNase digestion of
pre-extracted chromatin generates a soluble supernatant of proteins
released from chromatin that also includes some dissociated nucleo-
some cores containing inter alia histone H3 but no CHD1 protein
(Fig 2B, middle panel). However, the vast majority of nucleosome
cores remains in a condensed and, hence, insoluble form even after
digestion with saturating MNase concentrations (Fig EV1). We
observed that a proportion of CHD1 protein is immobilized in this
nucleosome core-enriched fraction upon UV irradiation (Fig 2B,
bottom panel). This UV-dependent recruitment of CHD1 to nucleo-
some cores is observed around 1 h after UV irradiation but, subse-
quently, CHD1 disappears from this chromatin localization within
6 h after UV treatment (Fig 2C). A transient recruitment of CHD1 to
nucleosome cores, that is, to the insoluble fraction of MNase-
digested chromatin is also observed in HeLa cells (Fig 2D). This UV-
dependent CHDI recruitment is less pronounced in HeLa than in
U20S cells but follows similar kinetics with an increased occupancy
of nucleosome cores detected at 1 h following UV irradiation, but
not at the later time points after the UV pulse.

XPC-dependent recruitment of CHD1 to nucleosomes
Next, different GG-NER factors were depleted in HeLa cells by trans-

fection with short interfering RNA (siRNA) to understand the mech-
anism by which CHDI1 is relocated to nucleosome cores. The

© 2017 The Authors
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Figure 2. CHD1 is recruited to nucleosome cores upon UV irradiation.

A The chromatin of U20S cells, untreated or UV-irradiated (10 J/m?), was fragmented by MNase digestion (4 U/ul). A subsequent agarose gel analysis demonstrates the
complete breakdown of internucleosomal linker DNA segments resulting in residual chromatin containing exclusively nucleosome core fragments of 147 base pairs.

Whole, undigested chromatin. Digested, MNase-fragmented chromatin.

B Upon UV irradiation, CHD1 is transiently recruited to nucleosome cores. The chromatin of U20S cells (harvested 1 or 6 h after the UV pulse) was salt-extracted and
MNase-digested (4 U/ul) to generate, as shown in the three panels from top down, a fraction of free (or loosely chromatin-bound) proteins, a fraction of MNase-
solubilized chromatin proteins, and a fraction of condensed and, hence, insoluble nucleosome cores. CTR, unirradiated control. Histone H3 and tubulin serve as the
loading standards. The proportion of each fraction loaded onto the gel (3 or 10%) is indicated in parenthesis.

C Quantification of CHD1 recruitment to the insoluble fraction of nucleosome cores of U20S cells, normalized to the H3 level, following 1 and 6 h after UV irradiation
(n = 4 independent experiments). The amount of CHD1 in the nucleosome core fraction of control cells was set to 1.

D Same experiment as in panel (B) using Hela cells. The UV-dependent recruitment of CHD1 to the insoluble fraction of nucleosome cores is confirmed but less
pronounced than in U20S cells. The chromatin was analyzed at 1, 3, and 6 h after the UV pulse.

E Quantification of CHD1 recruitment to the insoluble fraction of nucleosome cores of Hela cells, normalized to the H3 level, following 1, 3, and 6 h after UV irradiation
(n = 3 independent experiments). The amount of CHD1 in the nucleosome core fraction of control cells was set to 1.

Data information: In (C and E), data are presented as mean + SEM. *P < 0.05, **P < 0.01 (one-sample t-test with a hypothetical value of 1).

Source data are available online for this figure.

efficiency of each siRNA-mediated downregulation is demonstrated
by immunoblotting (Fig EV2). These depletion experiments revealed
that the UV-dependent recruitment of CHD1 to nucleosome cores,
observed 1 h after UV irradiation, was essentially abolished by
depletion of XPC protein (Fig 3A). Consistent with this dependence
on the XPC subunit, we confirmed as previously reported (Fei et al,
2011) that XPC protein itself effectively binds this same nucleosome
core fraction around 1 h after the UV challenge (Fig 3B). Depletion
of DDB2, an accessory subunit that is active in the GG-NER pathway
upstream of XPC, does not detectably reduce the UV-dependent relo-
cation of CHD1 protein to this MNase-insoluble fraction of nucleo-
some cores. Similarly, depletion of XPA, a core subunit acting in the
GG-NER pathway downstream of XPC, does not influence the UV-
dependent relocation of CHD1 to nucleosome cores (Fig 3C).

© 2017 The Authors

The above results indicated that XPC protein mediates the
recruitment of CHD1 to UV lesions, implying that XPC and CHD1
interact transiently in UV-irradiated cells. To test this prediction,
HeLa cells were UV-exposed and, 1 h later, their chromatin was
collected, MNase-fragmented, and solubilized by sonication as
described for the experiments of Fig 1C. In this case, however,
immunoprecipitations were carried out with anti-XPC antibodies
and control reactions were performed by omitting these antibodies
(Fig 3D). The input chromatin samples brought to light the known
constitutive association of XPC protein with chromatin even in
unchallenged cells and also its expected ubiquitination after UV irra-
diation (Sugasawa et al, 2005). To avoid unspecific binding, the
immunoprecipitation buffer was adapted to contain 1% (vol/vol) of
the Triton X-100 detergent and, therefore, the proportion of
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Figure 3. CHD1 is recruited to nucleosome cores by the XPC initiator.

siRNA NC DDBZ XPA XPD

A XPC-dependent recruitment of CHD1 to nucleosome cores. Hela cells were siRNA-transfected as indicated 2 days before irradiation with UV (10 J/m?), or before mock
treatment, and incubated for another 1 h. Chromatin was salt-extracted and MNase-digested to generate, from left to right, a fraction of free (or loosely chromatin-
bound) proteins, a fraction of solubilized chromatin proteins, and the insoluble fraction of nucleosome cores. NC, non-coding RNA. Histone H3 and tubulin serve as

loading standards.

B Transient association of XPC protein with the insoluble fraction of nucleosome cores of Hela cells in response to UV irradiation (10 J/m?). CTR, mock-treated cells.
Quantification of CHD1 recruitment to the insoluble fraction of nucleosome cores normalized to the level of CHD1 in control reactions with non-coding RNA (n = 4
independent experiments). The asterisks indicate a significantly lower chromatin binding of CHD1 upon XPC depletion.

D Co-immunoprecipitation of XPC and CHD1. Hela cells were left unchallenged or UV-treated. Following a 1-h incubation, the chromatin was salt-extracted and, after
MNase fragmentation, dissolved by sonication. Immunoprecipitation was carried out with anti-XPC antibodies. Input fractions and immunoprecipitated (IP)
complexes were analyzed by blotting with antibodies against XPC and CHD1; —IgG, control pull-down reactions without antibodies. Appendix Fig S3 displays a longer
exposure of the same immunoblot showing the low background association of CHD1 with XPC in unchallenged cells.

E Hela cells were transfected with the indicated siRNA sequences 2 days before UV irradiation. Following a 1-h incubation, the irradiated cells were processed for
immunoprecipitation with anti-XPC antibodies as in Fig 3D. After immunoblotting, the level of co-immunoprecipitated CHD1 was quantified and normalized to the
amount of immunoprecipitated XPC in each individual sample (n = 3 independent experiments). For a representative blot, see Appendix Fig S4.

Data information: In (C and E), data are presented as mean + SEM. **P < 0.01 (one-sample t-test with a hypothetical value of 1).

Source data are available online for this figure.

antibody-precipitated XPC protein was low. Nevertheless, this XPC
immunoprecipitation resulted in the co-isolation of CHD1 from the
chromatin. The amount of co-immunoprecipitated CHD1 was higher
after UV irradiation, reflecting an extra UV-dependent recruitment
to chromatin not only of XPC but also of CHD1 and lending support
to the conclusion that XPC protein is responsible for the co-localiza-
tion of CHD1 with GG-NER sites.

Next, we tested if other NER factors influence this XPC-CHD1
interaction. Immunoprecipitations with anti-XPC antibodies were
carried out after siRNA transfections to downregulate the expression
of DDB2, XPD, or XPA. In these experiments, the amount of co-
isolated CHD1 relative to the immunoprecipitated XPC protein was

The EMBO journal Vol 36 | No 22| 2017

slightly reduced after downregulation of DDB2 and XPA, but none
of these changes were statistically significant (Fig 3E). We conclude
that, although DDB2 and XPA are not absolutely needed for the
recruitment of CHD1 to chromatin (as shown in Fig 3A and C), the
stringent condition used for the XPC immunoprecipitation reveals
that these factors may stabilize XPC-CHD1 interactions.

CHD1 stimulates XPC displacement and recruitment of
downstream GG-NER factors

Due to their larger nuclear surface area in culture, U20S cells are
more amenable than HeLa cells to immunofluorescence analyses.

© 2017 The Authors
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U20S cells were depleted of CHD1 using siRNA to test by
immunofluorescence the impact of this chromatin remodeler on the
GG-NER pathway. This downregulation reduced the level of CHD1
protein by ~80% within 2 days after transfection with siRNA
(Fig 4A). However, such a substantial reduction in CHD1 protein
did not affect the cell division cycle of unchallenged cells
(Appendix Fig S1) and did not trigger any apoptotic responses lead-
ing to activation of caspase 3 (Appendix Fig S2). In view of its estab-
lished role in transcription (Simic et al, 2003; Smolle et al, 2012;
Park et al, 2014), it could have been expected that the downregula-
tion of CHD1 may interfere with DNA damage processing by dimin-
ishing the expression of repair proteins. However, Fig 4A shows
that the CHD1 depletion does not reduce the cellular level of GG-
NER factors like XPB, XPC, or DDB2 measured 2 days after transfec-
tion with siRNA. On the contrary, we consistently observed that
cells respond to CHD1 depletion with a constitutively increased level
of XPC protein (see quantification in Fig 4B). The high molecular
weight forms of XPC in the immunoblot of Fig 4A (representing
ubiquitinated XPC protein) also indicate that the CHD1 downregula-
tion does not detectably interfere with the UV-dependent ubiquitina-
tion reaction. Reflecting the overall higher XPC level, the amount of
ubiquitinated XPC is increased in CHD1-depleted cells. The CHD1
deficiency similarly does not impair the well-described proteasomal
degradation of DDB2 in response to UV irradiation (Fig 4A and B).
The observed upregulation of XPC under conditions of a CHD1 defi-
ciency already takes place at the mRNA level as indicated by quanti-
tative reverse-transcription PCR measurements (Fig 4C).

In situ immunofluorescence is recognized as a straightforward
tool to monitor the assembly and disassembly of GG-NER complexes
in living human cells (Volker et al, 2001; Fitch et al, 2003). Here,
this methodology was used to examine the effect of CHD1 depletion
on the recruitment of GG-NER factors to UV lesions. For that
purpose, U20S cells were irradiated with UV-C light through the

The EMBO Journal

S-um pores of filters to generate local spots of damage containing
CPDs. Following 1 or 3 h of incubation, the formaldehyde-fixed cells
were permeabilized and stained with antibodies against CPDs and
different GG-NER proteins. These immunofluorescence studies
revealed a differential effect of CHD1 depletion on distinct factors.
Upon CHDI1 downregulation, the level of the initial damage sensor
XPC on spots of CPDs is increased relatively to controls (Fig 5A).
This increased accumulation of XPC is statistically significant at 1 h
after UV irradiation, and the same response is detected by
immunofluorescence analyses of HeLa cells (Fig EV3). This
prolonged binding of XPC to lesion sites is not observed upon deple-
tion of the downstream NER factors XPD and XPA (Fig EV4) and,
hence, represents a specific reaction to the lack of CHD1.

To quantify protein redistributions, the fluorescence intensity at
damaged spots was divided by the background fluorescence
measured in each nucleus outside the lesion spots. This procedure
ensures that the data demonstrate a truly increased accumulation of
XPC protein at lesion sites rather than simply reflecting the higher
overall level of this factor following CHD1 depletion. In contrast to
the increased accumulation observed for XPC as the pathway initia-
tor, the redistribution of downstream NER factors, assessed 1 h after
UV irradiation, is reduced upon CHDI1 depletion. A diminished
recruitment to UV lesions following CHD1 depletion is observed for
the TFIIH subunits XPD (Fig 5B), XPB (Fig 5C) or p62 (Fig 5D), and
also for XPA protein (Fig SE). This differential effect on factor
recruitment to UV lesion sites indicates that CHD1 stimulates the
coordinated transition from the XPC complex (as the initiator of the
GG-NER pathway) to the follow-up effector TFIIH and, conse-
quently, to further downstream factors like XPA. In the absence of
CHD1, XPC persists on UV lesion sites without being able to hand
over the damage to the TFIIH complex. The fact that this prolonged
binding of XPC to lesion sites, caused by the lack of CHD1, is not
reproduced by depletions of XPD or XPA (Fig EV4) argues against
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Figure 4. Depletion of CHD1 by siRNA treatment.

A Effect of CHD1 on NER protein levels. U20S cells were transfected with non-coding control RNA (NC) or siRNA against the CHD1 transcript and tested after 2 days.
Cells were harvested for analysis 1 h after UV exposure (10 J/m?) or mock treatment. Immunoblots of whole-cell lysates were carried out with the indicated
antibodies. The higher molecular weight forms of XPC protein reflect its ubiquitination by the CRL4°°®2 ligase (Sugasawa et al, 2005). Similarly, the ubiquitin-
dependent degradation of DDB2 is a well-described response to UV irradiation. Tubulin served as the loading control.

B Quantification of XPC, DDB2, and XPB protein levels determined by immunoblotting 2 days after transfection with siRNA (n = 3-6 independent experiments). The UV-
irradiated samples were analyzed 1 h after treatment, and the XPC amount in control cells was set to 1.

C Increased level of mRNA coding for XPC due to CHD1 depletion 2 days after transfection with siRNA (n = 3 independent experiments).

Data information: In (B and C), data are presented as mean £ SEM. *P < 0.05 (one-sample t-test with a hypothetical value of 1).

Source data are available online for this figure.
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Figure 5. CHD1 promotes the XPC-to-TFIIH handoff.
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A Accumulation of XPC protein. Representative immunofluorescence images of U20S cells UV-irradiated through micropore filters (dose applied to the filter surface:
100 )/m?) to generate local spots of DNA damage. Immunostaining was carried out after 1 or 3 h with antibodies against CPDs and XPC protein. Cells were pretreated
with siRNA targeting the CHD1 transcript (siCHD1) or with non-coding control RNA (siNC). DAPI (4’,6-diamidino-2-phenylindole) was used to stain nuclear DNA. The
recruitment of NER subunits was quantified by measuring spot intensities followed by normalization to the nuclear background (n = 6, 100 cells for each

experiment). Control values were set to 1.

B Reduced recruitment to UV lesion spots of XPD, a subunit of the TFIIH complex, upon CHD1 depletion. Cells were analyzed 1 h after the UV pulse. The panel shows a
representative immunofluorescence image and the quantification over 3 independent experiments with at least 100 cells per experiment.
C Representative image and quantification (n = 3, at least 100 cells per experiment) demonstrating the reduced recruitment to UV lesion spots of XPB (another TFIIH

subunit) upon CHD1 depletion. Cells were analyzed 1 h after the UV pulse.

D Representative image and quantification (n = 6, 100 cells per experiment) demonstrating the reduced recruitment to UV lesion spots of p62 (yet another TFIIH
subunit) upon CHD1 depletion. Cells were analyzed 1 h after the UV pulse. XPD was used to mark the UV spots, because it was not possible to stain p62 and CPDs

simultaneously.

E Representative image and quantification (n = 6, 100 cells per experiment) demonstrating the reduced XPA recruitment to UV lesion spots upon CHD1 depletion. Cells

were analyzed 1 h after the UV pulse.

Data information: Data are presented as mean + SEM. *P < 0.05 (unpaired, two-tailed t-test). Scale bars: 10 pm.

the possibility that this observation represents solely an indirect
effect of downstream factors not being recruited efficiently.

CHD1 stimulates CPD excision and reduces UV cytotoxicity

Functional consequences of a CHD1 downregulation (see Fig EV2
for the efficiency of protein depletion) were tested by monitoring
the formation and excision of UV lesions in HeLa cells. The lack
of CHDI1 induced by siRNA treatment does not influence the
MNase digestion pattern of chromatin (Fig 6A), indicating that the
overall nucleosome assembly is unchanged. Consistent with this
maintained chromatin configuration, the initial damage formation
(frequency of CPDs and 6-4PPs) following UV irradiation is not
affected by the lack of CHD1 (Fig 6B). However, the excision of
CPDs is significantly slowed down upon CHDI1 depletion in

The EMBO journal Vol 36 | No 22 | 2017

comparison with the respective excision in control cells transfected
with non-coding RNA. After 24 h of repair incubation, nearly 70%
of the initial CPDs were excised in control cells but only 45-55%
of CPDs were repaired in CHD1-depleted cells. This same inhibi-
tory effect of CHD1 depletion was induced by three different
siRNA sequences directed against the CHD1 transcript (Fig 6C). In
a side-by-side comparison, this reduction in CPD excision after
downregulation of CHD1 relative to non-coding RNA controls was
similar to that observed upon depletion of the chromatin remod-
eler ALC1 as previously reported (Pines et al, 2012) (Fig EV5). In
contrast, the CHD1 depletion had no effect on the repair of 6-4PPs,
which are removed from the genome with faster kinetics than
CPDs (Fig 6D).

To confirm the role of CHD1 in stimulating CPD excision, we
monitored the rates of DNA repair patch synthesis. Spots of UV

© 2017 The Authors
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Figure 6. CHD1 stimulates CPD repair.

A MNase digestion of the chromatin of CHD1-depleted Hela cells in comparison with control cells transfected with non-coding RNA (NC). Isolated chromatin was
incubated with the indicated nuclease concentrations.

B Initial damage formation following UV irradiation (10 J/m?). HeLa cells were transfected with siCHD1 or siNC. Immunoassay absorbance values, providing a measure
of UV lesions, were not affected by CHD1 depletions (n = 6, each experiment with four replicates).

C Excision of CPDs in Hela cells treated with siRNA targeting CHD1 (three different sequences) or XPC, compared to transfections with siNC (n = 6, each experiment
with four replicates). The UV dose was 10 J/m?.

D Excision of 6-4PPs upon treatment with siRNA targeting CHD1 or XPA, in comparison to siNC (n = 3, each experiment with four replicates). The UV dose was 10 J/m?.

E  U20S cells were pretreated with siRNA as indicated and UV-irradiated through micropore filters 2 days later (dose applied to the filter surface: 100 J/m?). EdU was
added after a 2-h recovery to allow for 6-4PP excision, and fluorescence reflecting repair synthesis was measured after another 1-h incubation. Lesion spots were
identified by staining with antibodies against CPDs. EdU incorporation was detected by copper-mediated reaction with the Alexa 488 fluorophore. DAPI was used to
visualize nuclear DNA. S-phase cells displaying an overall bright nuclear EdU signal were excluded from quantifications. Scale bar: 15 pm.

F  Quantification of EdU incorporation reflecting repair synthesis (UDS, unscheduled DNA synthesis) in the damage spots of CHD1- or XPA-depleted U20S cells
normalized to control cells. S-phase cells were excluded from these evaluations (n = 3 with at least 100 cells per experiment).

G Recovery of RNA synthesis (RSS) assessed by monitoring the nuclear incorporation of EU during 16 h after UV irradiation (10 J/m?) of U20S cells. Cells were depleted
of CHD1 or CSB as indicated (n = 3,100 cells per experiment). RNA synthesis values, reported as the percentage of unirradiated control cells, show that only the
depletion of CSB impairs TC-NER activity.

H Hela cells transfected with the indicated siRNA sequences were UV-irradiated or mock-treated. Colony survival was quantified 7 days later and expressed as the
percentage of controls in a logarithmic scale (n = 3, each experiment with four replicates).

Data information: In (B-D and F-H), data are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired, two-tailed t-test).
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damage were generated in the nuclei of U20S cells and, for the
measurement of repair synthesis elicited specifically by CPDs, these
cells were first incubated for 2 h to allow for the removal of 6-4PPs
and then supplemented with the nucleoside analog S5-ethynyl-2'-
deoxyuridine (EdU) (Nakazawa et al, 2010) for another 1-h period.
The fluorescence in CPD spots, due to EAU incorporation, revealed
that like an XPA deficiency the depletion of CHD1 causes lower
levels of DNA repair patch synthesis compared to controls (Fig 6E).
The quantification of EAU signals within spots of DNA damage con-
firmed that DNA repair synthesis takes place in CHD1-depleted cells
at a significantly lower rate than in control cells (Fig 6F). Thus, both
CPD excision and unscheduled DNA synthesis are reduced in cells
depleted of CHD1, indicating that this remodeler is required for effi-
cient processing of CPDs by the GG-NER reaction.

Conversely, transcription-coupled NER (TC-NER) can be monitored
by comparing transcription rates after DNA damage. UV radiation
causes a decrease in RNA synthesis, which recovers readily in normal
cells due to TC-NER activity (Nakazawa et al, 2010; Aydin et al,
2014). We globally irradiated U20S cells, incubated them for 16 h in
the presence of 5-ethynyl uridine (EU) and, thereafter, the EU-linked
fluorescence reflecting RNA synthesis was measured across cell nuclei.
As expected, the recovery of RNA synthesis was delayed in cells
depleted of Cockayne syndrome group B (CSB) protein required for the
TC-NER reaction. In contrast, the CHD1 depletion did not interfere with
this recovery of RNA synthesis (Fig 6G) indicating that, although
CHDI1 regulates GG-NER activity, it is not involved in the TC-NER path-
way. Finally, HeLa cell colony assays demonstrate that the reduced
rate of CPD repair observed upon CHD1 depletion correlates with
significantly lower survival following UV irradiation (Fig 6H).

Discussion

The GG-NER system needs to process bulky base lesions in
condensed chromatin, where genomic DNA is organized in nucleo-
somes thought to act as physical barriers to damage recognition and
repair (Thoma, 2005; Bell et al, 2011; Rodriguez et al, 2015; Adam
et al, 2016; Dabin et al, 2016). Being the fundamental repeat unit of
chromatin, each nucleosome consists of a core particle containing
147 base pairs of DNA wrapped in superhelical turns ~1.7 times
around an octamer of two each of the histone proteins H2A, H2B,
H3, and H4. These nucleosome cores are spaced by linker DNA
segments of variable lengths (generally 10-70 base pairs) and
further interactions with histone H1 promote higher levels of chro-
matin condensation (Grigoryev, 2012). Within the 147 base pairs of
nucleosome core DNA, CPDs arise with a periodicity pattern of 10.3-
nucleotide intervals and are preferentially introduced at sites
farthest from the surface of the histone octamer (Gale et al, 1987).
The modulation of chromatin structure by ATP-dependent
remodelers has been identified as one important mechanism that
promotes accessibility of the GG-NER complex to damaged DNA
(Ura et al, 2001; Gong et al, 2006; Klochendler-Yeivin et al, 2006;
Ray et al, 2009; Zhang et al, 2009; Zhao et al, 2009; Jiang et al,
2010; Pines et al, 2012). Our present study identifies the chromatin
remodeler CHD1 as an accessory GG-NER factor that facilitates the
repair of a subset of CPD lesions located within nucleosome cores.
We discovered (i) that a fraction of the cellular CHD1 is recruited to
chromatin upon UV irradiation (Fig 1A), (ii) that this extra CHD1 in
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the chromatin of UV-irradiated cells co-localizes with GG-NER
factors (Fig 1C), (iii) that the recruitment of CHD1 to UV damage
occurs in a nucleosome core-enriched fraction (Fig 2), (iv) that this
UV-dependent CHDI recruitment to nucleosome cores relies on a
prior lesion demarcation by XPC protein (Fig 3), (v) that CHD1 stim-
ulates the XPC-to-TFIIH handoff at damaged sites (Fig 5) and, there-
fore, (vi) that the lack of CHD1 slows down the excision of CPDs
and enhances the cytotoxicity of UV light (Fig 6). The inhibitory
effect of a CHD1 depletion on the repair of CPDs, formed every-
where in the genome, but not on the excision of 6-4PPs, induced
predominantly in linker segments of euchromatin (Gale & Smerdon,
1990; Mitchell et al, 1990; Han et al, 2016), supports the notion that
chromatin remodeling by CHD1 is required to ensure the access of
GG-NER factors to DNA damage located within nucleosome cores.
Additionally, the measurement of RNA synthesis following UV radi-
ation confirmed that, unlike CSB as an example of TC-NER factor,
CHDL1 is not involved in the TC-NER subpathway (Fig 6G).

Whether CHD1 displaces nucleosomes while facilitating the
known interactions between XPC and TFIIH (Yokoi et al, 2000;
Uchida et al, 2002) during the GG-NER process is not known.
However, it is of interest to note that such a role has been postu-
lated for CHD1 during transcription initiation. In fact, CHD1 associ-
ates with the chromatin template just downstream of transcription
start sites at an early stage of transcription (Skene et al, 2014).
CHDL1 is thereby recruited to the promoter-proximal nucleosomes of
active genes and thought to evict this nucleosome to allow for
promoter escape by RNA polymerase II. Skene et al (2014) showed
that, in the absence of CHD1 activity, RNA polymerase II remains
sequestered on these promoter-proximal nucleosomes. Our observa-
tion that, like RNA polymerase II during transcription initiation, also
XPC protein remains sequestered at its binding sites in the absence
of CHDI1, suggests a similar remodeling activity of CHD1 during
initiation of the GG-NER process. A plausible scenario is that the
function of CHDI in stimulating the XPC-to-TFIIH handoff on nucle-
osomes is facilitated by eviction of the targeted nucleosome.

Although CHD1 co-localizes in chromatin with DDB2 (Fig 1C), it
might be surprising that its recruitment to nucleosomes depends on
XPC but apparently not on the accessory DDB2 subunit (Fig 3).
Indeed, previous biochemical studies suggested that XPC protein
loses the ability to interact with DNA once the substrate is wrapped
around histone octamers in nucleosomes (Yasuda et al, 2005),
suggesting that preceding DDB2-induced rearrangements are indis-
pensable before the DNA substrate becomes accessible to the XPC
complex (Scrima et al, 2008; Osakabe et al, 2015). It is important in
this regard to point out that CPDs are the predominant UV lesions
within nucleosome cores (Gale & Smerdon, 1990; Mitchell et al,
1990; Han et al, 2016) and that, when tested in binding assays with
naked DNA substrates, the XPC complex is unable to sense the pres-
ence of CPDs (Sugasawa, 2001; Hey et al, 2002). If not embedded in
chromatin, CPDs appear as non-distorting lesions that preserve
Watson-Crick hydrogen bonding (Kim et al, 1995; Jing et al, 1998;
McAteer et al, 1998) and remain, therefore, invisible to the DNA
damage-sensing domains of XPC protein. However, a recent crystal
structure of nucleosome cores containing CPD lesions revealed that,
unlike their configuration in naked DNA, the two affected pyrimidi-
nes do not form proper Watson—Crick hydrogen bonds with the oppo-
site purines and that hydrogen bonds are actually destabilized at one
pyrimidine of the CPD lesion (Horikoshi et al, 2016). This substantial
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local distortion and base pair destabilization detected on nucleosome
cores may render the lesions more conducive to recognition by XPC,
such that a subset of CPDs in the nucleosome landscape of chromatin
becomes amenable to the GG-NER process even in the absence of
DDB2 protein. This scenario may explain our previously reported
finding that XPC protein binds to UV lesions in nucleosome core parti-
cles but not to UV lesions in internucleosomal linkers in the absence of
DDB2 (Fei et al, 2011). In any case, a local distortion of CPDs induced
by wrapping around histone octamers may account for the finding of
Fig 3 that the XPC-dependent recruitment of CHD1 to nucleosomes
could occur without assistance from the DDB2 subunit. An alternative
explanation for this finding is that even trace amounts of DDB2
remaining in the cells after siRNA-mediated depletion might still be
sufficient to load XPC complexes onto these more conducive CPDs
located on nucleosome cores.

To summarize, we identified CHD1 as an XPC-associated remod-
eler facilitating GG-NER activity in chromatin. Our findings suggest
a scenario by which CHD1 is required for the effective handover of
CPD lesions from the XPC initiator to the TFIIH effector when the
target lesions are wrapped around the histone octamer of nucleo-
somes. These findings imply that nucleosomes are not simply an
impediment to initiation of the GG-NER pathway but act as a struc-
tural scaffold that, in the presence of CHDI, facilitates the repair of
a subset of CPD lesions.

Materials and Methods

Cell lines

HeLa and HEK293 cells (American Type Culture Collection) were
grown in Dulbecco’s modified Eagle’s medium (low-glucose DMEM;
ThermoFisher), U20S cells (ATCC, cell type certified by STR profil-
ing) in high-glucose DMEM (Sigma) supplemented with 10% (vol/
vol) fetal calf serum (FCS, Gibco), 100 U/ml penicillin, and 100 pg/
ml streptomycin.

RNA transfections

The following RNAi sequences were used: CHD1#1 (5'-CAUCAAGC
CUCAUCUAAUALtt-3") from Ambion; CHDI1#2 and CHDI1#3 (5'-
AUGCAGAAAUUAGGCGGUUUALt-3" and 5-AAGAUUCCGAUGACU
CAUCAALt-3’) from Qiagen (CHD1 sequence #1 is used unless other-
wise stated); DDB2 (5-AGGGAUCAAGCAGUUAUUUGA-3') from
Qiagen; XPA (5-GCUACUGGAGGCAUGGCUALtt-3') from Qiagen;
XPC (5-UAGCAAAUGGCUUCUAUCGAA-3') from Microsynth and
CSB (5-GAAGCAAGGUUGUAAUAAALt-3') from Microsynth. The
non-coding control RNA was from Qiagen. Cells were transfected in
10-cm dishes with siRNA (10 or 16 nM) following the manufac-
turer’s protocol for the Lipofectamine RNAIMAX (Invitrogen) reagent
and allowed to incubate for 48 h before starting the experiments.

Determination of mRNA
For gene expression analysis, total RNA from U20S cells was
isolated using an RNase isolation kit (Qiagen) according to the

manufacturer’s protocol. DNA was removed by DNase I (Qiagen)
digestion. RNA concentration was determined in a NanoDrop
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instrument (Thermo Scientific). One pg RNA from each sample and
3 pg/ul random primers (Invitrogen) were subjected to reverse tran-
scription (Roche) according to manufacturer’s protocol. Fifty ng
cDNA, 0.5 ul of FAM-tagged XPC primers (Life Technology), and
0.5 pl of VIC-tagged GAPDH primers (Life Technology) were applied
to qRT-PCR according to manufacturer’s protocol (Life Technology,
TaqMan Fast Universal PCR Master Mix). The relative gene expres-
sion levels are presented as 22T and normalized to the sample
treated with non-coding siRNA.

Antibodies

The following antibodies, listed according to supplier, were used at
the indicated dilutions. Abcam: mouse anti-DDB2 (ab51017, 1:50 for
immunofluorescence, 1:200 for immunoblotting), mouse anti-XPC
(ab6264, 1:1,000 for immunoblotting), mouse anti-p62 (ab55199,
1:300 for immunofluorescence). Cell Signaling: rabbit anti-caspase 3
(95018, 1:1,000 for immunoblotting). Cosmo Bio: mouse anti-CPD
[NMDNDO0O01, 1:1,000 for immunofluorescence, 1:5,000 for enzyme-
linked immunosorbent assay (ELISA)], mouse anti-6-4PP
(NMDNDO002, 1:1,000 for ELISA). Invitrogen: Alexa Fluor 488 and
594 goat anti-mouse IgG (1:400 for immunofluorescence). Protein-
Tech: rabbit anti-CHD1 (20576-1-AP, 1:100 for immunoblotting).
Santa-Cruz: mouse anti-CHD1 (sc-271626, 1:500 for immunoblot-
ting), goat anti-H3 (sc-8654, 1:10,000 for immunoblotting), rabbit
anti-XPB (sc-293, 1:100 for immunofluorescence), rabbit anti-XPA
(sc-853, 1:100 for immunoblotting). Sigma: mouse anti-o-tubulin
(T5168, 1:10,000 for immunoblotting), mouse anti-FLAG M2 (F3165,
1:1,000 for immunoprecipitation), rabbit anti-XPC (X1129, 1:100 for
immunofluorescence and immunoprecipitation), peroxidase anti-
mouse IgG (1:20,000), peroxidase anti-rabbit IgG (1:20,000).

UV irradiation

Exposure to UV-C light was carried out in culture dishes at the indi-
cated doses with a germicidal lamp (wavelength 254 nm) after
washing the cells with phosphate-buffered saline (PBS) and removal
of residual buffer. Local damage was generated by irradiation with
100 J/m? through a 5-um polycarbonate filter (Whatman). After UV
irradiation, the cells were incubated for the indicated times with
fresh culture medium.

Immunoblotting

Cells were treated as indicated, washed with Puck’s EDTA
(137.0 mM NaCl, 5.4 mM KCl, 5.6 mM glucose, 4.2 mM NaHCOs,
0.7 mM EDTA) and lysed in 100 pl of 1% Triton buffer [150 mM
KCl, 25 mM Tris-HCl, pH 7.5, 5 mM MgCl,, 2 mM B-mercap-
toethanol, 5% (vol/vol) glycerol, 1 mM N-ethylmaleimide, and 1%
(vol/vol) Triton X-100] supplemented with protease inhibitor cock-
tail (Roche). Protein concentrations were measured by the bicin-
choninic acid assay (Pierce). A Laemmli buffer stock [final
concentration: 240 mM Tris-HCl, pH 6.8, 40% (v/v) glycerol, 8%
(w/v) sodium dodecyl sulfate (SDS), 0.04% (w/v) bromophenol
blue and 5% beta-mercaptoethanol (v/v)] was added, and the
samples were heated to 95°C for 5 min. Fifty pg of sample proteins
were separated in 4-20% Criterion TGX Stain-Free precast gels (Bio-
Rad) for 22 min at 300 V and transferred to PVDF membranes using
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the Turbo transfer device (Bio-Rad, 7 min at 5 A). The signals
resulting from antibody incubations were analyzed and quantified
with the Chemidoc MP Imaging System (Bio-Rad).

Cell lysis and chromatin digestion

Chromatin was fragmented as described (Fei et al, 2011). Protein
synthesis was inhibited by the addition of cycloheximide (100 pg/
ml; Sigma) for 30 min prior to UV irradiation. Cells were irradiated
with the indicated UV-C doses and lysed on ice with NP-40 buffer
[25 mM Tris—HCI, pH 8.0, 300 mM NaCl, 1 mM EDTA, 10% (vol/
vol) glycerol, 1% (vol/vol) NP-40, 0.25 mM phenylmethylsulfonyl
fluoride, and EDTA-free protease inhibitor cocktail (Roche)]
(Sugasawa et al, 2005). Lysis was carried out for 30 min on a
turning wheel. Free proteins not bound to chromatin were recovered
in the supernatant after centrifugation (10 min at 15,000 g). The
remaining chromatin pellet was resuspended in CS buffer [20 mM
Tris-HCl, pH 7.5, 100 mM KCl, 2 mM MgCl,, 1 mM CaCl,, 0.3 M
sucrose, and 0.1% (vol/vol) Triton X-100] (Kapetanaki et al, 2006).
This mixture was supplemented with 10-fold reaction buffer
[500 mM Tris—HCI, pH 7.9, 50 mM CaCl,, 0.1 mg/ml bovine serum
albumin (New England Biolabs). MNase (0.4 U/ul; New England
Biolabs) was added and digestion carried out for 20 min at 37°C.
The solubilized constituents were separated from the insoluble
pellet by centrifugation (10 min, 15,000 g) after adding EDTA
(5 mM final concentration) to stop the reaction.

MNase profiling

U208 cells were irradiated with UV-C (10 J/m?) and lysed onice 1 h
later with NP-40 buffer; the chromatin pellet was resuspended in CS
buffer, and the mixture was supplemented with 10-fold reaction buffer
as outlined above. MNase was added in different concentrations, the
digestion carried out for 5 min at 37°C and the reaction stopped with
5 mM EDTA. The DNA was extracted from each digested sample
(50 ul) by adding 150 ul TE buffer [10 mM Tris-HCI, pH 8.0, 1 mM
EDTA] and 200 pl neutral phenol (ThermoFisher). After shaking for
15 min and centrifugation (5 min at 6,000 g), the phenol was
discarded and the aqueous phase was washed twice with 200 pl chlo-
roform. The DNA was precipitated with ethanol in the presence of
100 mM sodium acetate, dried, and resuspended in TE buffer. DNA
concentrations were determined in the NanoDrop device.

Pull-down of chromatin-associated GG-NER complexes

HEK293 cells were transiently transfected at 80% confluency with
plasmid DDB2-p3XFLAG-14-N3 (10 pg) according to the manufac-
turer’s protocol for the FuGENE® HD reagent (Roche), and UV-irra-
diated 24 h later. Following another 30 min, the cells were lysed on
ice in NP-40 buffer, the remaining pellet was resuspended in CS
buffer and the mixture was supplemented with 10-fold reaction
buffer. The MNase digestion (4 U/pl) was carried out for 20 min at
37°C. The residual insoluble chromatin was recovered by centrifuga-
tion (10 min, 16,000 g) and resuspended by sonication on an ice-
water bath (three cycles of 30 s with 30-s intervals) in CS buffer.
Subsequently, nucleoprotein complexes bound to the DDB2-FLAG
prey were purified using 40 pl of anti-FLAG M2 Affinity Gel (Sigma)
in the presence of IP buffer [150 mM NaCl, 50 mM Tris—HCI, pH
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7.5, 5 mM MgCl,, 1% (vol/vol) NP-40, 2 mM B-mercaptoethanol,
5% (vol/vol) glycerol, and all protease inhibitors]. Beads were incu-
bated overnight at 4°C with the sonicated mixture and washed once
with TNET [50 mM Tris—HCI, pH 7.4, 150 mM NaCl, 5 mM EDTA,
0.5% (vol/vol) Triton X-100, and protease inhibitors] and once with
TBS (50 mM Tris-HCI, pH 7.4, 150 mM NaCl and protease inhibi-
tors). The beads were heated to 95°C for 5 min in 10 pl TBS comple-
mented with 5.0 ul of Laemmli buffer stock. The samples were
separated on a 10% (wt/vol) denaturing polyacrylamide gel and
transferred to PVDF membranes. Proteins were subsequently
detected by immunoblotting.

Pull-down of XPC protein

After washing on ice with PBS, 10 pl of slurry Protein G sepharose
(GE Healthcare) for each sample was washed twice with PBS and
then incubated for 45 min at 4°C on a turning wheel with 4 pl anti-
XPC antibodies. After centrifugation (1 min, 100 g), the protein G
sepharose was suspended in 100 pl buffer A [0.5 M Tris—HCIl, pH
8.0, 20% (vol/vol) glycerol, 300 mM NaCl, 2% (vol/vol) Triton X-
100, 2 mM EDTA, 0,25 mM phenylmethylsulfonyl fluoride and
ETDA-free protease inhibitor cocktail (Roche)], added to 100 pg of
fragmented and sonicated chromatin, and incubated for 3 h at 4°C
on a turning wheel. The beads were washed twice by centrifugation
(2 min, 100 g) in HNTG buffer [20 mM HEPES, pH 7.5, 150 mM
NacCl, 0.1% (vol/vol) Triton X-100, and 10% (vol/vol) glycerol] and
the samples were analyzed by polyacrylamide gel electrophoresis
and immunoblotting.

Immunofluorescence microscopy

Cells were grown on 12-mm glass coverslips (Thermo Scientific) to
80% confluency and irradiated through filters to induce local spots of
UV damage. After the indicated repair times, cells were processed with
pre-extraction buffer [25 mM HEPES, pH 7.5, 50 mM NaCl, 1 mM
EDTA, 3 mM MgCl,, 300 mM sucrose, and 0.5% (vol/vol) Triton X-
100] added for 2.5 min at 4°C. Next, cells were fixed with 4% (wt/vol)
paraformaldehyde for 15 min and permeabilized for 20 min with PBS
containing 0.1% (vol/vol) Tween 20. For the detection of CPDs and 6-
4 PPs, the DNA was denaturated for 8 min with 0.07 M NaOH in PBS.
Following a 30-min blocking step with PBS containing 20% (vol/vol)
FCS, primary antibodies were diluted in PBS containing 5% (vol/vol)
FCS and applied for 1 h at 37°C. Washing with PBS-0.1% Tween 20
was followed by incubation with secondary antibodies and DAPI
(0.2 pg/ml), diluted in PBS containing 5% FCS, for 1 h at 37°C. Images
were taken with a bright field microscope (Leica, 63x oil Plan-
Apochromat, 1.4 numerical aperture oil immersion lens) and analyzed
using the ImageJ software. The fluorescence of 100 nuclei was
examined, and the accumulation of proteins at UV lesion sites is
expressed as the ratio of fluorescence signal intensity in damaged spots
relative to the signal intensity of the surrounding nuclear area.

Unscheduled DNA synthesis and RNA synthesis
The synthesis of DNA repair patches was measured by a fluores-
cence-based method (Nakazawa et al, 2010). U20S cells were

seeded on 12-mm coverslips and locally UV-irradiated. After 2 h,
the culture medium was supplemented with 10 mM EdU
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(Invitrogen) followed by another 1 h of incubation. Cells were
washed with PBS, pre-extracted for 2.5 min, fixed with 4% (wt/vol)
paraformaldehyde for 15 min, and permeabilized for 20 min. Anti-
bodies against CPDs were applied as described above. Incorporated
EdU was coupled to Alexa Fluor 488 using the Click-it kit as
instructed by the manufacturer (Invitrogen). Images were obtained
by microscopy with the Leica instrument and analyzed using
the ImageJ software. For quantifications, EdU incorporation was
measured in 100 cells by determining fluorescence intensity in
the UV-damaged areas (marked by CPD staining) divided by the
background nuclear intensity. S-phase cells displaying high EdU
fluorescence across their entire nucleus were excluded. For the
measurement of RNA synthesis, cells were UV-irradiated globally
(10 J/m?) and incubated for 16 h in culture medium supplemented
with 100 uM EU (Thermo Scientific). Thereafter, cells were washed,
pre-extracted, fixed, and permeabilized as outlined above. EU incor-
poration was analyzed in 100 cells per treatment by determining flu-
orescence intensity of the whole nucleus divided by the background
slide intensity.

Quantification of UV lesions

Formation and removal of UV lesions was detected by ELISA as
described (Fei et al, 2011). Briefly, whole-genome DNA was
extracted using the DNeasy kit (Qiagen) and denatured by heating
to 99°C for 10 min, followed by a 15-min incubation on ice. A
volume of 50 pl per well of denatured DNA (at a concentration of
4 pg/ml for 6-4PP detection, 200 ng/ml for CPD detection) was
distributed into a 96-well microtiter plate (Greiner) coated with
protamine sulfate (Sigma) and dried overnight at 37°C. The DNA-
coated plates were washed five times with PBST [0.05% (vol/vol)
Tween 20 in PBS] and blocked with 2% (vol/vol) FBS in PBS at
37°C for 60 min. The antibodies against either 6-4PPs (64M-2) or
CPDs (TDM-2) were applied for 30 min (at 37°C). Primary antibod-
ies bound to DNA were recognized by biotin-labeled F(ab’), frag-
ments of anti-mouse IgG (1:2,000; Invitrogen) added for 30 min at
37°C. After washing the plates, 100 pul of a peroxidase-streptavidin
conjugate (1:10,000; Invitrogen) was distributed into each well. The
reaction was started by adding 0.5 mg/ml o-phenylenediamine,
0.007% (vol/vol) H,0,, and citrate-phosphate buffer (50 mM
Na,HPO,, 24 mM citric acid, pH 5.0), stopped with 50 pl of 2 M
H,S0,, and monitored by measuring the absorbance at 492 nm in a
PLUS384 microplate spectrophotometer (Molecular Devices).

Colony forming assay

HeLa cells treated as indicated were seeded in different dilutions
and left for 7 days at 37°C to allow for colony formation. The grow-
ing colonies were stained with 0.5% (w/v) crystal violet in 80%
ethanol and counted.

Cell cycle analysis

HeLa cells were arrested in G1 by a 24-h treatment with mimosine
(0.5 mM, Sigma). UV-exposed cells were allowed to recover for the
indicated times and labeled with 10 uM EdU for 1 h prior to harvest-
ing. Cell cycle profiles were analyzed using the Life Technologies
Click-iT Edu Alexa Fluor 488 Flow Cytometry Assay Kkit. Briefly,
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cells were fixed in 1% (wt/vol) PFA/PBS (Sigma) for 10 min and
permeabilized in saponin buffer for 10 min; 200,000 cells were incu-
bated with a mouse anti-yH2AX antibody (Millipore, 1:2,000) for
1.5 h and with an Alexa Fluor 647 anti-mouse antibody (Invitrogen
A31571, 1:50) for 30 min. EdU was coupled to Alexa Fluor 488
azide for 30 min. Cells were treated with 0.1 mg/ml RNase and
DNA was stained with 1 pg/ml DAPI, followed by analysis in a
CyAn ADP flow cytometer (Beckman Coulter). Results were
analyzed with Flow Jo 10 data analysis software (FLOWJO, LLC).

Statistics

GraphPad Prism 6 was used to perform unpaired, two-tailed t-tests
as outlined in the figure legends. One-sample t-test with a hypotheti-
cal value of 1.0 was applied for independent immunoblot assays.
P-values expressed as *P < 0.05, **P < 0.01 and ***P < 0.001 were
considered to indicate statistical significance.

Expanded View for this article is available online.
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