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ABSTRACT

TheWD40-repeat protein DDB2isessential forefficient recognition and subsequentremoval
of ultraviolet (UV]-induced DNA lesions by nucleotide excision repair ([NER]. However, how
DDB2 promotes NER in chromatin is poorly understood. Here, we identify poly(ADP-ribose]
polymerase 1 [PARP1] as a novel DDB2-associated factor. We demonstrate that DDB2
facilitated poly[ADP-ribosyl]ation of UV-damaged chromatin through the activity of PARP1
resulting in the recruitment of the chromatin remodeling enzyme ALC1. Depletion of ALC1
rendered cells sensitive to UV and impaired repair of UV-induced DNA lesions. Additionally,
DDBR itself was targeted by poly(ADP-ribosyl]ation, resulting in increased protein stability
and a prolonged chromatin retention time. Our in vitro and in vivo data support a model
in which poly(ADP-ribosyl]ation of DDB2 suppresses DDB2 ubiquitylation and outline a
moalecular mechanism for PARP1-mediated regulation of NER through DDB2 stahilization
and recruitment of the chromatin remodeler ALC1.
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INTRODUCTION

Nucleotide excision repair (NER] is a multistep process that mediates the removal of
structurally and chemically diverse DNA lesions including ultraviolet (UV] light-induced
cyclobutane pyrimidine dimers [CPD) and 6-4 pyrimidine pyrimidone photoproducts
(6-4PP). The importance of NER in protecting organisms against solar UV-induced DNA
damage is underscored by the hereditary disease xeroderma pigmentosum [XP], which is
clinically characterized by hypersensitivity to sunlight and predisposition to skin cancer
(Cleaver et al., 2009]. XP has been linked to defects in seven proteins [XP-A through XP-G)
which, with the exception of XPC and XPE (hereafter named DDB2]), function in the core
NER reaction. The proteins encoded by the XPC and XPE genes are involved in the global
genome NER sub-pathway (GG-NER], but are dispensahle for transcription-coupled NER
[TC-NER] (Cleaver et al., 2009].

Reconstitution of the NER reaction with purified proteins has defined the minimal set
of proteins required for GG-NER in vitro (Aboussekhra et al., 1995]. The initial step of DNA
damage recognition depends on the XPC-Rad23 complex and subsequently results in
local DNA unwinding and damage verification by the basal transcription factor TFIIH, the
single-stranded DNA-hinding complex RPA and XPA. Dual incision of the damaged DNA
strand is carried out by the 5’and 3" structure-specific endonucleases XPF-ERCC1 and
XPG, respectively, followed by gap filling and DNA ligation (Aboussekhra et al., 1995).

DNA damage recognition by XPC involves the detection of unpaired bases (Min and
Pavletich, 2007;Clement et al, 2010], which renders lesion recognition of minar helix-
distorting lesions such as CPD very inefficient (Sugasawa et al.,, 2001]. In addition to XPC,
efficient repair of CPDs therefore requires the heterodimeric UV-DDB protein complex
consisting of the DDB1 and DDB2 subunits (Fitch et al, 2003;Moser et al., 2005]. The
crystal structure of UV-DDB bound to a 6-4PP-containing DNA duplex revealed the direct
and exclusive binding of DDB2 to the photodimer (Scrima et al., 2008]. XP-E cells lacking
functional DDB2 are deficient in repair of CPD but competent in repair of 6-4PP albeit at
reduced rates (Hwang et al., 1999;Maser et al.,, 2005). This partial requirement for UV-DDB
in GG-NER is reflected in the relative mild sensitivity of XP-E cells to UV-induced cell death
(Tang and Chu, 2002]. Although UV-DDB deficiency impairs repair of photolesions in vivg, it
is dispensable for NER in vitro (Aboussekhra et al., 1995;Mu et al., 1995;Rapic, V et al., 1998]
suggesting that UV-DDB is important for the repair of DNA lesions in a chromatin context.

The UV-DDB complex interacts with several factors known to modulate chromatin
structure such as histone acetyltransferase p300, the STAGA complex (Datta et al,
2001;Rapic-0trin et al., 2002;Martinez et al., 2001] and the Cullin-RING ubiguitin
ligase [CRL4) complex CUL4A-RBX1 (Shiyanov et al, 1999;Groisman et al., 2003]. The
CRL4-DDB2 complex ubiquitylates DDB2 and XPC in response to UV irradiation, which
facilitates efficient recognition of photolesions by XPC (Sugasawa et al., 2005]. Moreover,
the CRL4 complex also ubiquitylates histones H2A, H3 and H4 [Kapetanaki et al., 2006] of
which H3 and H4 ubiquitylation affects nucleosome stahility (Wang et al., 2006].

Despite these studies, the molecular mechanisms through which UV-DDB facilitates
recognition of DNA damage in chromatin remain poorly understood. Here we purified DDB2
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and associated factors from human cells and identified poly(ADP-ribose] polymerase 1
(PARP1] as anovel component of the UV-DDB complex. We provide evidence for a central role
of DDB2-associated PARP1 in mediating poly(ADP-ribose] [PAR] synthesis and recruitment
of the SWI/SNF chromatin remodeler ALC1 to UV-damaged DNA. Moreover, we show that
poly(ADP-ribos]ylation of DDB2 itself regulates the stability as well as the chromatin
retention time of DDB2. Interfering with either PARP1 or ALC1 function impairs CPD repair
and renders cells highly sensitive to UV irradiation. Together, these findings outline a novel
moalecular mechanism for the DDB2-mediated and PARP1-executed regulation of NER.

RESULTS

PARP1 is a component of the UV-DDB complex

Toidentify novel factorsinvolved in the DNA damage recognition step of GG-NER we isolated
DDB2-associated protein complexes by chromatin immunoprecipitation (figure 1A-B] and
analysed purified proteins by mass spectrometry (MS]. MRCS cells expressing FLAG-tagged
DDB2 were either mock-treated or irradiated with UV-C light (20 J/m?] and incubated for
five minutes prior to chromatin isolation and immunaoprecipitation using FLAG antibaody.
MS analysis identified several proteins known to interact with DDB2, including DDB1,
CUL4A, CUL4B, and components of the COP9 signalosome (supplementary table 1)
showing that native DDB2 is indeed isolated from cells using this approach. Interestingly,
multiple DDB2 peptides were identified by MS with protein weights exceeding 50 kDa in
UV-irradiated cells but not in mock treated cells (figure 1A), suggesting the presence of
UV-specific posttranslational madifications of DDB2. In addition to these known factors,
we also identified paly (ADP-ribose] polymerase 1 [PARP1] as a novel DDB2-assaciated
factor. We confirmed the interaction between endogenous DDB2 and endogenous PARP1
by reciprocal immunoprecipitation experiments (figure 1C] using chromatin prepared
from UV-irradiated or mock-treated normal human fibroblasts (NHF). These results show
that UV irradiation stimulates the interaction between the UV-DDB complex and PARP1 on
chromatin. Moreover, aninteraction between recombinant UV-DDB and recombinant PARP1
could indeed be detected in vitro supporting a direct interaction between these factars
(supplementary figure 1A-B). To test which subunit of the UV-DDB complex interacts with
PARP1, we purified GFP-DDB1 or GFP-DDB2 under denaturing conditions from cells. The
results revealed that both DDB1 and DDB2 interact with PARP1 (figure 1D]. Consistent with
this notion, we found that GFP-DDB2%%7, which is unable to form a complex with DDB1
(Luijsterburg et al., 2012], also hinds PARPL, indicating that DDB2-PARP1 interaction
does not require DDB1. To corroborate these findings, we isolated GFP-DDB1 or GFP-DDB2
from polyacrylamide gels and found both extracted proteins to interact with PARP1 in vitro
(supplementary figure 1C). Finally, far-western blotting also revealed that both DDB1 and
DDBR avidly bind to PARP1 (supplementary figure 1B]. Together, our findings reveal a novel
and direct interaction between the UV-DDB complex and PARP1, which prompted us to
assess the involvement of PARP1 in madifying DDB2 and regulating NER.
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Figurel. [A) SDS-PAGE electrophoresis and Coomassie staining of FLAG-DDB2 immunoprecipitates
obtained from FLAG-DDB2 expressing MRC5 cells mock treated or irradiated with 20 J/m? UV-C.
Negative contral [NC] indicates the elute obtained from agarose beads incubated with MRCS
FLAG-DDB2 chromatin. The arrows in the zoom-in window indicate the position of the gel where
DDB2 and the respective unique-peptides detected by MS [A unique peptide is defined as a peptide,
irrespective of its length, that exists only in one protein of a proteome of interest]. (B] Western blot
of FLAG-DDB2 immunoprecipitates. Cells were mock treated or irradiated with 20 J/m? UV-C and
immunoblotted with DDB1 and DDB2 specific antibodies. Negative contral (NC] indicates the elute
obtained from agarose beads incubated with chromatin from MRCS FLAG-DDB2 cells. [C] Western
blot of DDB2 and PARP1 immunoprecipitates from NHF cells mock treated or irradiated with 20 J/m?
UV-C followed by 5 minutes incubation and immunoblotted against DDB1, DDB2 or PARP1. (D) GFP-
DDB2-PARP-1 hinding assay. U20S cells transfected with the indicated GFP constructs were lysed in
denaturing buffer and subjected to immunoprecipitation with GFP-TRAP beads and then incubated
with 100 ng purified recombinant PARP-1. The beads were then processed for immunablotting.
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Poly(ADP-ribose] chains are synthesized at UV-induced DNA lesions

We first assessed whether poly(ADP-ribose] (PAR] chains are synthesized in chromatin
cantaining UV-induced DNA lesions. To this end, we locally irradiated GO/G1 synchronized
telomerase-immortalized human fibroblasts with UV-C light (254 nm] through a
polycarbonate mask (Maone et al,, 2001]. Staining with specific antibodies revealed the
presence of PAR chains at sites of DNA damage marked by the recruitment of the p89
subunit of TFIIH or replication factor PCNA known to be involved in NER [figure 2A-B).
Moreover, PAR staining in Ki67-negative cells confirmed that PAR synthesis occurred at
DNA lesions in non-proliferating cells underlining the replication-independent nature of
these events [figure 2C]. Finally, chemical inhibition of PARP1 impaired the formation of
PAR chains at damaged sites (figure 20] indicating that the activity of PARP1 is responsible
for PAR synthesis at sites of local UV damage.

PARG and DNA synthesis inhihition modulate UV-dependent PARylation

We noted during our experiments that the synthesis of PAR chains at DNA lesions was
only detectable in a subset of cells [figure 2A-B]. To gain insight into this phenomenon,
we locally UV irradiated human fibroblasts with different doses (30 or 100 J/m?] and
subsequently monitored the formation of PAR chains 30 minutes after irradiation (figure
2E). The percentage of cells with PAR chains at sites of local damage significantly increased
between 30 J/m?2 and 100 J/m?, but did not exceed 50% of the cells (figure 2E-F). It is
known that the transient and highly dynamic nature of PAR chains is due to the rapid
reversal of this modification by the activity of the poly (ADP-ribose] glycohydrolase [PARG)
(Slade et al., 2011]. To increase the steady-state level of UV-induced PAR chains, we
lowered the levels of PARG by siRNAs. Indeed, depletion of PARG resulted in a significantly
elevated percentage of cells that displayed PAR chains at DNA lesions, which was roughly
80% at 30 J/m? and 75% at 100 J/m? (figure 2E-F). These findings show that UV-induced
PAR chains are formed in the majority of cells, but are rapidly reversed by the activity of
PARG. We then hypothesized that single-stranded DNA gaps transiently generated during
NER, might elicit the synthesis of PAR chains. In suppaort of this we found that inhibition of
DNA synthesis and ligation by hydroxyurea (HU] and cytosine-B-arabinofuranaoside [AraC],
known to result in the formation of persistent single-stranded DNA gaps (Overmeer et al.,
2011), resulted in robust PAR synthesis in all UV-irradiated cells (figure 2E-F].

DDB2 mediates PARylation during the pre-incision stage of NER

To evaluate whether UV-induced PAR synthesis was exclusively dependent on the presence
of a single-stranded DNA repair intermediate, we examined PARylation in XP-A cells that
are unable to perform incision and hence do not accumulate ssDNA (Friedberg, 2001)
(figure 3C). Indeed, PAR synthesis could not be detected in XP-A cells even fallowing
treatment with HU and AraC (figure 3A-B], consistent with arale of dual incisionin triggering
these events. Strikingly, however, the formation of PAR chains was still detected in XP-A
cells upon the depletion of PARG [figure 3A-B], suggesting that PAR chain formation is not
solely dependent an the formation of ssDNA. Given our finding that UV-DDB interacts with
PARP1, we addressed whether DDB2 contributes to PAR synthesis at sites of DNA damage.
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Figure2. [A-B-C-D] NHF cells were locally UV irradiated (100 J/m2], fixed after the indicated time
and stained with an antibody-recognizing PAR, TFIIH, PCNA or Ki67. PAR colocalizes with the damage
markers TFIIH and PCNA [A-B] including non-cycling cells (Ki67 negative staining) (C). Treatment
with a specific PARPi [(10pM) resulted in a complete loss of PAR signal [D]. Arrows indicate local
damage sites. Scale bar represent 20pm. (E] NHF cells were transfected with indicated siRNA or
treated with HU/AraC. 48 hours after transfection the cells were locally UV exposed (30 or 100 J/
m?), fixed after the indicated time and stained with an antibody recognizing PAR or TFIIH. Scale har
represent 20pum. (F) The percentage of colocalization of PAR with TFIIH in NHF cells is plotted for
the different siRNA transfections and HU/AraC treatment. The results are from three independent
experiments in which about 100 cells per condition were analysed; Error bars indicate standard
deviation. The data shown are from a single representative experiment out of three repeats.
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Figure3. [A) XP-A cells expressing sh-Control or shDDB2 were transfected with indicated siRNA or
treated with HU/AraC. 48 hours after transfection the cells were locally exposed to 30 J/m?, fixed
after the indicated time and stained with an antibody recognizing PAR or TFIIH. Scale bar represent
20um. (B] The percentage of colocalization of PAR with TFIIH in XP-A cells expressing sh-Control
or shDDBR2 is plotted for the different siRNA transfections and HU/AraC treatment. The results are
from three independent experiments in which about 100 cells per condition were analysed; Error
bars indicate standard deviation. (C] Scheme of the early stage of Nucleotide Excision Repair [D]
XP-E cells were transfected with indicated siRNA or treated with HU/AraC. The cells were locally UV
exposed with 100 J/m2, fixed after the indicated time and stained with an antibody-recognizing
PAR or TFIIH. Scale bar represent 20pum. (E] The percentage of colocalization of PAR with TFIIH in
XP-E cells is plotted for the different siRNA transfections and HU/AraC treatment. Error bars indicate
standard deviation. The data shown are from a single representative experiment out of three repeats.
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At later time-points after UV irradiation (30 minutes after 100 J/m?), when stretches of
ssDNA have been generated, we detected an substantial difference in PAR synthesis
between normal human cells and DDB2-deficient XP-E cells as only 10% of the XP-E cells
displayed clear PARylation at damaged sites when compared to normal cells (figures 3D-E).
However, similar to repair-proficient cells we found inhihition of PAR turnover by PARG
depletion to increase the percentage of PAR-positive cells to about 40%, while inhibition of
DNA synthesis resulted in PAR synthesis at all locally damaged sites (figure 3D-E]. These
findings are consistent with the notion that XP-E cells are impaired in dual incision due
to deficient repair of CPD and underscore the role of ssDNA formation in UV-induced PAR
synthesis. During the time period of 30 minutes after UV-irradiation, a substantial part of
repair represents removal of 6-4PP being repaired much mare rapidly than CPD. XPE cells
display efficient repair of 6-4PP under the conditions described in figure 3 (Moser et al.,
2005;Nishi et al., 2009] and all these repair events [in the presence of HU/AraC] provoke
PAR synthesis although the absolute number of events is lower than in NHF.

We then took advantage of the finding that DDB2 is very rapidly recruited to UV-induced
DNA lesions (Luijsterburg et al., 2007] compared to the assembly rates of the pre-incision
factors and especially those of the post-incision factors (Luijsterburg et al., 2010]). We
therefore examined PAR synthesis very shortly after UV exposure when DDB2 readily
accumulates, but PCNA recruitment cannot yet be detected (Luijsterburg et al., 2010). At five
minutes after UV irradiation (30 or 100 J/m?), we could not detect PAR synthesis in normal
human, XP-A or XP-E fibroblasts, not even when DNA synthesis was inhibited by HU/AraC
treatment (figure 4). Strikingly, whereas the stabilization of PAR chains by PARG depletion
(supplementary figure 3E] resulted in clearly detectable PARylation at UV-damaged regions
in wild-type and XP-A fibroblasts (figure 4A-C-D-E), PAR synthesis at these early time-points
was completely abolished in XP-E cells even at 100 J/m? (figure 4B-D]. Taken together, our
results suggest that two tempaorally distinct waves of PARylation take place at sites of UV-
induced DNA damage. The early [pre-incision] wave of PAR synthesis is fully dependent
on functional DDB2 whereas the late (post-incision]) wave of PAR formation requires the
generation of single-stranded DNA gaps resulting from dual incision. In concordance, we
found that PAR synthesis was completely abaolished in DDB2 depleted XP-A cells even when
PARG was depleted [figures 3A-B and 4C-E, supplementary figure 3C].

PARylation regulates DDB2 release from UV-induced DNA lesions

To gain insight into the role of PARylation in NER complex farmation, we investigated the
assembly kinetics of GFP-tagged DDB2 at UV-C laser-induced DNA lesions. The kinetics of
GFP-DDB2 accumulation were not affected by PARPi or depletion of PARG [supplementary
figure 2A-B] indicating that the recruitment of DDB2 is not regulated by PAR chains.
We subsequently applied fluorescence loss in photohleaching (FLIP] to measure the
dissociation rate of DDB2 from UV-damaged DNA. Although the dissociation of DDB2 (t,,
_19 seconds] was not affected by PARPi, we measured a prolonged chromatin retention
time (t,, = 27 seconds] upon knock-down of PARG [figure 5A] suggesting that PAR
synthesis positively affects the retention of DDB2 on UV-damaged chromatin. Likewise, the
immoabilization of GFP-DDB2 following global UV irradiation, as measured by fluorescence
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fixed after the indicated time and stained with an antibody-recognizing PAR or TFIIH. Scale bar
represent 20pum. [D] The percentage of colocalization of PAR with TFIIH in NHF and XPE cells is
plotted for the different siRNA transfections and HU/AraC treatment. The results are from three
independent experiments in which about 100 cells per condition were analysed; Error bars indicate
standard deviation. (E] The percentage of colocalization of PAR with TFIIH in XP-A cells expressing
sh-Control or shDDB2 is plotted for the different siRNA transfections and HU/AraC treatment.
The results are from three independent experiments in which about 100 cells per condition were
analysed; Error bars indicate standard deviation. The data shown are from a single representative
experiment out of three repeats.
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recovery after photo-hleaching (FRAP], was significantly reduced following treatment with
PARP inhibitors (figure 5B], suggesting that PAR synthesis pasitively affects the retention
of DDB2 on UV-damaged chromatin. Consistent with these findings, western blot analysis
revealed that the UV-induced degradation of DDB2 was significantly retarded by PARG
depletion (figure 5C) when cells were exposed to a UV dose (100J/m?) comparable with
the UV-laser treatment [figure 5A). Inhibition of PARP activity resulted in accelerated
degradation of DDB2 following UV irradiation most clearly seen at 30 J/m?. This result
indicates that PARylation of DDB2 affects its UV-induced degradation presumably by
affecting ubiquitylation. To address how PARylation modulates the chromatin binding and
stability of DDB2, we biochemically examined whether UV-DDB is modified by PARP1. In
vitro PARylation experiments using purified components revealed that both DDB2 and
DDB1 are directly modified by PARP1 (figure 6A, and supplementary figure 2C]. Conversely,
human DDBR2 lacking its first 40 N-terminal amino acids including 7 lysines ,(Fischer et al.,
2011] failed to undergo PARylation (figure 6A]. This finding was further substantiated by
the lack of in vitro PARylation of the zebrafish orthologue of DDB2 (drDDB2] lacking the
first 93 N-terminal residues (Scrima et al., 2008] showing that the N-terminus of DDB2
is targeted for PARylation. Both CuldA or Rbx1 were not modified by PARP1 (figure BA)
suggesting that DDB1 and DDB?2 are specific targets of PARP1. To assess PARylation of
DDB2 in vivo, we expressed double-tagged DDB2 in human cells followed by its isolation
using two consecutive purifications under denaturing conditions in order to disrupt
protein-protein interactions while preserving post-translational modifications [Figure 6B].
Using this purification approach we detected robust PARylation of DDB2 in response to UV
irradiation, while PARylation was virtually absent in mock-treated cells showing that DDB2
is modified in a DNA damage-specific manner. Strikingly, inhibition of PARP activity, which
resulted in suppressed DDB2 PARylation, was accompanied by increased level and altered
spectrum of ubiquitylation of DDB2 (figure 6B]. However, it is obvious that lysine residues
on the N-terminus of DBB2 are the major target of ubiquitylation (Fischer et al., 2011) and
these might have more impact on DDB2 degradation than modification of lysine residues
toward the C-terminus when PARP activity is inhibited. These findings identify DDB2 as a
novel target for PARP1-mediated PARylation and suggest that poly[ADP-ribosyl]ation of
DDBeR directly suppresses DDB2 auto-ubiquitylation providing a maolecular explanation for
the PAR-dependent stabilization of DDB2 in response to UV irradiation.

DDB2-dependent and -independent recruitment of the chromatin remodeling enzyme
ALC1 to UV-induced photolesions

Recent studies uncavered that PAR chains mediate the recruitment of PAR-hinding proteins
tosingle-stranded and double-stranded DNA breaks (Timinszky et al., 2009;Gottschalk et al.,
2009;Ahel et al., 2009]. In particular, the macrodomain-containing chromatin remodeling
enzyme ALC1 promotes PAR-dependent nucleasome remadeling in vitro and is recruited
to sites of DNA breaks, which prompted us to test whether ALC1 is involved in the repair
of UV-induced DNA lesions. Staining with a specific antibody revealed that endogenous
ALC1 was readily recruited to UV-induced DNA lesions shortly after UV exposure [figure 7A].
Live cell imaging of GFP-tagged ALC1-expressing cells confirmed the rapid, but transient
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Figure 5. (A] NHF cells stably expressing GFP-DDB2 were transfected with the indicated siRNA or
treated with PARPi (10pM]. 48 hours after transfection cells were UV irradiated using a UV-C (266
nm] laser. To determine the dissociation kinetics of DDB2 from UV-damaged DNA, the undamaged
nucleus was continuously hleached and the fluorescence decrease in the local damage was
monitored. Relative fluorescence was normalized at 100% (before bleach at maximum level of
accumulation). The half-time (t, ] of a FLIP curve corresponds to the residence time of a protein
molecule in the locally damaged area. Error barsindicate SEM. [B] VH10-tert cells stably expressing
GFP-DDB2 were incubated in CO2-independent microscopy medium supplemented with 1%. DMSO
[mock treatment) or 10 pM PARP inhibitor dissolved in BMSO three hours prior to FRAP analysis.
Cells were mock-treated or globally UV-C irradiated (10 J.m-2] and transferred to the microscope
chamber in microscopy medium. Cells were incubated on the microscope chamber at 37° for 10
minutes to allow repair proteins to accumulate at UV-induced DNA lesions after which the mobility
of GFP-tagged NER factors was analyzed by strip-FRAP. The data were normalized to pre-bleach
intensity (set to 1) and bleach depth (set to 0]. Three independent experiments were performed
for each condition. [C) Western hlot of normal fibroblasts transfected with the indicated siRNA or
treated with PARPi (10pM]. Whole cell extracts of non-irradiated and UV-irradiated cells (30-100
J/m?] after the indicated time were probed with antibodies against DDB2, PAR or H2B.
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Figure 6. [A) The N-terminus of DDBR2 is targeted for PARylation. In vitro PARylation experiments
using purified components reveal that hoth DDB2 and DDB1 are directly modified by PARP1. Human
DDB2 lacking its first 40 N-terminal amino acids including 7 lysines (8UVDDB], failed to undergo
PARylation. The zebrafish orthologue of DDB2 (drDDB] lacking the first 93 N-terminal residues is
also not PARylated in vitro. (B) BHis Strepll-tag DDB2 isolation using tandem purifications under
denaturing conditions. NHF cells stably expressing 6His Strepll-tag DDB2 were irradiated with
UV-C light (100 J/m2] in presence or in absence of PARPi (10pM] or mock-irradiated and incubated
for 30 minutes. The final Strep-Tactin column purifications were separated on SOS-PAGE gels, and
proteins were visualized with antibodies against DDB2, PAR ar Ubiquitin.

recruitment of ALC1 to sites of UV-C laser-induced DNA damage (figure 7B]. GFP-ALC1
was rapidly recruited to UV-induced DNA lesions in wild-type (supplementary figure 3B)
and XP-A cells (figure 7B] shortly after exposure to the UV-C laser and could be completely
suppressed by addition of the PARPi [supplementary figure 3A]. Strikingly, knockdown of
DDBR2 significantly reduced the recruitment of GFP-ALC1 in XPA-deficient cells (figure 7B)
as well as in repair-proficient cells at early time-points after UV irradiation (supplementary
figure 3B]), suggesting an important role for DDB2 in the recruitment of chromatin
remodeler ALC1 through PARP1-mediated PAR synthesis. Consistent with our findings
that two mechanistically distinct PARylation waves exist in response to UV irradiation, we
found that single-stranded DNA gaps also triggered robust GFP-ALC1 recruitment at later
time-points after UV irradiation in normal human as well as in XP-E cells (supplementary
figure 4) whereas recruitment of ALC1 was absent in dual incision-defective XP-A cells not
even in the presence of HU/AraC (supplementary figure 4]. In contrast the stahilization
of PAR chains by PARG depletion (supplementary figure 4] resulted in clearly detectable
GFP-ALC1 recruitment at UV-damaged regions in XP-A fibroblasts. In summary, our results
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Figure 7. [A) NHF cells were locally UV irradiated (100 J/m?], fixed after the indicated time and
stained with an antibody recognizing ALC1 or TFIIH. ALC1 colocalizes with the damage marker
TFIIH. Scale bars represent 20pum. [B] XP-A cells stably expressing GFP-ALC1 were infected with
the indicated short hairpin RNA. The cells were UV damaged using UV-C [266 nm] laser irradiation.
GFP fluorescence intensities at the site of UV damage were measured by real time imaging until
they reached a maximum. Assembly kinetic curves were derived from at least six cells for each
protein. Error bars indicate SEM. Scale bar represent 20pm. (C) Clonal survival of UV-irradiated
NHF cells expressing shCantral or shALC1 and XPA cells. The percentage of surviving cells is plotted
against the applied UV-C dose (J/m?2]). The results are from three independent experiments; Error
bars indicate standard deviation. Scale bar represent 20pm. [B] NHF cells expressing shControl or
shALC1 RNAi or treated with PARPi [10uM] were irradiated with 10 J/m? UV-C, fixed immediately, at
8 or 24 hours after UV treatment and stained with anti-CPD antibody. [asterisk indicates p<0.05,
ANOVA] (E]) NHF cells expressing shControl or shALC1 or treated with PARPi (10pM] were irradiated
with 10 J/m2 UV-C, fixed immediately, at 1 or 2 hours after UV treatment and stained with an anti-
6-4PP antibody. The total fluorescence intensity of the nucleus was quantified and divided by the
surface area, resulting in a specific fluorescence intensity expressed in arbitrary units. Values are

the result of three independent experiments (100 cells per time point].
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reveal that the chromatin remodeling enzyme ALCL1 is recruited to PAR chains synthesized
during repair by NER through distinct maolecular mechanisms.

PARP1 inhibition and ALC1 depletion impair CPD repair and render cells sensitive to UV
irradiation

Having established that ALC1 isrecruited to sites of local damage, we subsequently addressed
the biological impact of this finding. To this end, we generated a cell line stably expressing
a shRNA targeting endogenous ALC1. Knock-down of ALC1 rendered cells sensitive to UV
irradiation compared to contral cells (figure 7CJ, indicating that ALC1 protects cells against
UV-induced cytotoxicity. Likewise, chemical inhibition of PARP also rendered cells UV
sensitive (supplementary figure 3D], underscoring an important role for PAR synthesis in
NER. Finally, we directly measured the repair of UV-induced DNA lesions following a UV dose
of 10 J/m? by immunaostaining using antibodies against 6-4 PPs or CPDs. While the repair
of 6-4 PP was not significantly affected, we measured a significant reduction in CPD repair
upon ALC1 depletion or chemical inhibition of PARP1 (figure 7D-E]. Corrobaorating these
findings, an ELISA-based assay confirmed that knock-down of ALC1 conferred a significant
reduction in CPD repair (supplementary figure 5]. These findings reveal an unanticipated role
of PAR synthesis and ALC1 in efficient repair of CPDs hy human NER.

DISCUSSION

Despite detailed insights into the NER reaction and the core proteins involved (Gillet and
Scharer, 2006;Sugasawa, 2010]), the regulatory pathways that govern NER activity in
living cells are still poorly understood. Among others, these pathways involve the post-
translational modifications of NER proteins and the activity of chromatin remodelling
enzymes to optimize repair of DNA damage embedded in chromatin. DDB2 is the first
NER factor to be recruited to UV-induced DNA lesions (Luijsterburg et al., 2007] and it
regulates NER by direct DNA lesion recognition [Scrima et al., 2008) and modulation of
chromatin structure (Palomera-Sanchez and Zurita, 2011). We identified PARP1 as a novel
DDB2-associated factor in UV-irradiated cells The fact that the interaction between these
factors occurred in non-diving UV-irradiated human fibroblasts excludes the possibility
that involvement of PARP1 in NER is merely related to the stalling of replication forks
(Bryant et al., 2009]. Although we found PARP1 as a novel DDB2-associated factar, in vitro
assays with purified proteins revealed that PARP hinds to both DDB1 and DDB2 but with
higher presence for DDB2.

We found robust synthesis of PAR chains in nuclear regions containing UV-induced
DNA lesions that was completely suppressed by chemical PARP inhibition. These findings
directly link PARP1 to the repair of photolesions and fit with previous observations that UV
irradiation triggers both stimulation of paly[ADP-ribose] synthesis (Cleaver et al., 1983]
and assaociation of PARP1 with UV-photolesions in chromatin [Vodenicharov et al., 2005].
Although these findings clearly implicate PARP1 activity in response to UV irradiation, we
and others [Bryant et al., 2009;Schultz et al.,, 2003] failed to detect the recruitment of
endogenous PARP1 to UV-induced DNA lesions or UV-induced stalled replication forks,
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which is possibly due to transient nature of its interaction or the abundance of PARP1 in
the nucleus [Krishnakumar and Kraus, 2010].

Our study identified two distinct molecular mechanisms that orchestrate the synthesis
of PAR chains at UV-induced DNA damage. Firstly, we show that persistent single-stranded
DNA gaps generated by inhibition of repair synthesis, elicit DDB2-independent PARylation
at NER sites. However, a possible role of PARylation in regulation of post-incision repair
has not yet dissected although recruitment of post-incision factor XRCC1, disassembly
kinetics of NER complexes (Moser et al., 2007] or sealing of UV-induced single-stranded
DNA gaps was not impaired by PARP inhibition (Cleaver et al., 1983]. Secondly and more
importantly, we show that DDB2 regulates fast and transient PARylation at sites of UV-
induced DNA damage during the pre-incision stage of NER. One target of PARylation is
DDBR itself as shown by PARylated DDB2 purified from UV-irradiated cells. It is likely that
this modification underlies among others the UV-specific occurrence of DDB2 peptides
of larger than 50 KDa malecular weight in immunoprecipitates of chromatin bound
DDB2. The initial DDB2-mediated wave of PAR synthesis does not require incision and is
regulated by the activity of PARG. Indeed, there is increasing evidence that DNA breaks
are not an absolute requirement for PARP1 activation [Krishnakumar and Kraus, 2010].
Several alternative mechanisms to activate PARP1 in the absence of DNA breaks have
been proposed, including interaction with other proteins (Cohen-Armon et al,, 2007),
or post-translational modifications such as phosphorylation, acetylation (Hassa et al.,
2003;Rajamohan et al., 2009), SUMOylation and uhiquitylation [Martin et al., 2009;Messner
etal., 2009]. In this light, it is feasible that the DDB2-associated E3 ubiquitin ligase activity
(Shiyanov et al.,, 1999;Groisman et al., 2003] might activate PARP1. At the same time, it
is possible that PARP1 activation is modulated by DDB2-mediated acetylation through
its interaction with histone acetyltransferases p300 and the STAGA complex [Datta et al.,
2001;Rapic-0trin et al., 2002;Martinez et al., 2001).

Molecular mechanisms for DDB2-mediated and PARP1-executed regulation of NER

Our data provide mechanistic insights into how DDB2 promotes NER in chromatin through
two navel mechanisms. On one hand, DDB2 is directly targeted by paly[ADP-ribosyl]
ation and ubiquitylation (Fischer et al., 2011] in response to UV irradiation. As PARylation
(Messner et al, 2010] and uhiquitylation are targeted to lysine and both modifications
appear to occur in the same N-terminal region of DDB2, competition between PARylation
and ubiquitylation of target lysine residues might constitute an important mechanism of
DDB2 mediated regulation of NER. The in vivo data supports a competition model in which
the poly(ADP-ribosyl)ation of DDB2 results in increased protein stahility and a prolonged
chromatin retention time on the UV lesion. At the same time paly[ADP-ribosyl]ation of DDB2
suppresses its UV-induced ubiquitylation and consequently leads to reduced degradation
of DDB2. Together our data disclose a mechanism by which two opposing modifications
regulate the steady-state levels and retention time of DDB2 at sites of UV-photolesions.

On the other hand, DDB2-dependent PARylation events also stimulate the pre-incision
step of NER. We show that DDB2-dependent PARylation through PARP1 at UV-induced DNA
lesions targets chromatin remodeler ALC1 to these sites. ALC1 belongs to the Swi2/Snf2
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ATPase superfamily and through its macrodomain, interacts transiently with chromatin
that is modified by PARP1. We propose that these protein modifications serve to locally
modulate chromatin structure through PARP1-stimulated nucleosome sliding to promote
NER [Gottschalk et al., 2009;Ahel et al., 2009]. Consistent with this scenario, we show
that loss of ALC1 or chemical inhihition of PARP1 resulted in defects in the repair of CPDs
concomitantly with increased sensitivity to UV exposure, underscoring the importance of
the DDB2-PARP1-ALC1 pathway in promoting NER. We noted that the defects in CPD repair
due to loss of ALC1 or PARP1 activity are less pronounced than repair defects caused by
loss of DDB2 (Pines et al., 2009), suggesting that the essential role of DDB2 in CPD repair
is not solely due to its recruitment of PARP1-mediated activities, but also involves other
functions of DDB2 such as its ubiquitin ligase activity. Interestingly, XPC contains a putative
PAR binding sequence [Gagne et al., 2008), suggesting that UV-DDB dependent PAR may
promote the accessibility of UV lesions through remaodeling of the chromatin structure as
well as praviding an enhancer signal for the recruitment of preincision NER proteins.

A model of DDB2 and PARP1 dependent regulation of NER

The high affinity of DDB2 for DNA and its preference for UV-damaged DNA makes UV-DDB
the most important DNA damage recognition factor for 6-4PP and CPD [Wittschieben et
al., 2005). UV-DDB is the first NER factor to be recruited to UV damage (Luijsterburg et al.,
2007;Nishi et al., 2009] as part of the Cullin-RING ubigquitin ligase (CRL4) complex CUL4A-
RBX1 (Figure7). As shown for 6-4 PP (Scrima et al., 2008], the CUL4A-RBX1 complex binds
to photolesions by the WD40 domain of DDB2 and in concert with PARP1 tightly regulates
steady-state levels and retention time of DDB2 by opposing modifications [PARylation
and ubiquitylation] of the same N-terminal region of DDB2. The enhanced extension time
of PARylated DDB2 on UV-damage might be particularly important for CPD photolesions
that induce much less disruption of base pairing interactions than 6-4PP [Kim and Choi,
1995] and fully depend on functional DDB2 for their repair. Purified [nonPARylated)
DDB2 recognizes CPD and 6-4PP with a 5 and 80 fold higher affinity respectively than
nondamaged DNA (Wittschieben et al., 2005); this affinity of DDB2 for CPD might too
low faor productive repair i.e. recruitment of XPC. We speculate that extended hinding of
PARylated DDB2 to CPD will provoke the induction of chromatin modifications at the site of
DNA damage to allow productive interaction and uhiquitylation of XPC and UV-DDB required
for NER (Sugasawa et al,, 2005]. Underscoring the impartance of PAR synthesis in the
assembly of the pre-incision NER complex, we found that PARP inhibition leads to reduced
recruitment of the pre-incision factor XPC as shown in our recent work [Luijsterburg
et al, 2012]) whereas depletion of PARG stimulates binding of XPC (Luijsterburg et al.,
2012]) and TFIIH (data no shown)]. Whether UV-DDB activates PARP1 through its E3
ubiquitin ligase activity or whether PARP1 activation occurs in parallel with or precedes
ubiquitylation is not clear. PARP1 mediated increase of retention time of DDB2 at UV
damage and DDB2 protection by suppressing its ubiquitylation-dependent degradation
argue for PARylation as the initiating event. Moreover, PARP1 might create accessihility
for recruitment of NER factors by its ability to disrupt chromatin structure by PARylation
of histones and destabilizing nucleosomes (Krishnakumar and Kraus, 2010]. Additionally
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PARylation of chromatin effectuates recruitment of NER promoting factors such as the
Swi2/Snf2 chromatin remodeler ALC1 to UV damaged DNA to locally modulate chromatin
structure through nucleosome sliding (Figure 8] thereby stimulating the recruitment of
XPC to assemble a functional repair complex. Our study also identified DDB2-independent
PARylation and recruitment of ALC1 at NER sites that is trigged by transient single-
stranded DNA gaps generated hy the dual incision step of NER (figure 8]; this process of
PARylation is amplified by inhibition of DNA repair synthesis. The role of PARylation and
ALC1 in regulation of post-incision step of NER remains to be resolved.
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Figure 8: Model of DDB2 and PARP 1 dependent regulation of NER. UV-DDB is the first NER factor
to be recruited to UV damage as part of the Cullin-RING ubiquitin ligase (CRL4]) complex CUL4A-
RBX1. This complex binds to UV damage and both DDB1 and DDB2 might be involved in binding
of PARP1. In concert with PARP1, the CUL4A-RBX1 complex tightly regulates steady-state levels
and retention time of DDB2 by opposing modifications (PARylation and ubiquitylation] of the
same N-terminal region of DDB2. Additionally, PARP1-dependent PARylation of chromatin also
effectuates recruitment of the Swi2/Snf2 chromatin remaodeler ALC1 to UV damaged DNA in order
to locally modulate chromatin structure through nucleosome sliding thereby stimulating the
recruitment of XPC. The second distinct waves of PARylation and ALC1 recruitment requires the
generation of single-stranded DNA gaps resulting from dual incision.
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EXPERIMENTAL PROCEDURES

Cell culture and UV-C irradiation

The following cell lines were used for this study: VH10 hTert (normal human fibroblast,
NHF], XP25R0 hTert (XP-A), GM01389 hTert (XP-E], U20S and MRCS fibroblast. Cells were
grown in DMEM supplemented with 10% fetal calf serum, penicillin and streptomycin. Two
days prior to experiments medium was changed to DMEM supplemented with 0.2% serum
fetal calf serum, penicillin and streptomycin. UV-radiation of cells was carried out using
a 254 nm UV-C source. Local irradiation was performed using 5 pm filters as described
previously [Volker et al.,, 2001). UV lamp-induced damage was inflicted using a 254 nm UV
source [TUV PL-S 9W; Philips]. Forinduction of global UV damage, cells were rinsed with PBS
and irradiated with 8 or 16 J/m2. For induction of local UV damage, cells were UV irradiated
through a polycarbonate mask [Millipore] with pores of 8 pm and subsequently irradiated
with 30, or 100 J/m2.The AZ12640831-009 PARPi was used at a final concentration of 10
uM and was a gift from AstraZeneca. Cells were pretreated 30 minutes before irradiation.

Generation of cell lines

ALC1 and DDB2 cDNA were cloned into vector pENTR4-GFP-C1 (E.Campeau; addgene:
w392-1] and were subsequently recombined into pLenti6.3 V5-DEST (Invitrogen] using
gateway recombination. VH10 hTert or XP25R0 hTert fibroblasts were transduced with
pLenti6.3 GFP-ALC1 or pLenti6.3 GFP-DDB2 lentiviral particles and cultured with 5 pg/ml
blasticidin (Invivogen) to select for integrands.

For DDBR isolation a 6 His and strepll-tag were fused to the N-terminus of DDB2. A
synthetic oligo coding for 6His Strepll-tag was inserted into pENTR4 (invitrogen) and DDB2
cDNA was subsequently cloned in. Lentiviral particles were generated after recomhination
of this vector to pLenti6.3 V5-DEST and used for transducing VH10 hTert cells.

NHF and XP-A fibroblasts stably expressing shaort hairpin RNA (shRNA] were generated
by lentiviral transduction of control, ALC1 or DDB2 targeting constructs followed by 1 pg/
ml puromycin selection. The following shRNA vectors were used: TRCNO0OO0013471 [ALC1);
TRCNOOOO0B83995 (DDB2) and SHCOOR [non-targeting contral] from the RNAi Consortium
(Sigma-Aldrich].

RNA interference

Shart interfering RNA [siRNA] duplexes used were as follows: smartpool siRNA targeting
the PARG transcript and smartpool non-targeting siRNA [Dharmacon]. Cells were
transfected using Hiperfect (Qiagen) according to the manufacturer’s protocol. For PARG
knockdown two sequential transfections were performed. Immunostaining and western-
blot experiments were performed 48 hours after the final transfection.

Complex isolation

Isolation of DDB2complex was performed according to published procedures with
some modifications [Groisman et al., 2003]. Briefly, cells were irradiated with UV-C
at 20 J/m? and incubated for 5 minutes. To prepare nuclear extracts, cells were
suspended in hypotonic buffer (10 mM Tris-HCI pH 7.3, 10 mM KCI, 1.5 mM MgClI2, 10
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mM B-mercaptoethanal, and 0.2 mM PMSF] and disrupted by Dounce homogenization.
Nuclei were collected by centrifugation at 2000g for 15 min at 4°C and resuspended in
extraction buffer (15 mM Tris-HCl pH 7.3, 1 mM EDTA, 0.21 M NaCl, 1 mM MgClI2, 10%
glyceral, 10 mM B-mercaptoethanol, and 0.2 mM PMSF]. After incubating on ice for 30
minutes, the samples were centrifuged at 20,000g for 30 min at 4°C, and the supernatant
was used as the nuclear extract fraction. The nuclear pellet fraction was washed and
resuspended in the micrococcal nuclease buffer (20 mM Tris-HCI pH 7.5, 100 mM KCI, 2
mM MgCI2, 1 mM CaCl2, 0.3 M sucrose, 0.1% Triton X-100, and complete protease inhibitar
cocktail (Roche]. Micrococcal nuclease was added at 3 U/ml and the samples incubated
for 10 min at room temperature, whereupon the reaction was terminated by adding SmM
EGTA and 5SmM EDTA. The samples were centrifuged at 2000g for 5 min at 4°C, and the
supernatant was used as the solubilized chromatin fraction. The UV-DDB complex was
immunoprecipitated from solubilized chromatin prepared from MRCS cells expressing
FLAG-DDB? hy incubating with M2 anti-FLAG agarose ovwernight with rotation. After an
extensive wash with wash buffer (0.1 M KCI, 20 mM Tris-HCI pH 8.0, 5 mM MgCI2, 10%
glycerol, 1 mM PMSF, 0.1% Tween 20, 10 mM B-mercaptoethanol], the bound proteins
were eluted from M2 agarose by incubation for 30 min with FLAG peptide (0.2 mg/ml in
PBS]). The elution procedure was repeated three times.

In-gel tryptic digestion

Immunoprecipitates were separated on SDS-PAGE gels, and proteins were visualized with
Coomassie (SimplyBlue, Invitrogen]. Gel lanes were sliced into 25-30 bands, cut into
small pieces and washed with 25 mM NH4HCO3 followed by two rounds of dehydration
with 100% acetonitrile for 10 min. For reduction and alkylation, gel particles were first
incubated with 10 mM dithiothreital for 30 minutes at 56°C. Following dehydration with
acetonitrile, gel plugs were subsequently incubated in 55 mM iodoacetamide for 20
minutes at room temperature. After two rounds of washing with 25 mM NH4HCO03 and
dehydration with 100% acetonitrile, the gel particles were completely dried in a centrifugal
vacuum concentrator (Eppendorf, Hamburg, Germany]. Dried gel particles were re-swallen
for 15 min. on ice by addition of 15 pl of a trypsin solution (12.5 ng/plin 25 mM NH4HCO3,
Sequencing grade modified trypsin, Promega, Madison, WI]. Following this, 20 pl of 25
mM NH4HCO3 was added and samples were kept on ice for an additional 30 min. Tryptic
digestion was subsequently performed overnight at 37 °C. Fallowing tryptic digestion, the
overlaying digestion-solution was collected. Two additional rounds of extraction with 20
pl 0.1% TFA were used to extract peptides from the gel plugs and all extracts were pooled.

Nano LC ESI MS/MS

Nanoflow LC was performed on an Ultimate LC system [Dionex, Sunnyvale, CA]. A valume
of 10 pL of sample was injected onto a C18 PepMapTM 0.3 mmx5 mm trapping column
(Dionex) and washed with 100% A (2% acetonitrile in 0.1% formic acid in MQ water, v/v] at
20 pL/min for 15 min. Following valve switching, peptides were separated on a C18 PepMap
75 pmx150 mm column (Dionex] at a constant flow of 200 nL/min. The peptide elution
gradient was from 10 to 60% B [95% acetonitrile in 0.1% formic acid in MQ water v/v] over
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50 min. The nanoflow LC system was coupled to an HCTultra lonTrap (Bruker Daltonics,
Bremen, Germany] using a nano-electrospray ionisation source. The spray voltage was set
at 1.2 kV and the temperature of the heated capillary was set to 165 °C. Eluting peptides
were analyzed using the data dependent MS/MS mode over a 300-1500 m/z range. The
five most abundant ions in an MS spectrum were selected for MS/MS analysis by callision-
induced dissociation using helium as the callision gas.

Mass spectrometry data analysis

Peak lists were generated using DataAnalysis 4.0 software (Bruker Daltonics]) and
exported as Mascot Generic (MGF] files. These files were searched against the human
IPI database using the Mascot (version 2.2.1] search algorithm (Matrix Science, London,
UK) An MS tolerance of 0.6 Da [with # 13C = 1) and a MS/MS tolerance of 0.5 Da was
used. Trypsin was designated as the enzyme and up to one missed cleavage site was
allowed. Carbamidomethylcysteine was selected as a fixed modification and oxidation of
methionine as a variable maodification.

Immunofluorescent labelling (IF] and Western blotting (WB])

The cells were fixed with methanaol/acetone (50%/50%]) for 10 minutes at 4°C. After an
extensive wash with PBS the cells were incubated for 60 minutes at room temperature
with buffer contains 0.5% BSA and 0.05% Tween-20 in PBS. Antibody incubations were
performed at room temperature and cells were counterstained with DAPI. Images were
captured with a Zeiss Axioplan2 microscope equipped with a Zeiss Axiocam MRm camera
using either a Plan-NEOFLUAR 40x/1.30 or 63x/1.25 objective. Fluorescence intensity of
randomly captured images was quantified using Zeiss Axiovision software. For total extract
the cells were lysed directly in Laemli-SDS-sample buffer. Western blot analysis was
performed as described previously [Fousteri et al.,, 2006] and protein bands were visualised
via chemiluminescence (ECL-Plus, Amersham Biosciences] using Horseradish Peroxidase
(HP)-conjugated secondary antibodies or via Odyssey Infrared Imaging System (LI-COR)
using secondary antibodies labeled with IR fluorophaores (LI-COR]. The following antibodies
were used: mouse a-DDB2 at 1:500 (IF)- 1:1000 (WB] (MyBioSource]; mouse o.-Parpl at
1:1000 (WB] [Abnova]; mouse o.-Poly (ADP-Ribose] at 1:100 (IF and WB] (Abcam]; mouse
o-ALC1 at 1:500 (IF])- 1:1000 (WB] [Abcam]; mouse a-GFP at 1:5000 (WB] (Roche]; goat
o-DDB1 at 1:1000 (WB] [Abcam]); goat a-DDB2 at 1:1000 (WB) (Santa-Cruz); rabhit
o-Poly [ADP-Ribose] at 1:100 (IF and WB] [BD pharmingen]; rabhit a-H2B at 1:5000
(WB] (Santa-Cruz); rabbit a-PARG at 1:1000 (C-term] [WB] (Origene);mouse o-6-4PP
and o.-CPD at 1:1000 (IF) (CosmoBio] Alexafluor 488 and 555 conjugated antibodies were
purchased from Invitrogen.

Live cell confocal laser-scanning microscopy

Confaocal laser-scanning microscopy images were ohtained using a confocal microscope
(LSM 510 META] with a 63« qil Plan Apochromat 1.4 NA oil immersion lens (Carl Zeiss,
Inc.) equipped with a cell culture microscopy stage. GFP fluorescence imaging was
recorded after excitation with a 488-nm argon laser and a 515-540-nm band-pass
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filter. Fluarescence loss in photobleaching (FLIP]) was performed as described previously
(Houtsmuller and Vermeulen, 2001;Zotter et al., 2006]. Kinetics of GFP-tagged ALC1, and
DDB2 accumulation were performed using a UV-C (266 nm] laser irradiation as described
previously (Dinant et al., 2007]. Briefly, VH10-tert cells stahly expressing GFP-DDB2 and
GFP-ALC1 were incubated in CO2-independent microscopy medium {137 mM NaCl, 5.4 mM
KCI, 1,8 mM CaCl2, 0.8 mM MgS04, 20 mM D-glucose, 20 mM HEPES and 10% FCS) and 2 mW
pulsed (7.8 kHz) diode pumped salid state laser emitting at 266 nm (Rapp OptoElectronic,
Hamburg GmbH] was used for local UV-C irradiation. To determine the dissociation kinetics
of DDB2 from UV-damaged DNA, the undamaged nucleus was continuously hleached and
the fluorescence decrease in the local damage was manitored. Relative fluorescence was
normalized at 100% (before bleach at maximum level of accumulation]. The half-time
(t,,,) of a FLIP curve corresponds to the residence time of a protein molecule in the locally
damaged area. Images obtained with the confocal microscope were analyzed using AIM
software (Zeiss). Fluorescence levels were determined for the specified region where
damage was induced in addition to the complete nucleus. From these datapaints the
relative amount of protein in the damaged area was determined in time.

Fluorescence recovery after photobleaching [FRAP)

VH10-tert cells stably expressing GFP-DDB2 were incubated in CO2-independent
microscopy medium (137 mM NaCl, 5.4 mM KCI, 1,8 mM CaCl2, 0.8 mM MgS04, 20 mM
D-glucose, 20 mM HEPES and 10% FCS] supplemented with 1%, DMSO [mock treatment]
or 10 uM PARP inhibitor dissolved in DMSO three hours prior to FRAP analysis. Cells were
subsequently rinsed with PBS, mock-treated or globally UV-C irradiated (10 J.m-2] and
transferred to the microscope chamber in microscopy medium [supplemented with DMSO
or PARP inhibitor]. Cells were incubated on the microscope chamber at 37° for 10 minutes
to allow repair proteins to accumulate at UV-induced DNA lesions after which the mobility of
GFP-tagged NER factors was analyzed by strip-FRAP. Briefly, FRAP analysis was performed
by bleaching 5 iterations] a narrow strip (512 x 40 pixels at zoom 8] spanning the nucleus
with maximal 488 nm laser intensity (AOTF 100%). The re-equilibration of bleached and
non-bleached molecules was monitored in a region of 512 x 50 pixels (zoom 8] with low
laser intensity (0.5% for GFP-DDB2] for at least 700 images with a 38 ms time-interval
between images. The data were normalized to pre-bleach intensity (set to 1] and hleach
depth (set to 0). Three independent experiments were performed for each condition.

UV survival

Cellular survival of VH10 hTert shContral, VH10 hTert shALC1, and XP-A cells was determined
using a colony assay. Cells were plated in 10-cm and after 16 hours cells were exposed
to UV-C (254 nm; TUV lamp; Phillips] and left to grow for 14 days, fixed, and stained with
methylene blue. Colonies were counted to assess the colony-forming ability.

In vitro polyADP-ribosylation assay

The assay was performed according to published procedures (Deng et al., 2005] using
recombinant proteins purified as described in Fischer et al. (Fischer et al.,, 2011].
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DDBR2 purification

VH10 hTert cells stably expressing 6His Strepll-tag DDB2 were irradiated with UV-C light
(100 J/m2] or mock-irradiated and incubated for 30 minutes. Cells were collected and lysed
in lysis buffer (8 M urea, 2 M NaCl, 25 mM Tris pH 8, 1 mM MgCl2, 0.2 % Triton]. The lysates
were diluted = 7 times, after which 25 benzonase units were added per ml. After incubating
at room temperature for 30 minutes samples were centrifuged at 16,000g for 10 minutes.
TALON beads (Clontech) were added to the supernatants and incubated for 4 hr at room
temperature. After an extensive wash with wash buffer (8 M urea, 25 mM Tris pH 8, 1 mM
MgCl2, 20mM imidazole], the 6His Strepll-tag DDB2 was eluted by overnight incubation
with the elution buffer (8 M urea, 25 mM Tris pH 8, 500 mM imidazole, 1 % SDS]. The elutes
were concentrated by Vivaspin centrifugal concentrators (Sartorius) and diluted in Strep-
Tactin buffer (100 mM Tris pH 8, 1 mM EDTA, 150 mM NaCl]. A second purification step was
performed using Strep-Tactin spin columns according to the manufacturer’s protocol (1BA).
Elutes were separated on SDS-PAGE gels, and proteins were visualized by Western-blot.

GFP-DDB2-PARP-1 binding assay.

U20S cells transfected with GFP constructs for 24 hours were lysed in denaturing buffer (20
mM Tris, pH 7.5; 50 mM NaCl; 0.5% NP-40; 1% Sodium Deoxycholate; 1% SDS; 1 mM EDTA,
Benzanase final conc. 0,25U/pl] containing protease inhibitor cocktails (Roche] and subjected
to immunoprecipitation with GFP-TRAP beads [Chromotek] for 1 hours at RT. The beads were
then washed extensively in a buffer (20 mM Tris, pH 7.5; 50 mM NaCl; 0.5% NP-40; 0.5% Sodium
Deoxycholate; 0.5% SDS; 1 mM EDTA] that disrupts protein-protein interactions, followed by
two washes in EBC buffer (S0 mM Tris, pH 7.5; 150 mM NaCl; 0.5% NP-40; 1 mM EDTA), and
incubated with 100 ng purified, recomhinant PARP-1 (Sigma] for 2 hours at RT. The heads were
then washed thoroughly in EBC buffer and processed for immunoblotting.

In vitro co-immunoprecipitation

UV-DDB, 6UV-DDB [DDB2 lacking its first 40 N-terminal amino acids]), GFP and PARP-1
recomhbinant protein were used to test direct interaction in vitro. The reaction valume was
adjusted to 400 pL in EBC buffer (50 mM Tris, pH 7.5; 150 mM NaCl; 0.5% NP-40; 1 mM
EDTA), and 0,5 pg of anti-PARP-1 antibody was added. The mixture was incubated and
rotated at 4°C for 3 hours. The antigen-antibody complex was captured by incubation with
15 pl of protein A-agarose beads (GE Healthcare] for 2 hr in cold room. The beads were
washed extensively in EBC buffer,and resuspended in 20 pL of Laemili sample buffer and
processed for immunaoblotting.

Farwestern analysis

100 ng of UV-DDB and 1000 ng of GFP recomhinat proteins were separated by SDS-PAGE
and transferred to a PVYDF membrane. The proteins on the membrane were denaturated
for 10 min with a 6 M guanidine hydrochloride [GuHCI] solution in HBB buffer (10 mM
HEPES, pH 7.5, 60 mM KCI, 1 mM EDTA and 1 mM DTT]). Proteins were then renaturated in
the same HBB buffer with progressively decreasing GuHCI concentration. The membrane
was rinsed extensively in HBB and blocked for 1 hour in blocking solution. Following the
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membrane was incubated with PARP-1 recomhinant protein (10 pg/ml] in HBB for 16 h.
Unbound proteins were removed with extensive washes for 30 min in the same buffer. The
PARP-1 binding was visualised by Western-blot.

CPD/6-4 PP ELISA

Cells were plated in 96 well plates, irradiated with 10 J/m?2 UV and incubated for various
periods to allow cells to repair DNA photolesions. The cells were fixed with methanol/
acetone (50%/50%] for 10 minutes. After an extensive wash with PBS the cells were
incubated for 3 minutes at room temperature with 10 mM NaOH. The cells were rinsed
extensively in PBS and incubated for 60 minutes at room temperature with buffer contains
0.5% BSA and 0.05% Tween-20 in PBS. The plates were sequentially incubated with TDM-2
or 64M-2 antibodies specific for CDP or 6-4PP, respectively, and secondary antibody
conjugated with horseradish peroxidase (HRP). After washings, substrate solution Turbo
TMB-ELISA (Pierce) was added to the plates and incubated for 15-30 min. Absorbance at
490 nm was measured using a microplate reader after the addition of 2 M H,S0,.

Online supplemental material

Tablel shows the proteins identified in Flag immunoprecipitates material from
FLAG-DDB2 expressing MRCS cells mock treated or irradiated with UV-C. Fig. S1 shows
direct interaction in vitro between DDB2 and PARP-1. Fig. S2 shows that the kinetics of
GFP-DDB2 accumulation were not affected by PARPi or depletion of PARG. Fig. S3 shows
transient recruitment of GFP-ALC1 to sites of UV-C laser-induced DNA damage. Fig. S4
demaonstrates that single-stranded DNA gaps also triggered robust GFP-ALCL recruitment
at later time-points after UV irradiation in normal human as well as in XP-E cells, whereas
recruitment of ALC1 was absent in dual incision-defective XP-A cells Fig. S5 shows a
significant reduction in CPD repair upon ALC1 depletion or chemical inhibition of PARP1.
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Table 1. Proteins identified in Flag immunoprecipitates material from FLAG-DDB2 expressing
MRC5 cells mock treated or irradiated with 20 J/m? UV-C. A unique peptide is defined as a peptide,
irrespective of its length, that exists only in one protein of a proteome of interest.

+Uv
Protein Protein Score  Unique peptides Protein Protein Score  Unique peptides
DDB2 274 9 DDB2 305 13
DDB1 462 24 DDB1 263 16
PARP1 172 6 CuL4B 221 9
CcuL4B 65 4 PARP1 126 6
GPS1 B5 1 CoPsY4 103 3
CUL4A a4 1 CUL4A 83 1
GPS1 65 1
COPS7A 64 1
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Figure 1S. [A] In vitro co-immunoprecipitation. UVDDB, UVDDB (DDB2 lacking its first 40
N-terminal amino acids]) and PARP-1 recomhinant proteins were used to test direct interaction
in vitro. GFP recomhinant protein was used as negative control. (B] Far-western assay. UVDDB
recomhbinant proteins were separated by SDS-PAGE, transferred to a membrane and incubated
with PARP-1 recombinant protein (10 pg/ml). The PARP-1 hinding was visualised by Western-
blot. GFP recomhinant protein was used as negative control. (C) GFP-DDB2-PARP-1 binding assay.
U20S cells transfected with the indicated GFP constructs were lysed in denaturing buffer and
subjected to immunoprecipitation with GFP-TRAP beads. The elute was separated by SDS-PAGE
and GFP-DDB1 or GFP-DDB?2 were isolated from polyacrylamide gels (red square]. The proteins
were subjected to immunoprecipitation with GFP-TRAP beads and incubated with 100 ng purified
recombinant PARP-1. The beads were processed for immunoblotting.
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Figure 2S. [A) Real-time recruitment of GFP-DDB2 in NHF at the site of DNA damage using
UV-C (266 nm) laser irradiation. Scale bar represent 7,5um. (B) NHF cells stably expressing the
GFP-DDB2 were transfected with the indicated siRNA or treated with PARPi (10pM). 48 hours after
transfection the cells were UV damaged using UV-C (266 nm)] laser irradiation. GFP fluorescence
intensities at the site of UV damage were measured by real time imaging until they reached a
maximum. Assembly kinetic curves were derived from at least six cells for each protein. Relative
fluorescence was normalized at O (before damage) and 100% [maximum level of accumulation).
Error bars indicate SEM. (C] In vitro PARylation experiments using purified components. Antibody
against the N-terminal of DDB2 revealed that DDB2 is directly modified by PARP1. DDB2 lacking its
first 40 N-terminal amino acids (8UV-DDB] was not detectable.
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Figure 3S. [A] Real-time recruitment of GFP-ALC1 in NHF in presence or absence of PARPi [10pM]
at the site of DNA damage using UV-C (266 nm)] laser irradiation. Scale bar represent 7,5pm. (B])
NHF cells stably expressing GFP-ALC1 were infected with the indicated short hairpin RNA. The cells
were UV damaged using UV-C (266 nm] laser irradiation. GFP fluorescence intensities at the site of
UV damage were measured by real time imaging until they reached a maximum. Assembly kinetic
curves were derived from at least six cells for each protein. Error bars indicate SEM. Scale bar
represent 20pm. (C] Anti-DDB2 and histone H2B western blots of total lysates from NHF and XP-A
cells expressing shRNAs targeting DDB2 or a non-targeting shControl (mock]. (D] Clonal survival of
UV-irradiated NHF cells in presence or absence of PARPi (1pM]. The percentage of surviving cells is
plotted against the applied UV-C dose [J/m2]. The results are from three independent experiments;
Error bars indicate standard deviation. (E] Anti-PARG and histone H2B western blots of total lysates
from XP-A, XP-E and NHF transfected with siRNA targeting PARG or a non-targeting siContral ([mock].
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Figure 4S. [A) NHF, XP-E and XP-A cells stahly expressing GFP-ALC1 transfected with indicated
siRNA or treated with HU/AraC were locally UV exposed to 30 J/m?, fixed after the indicated time
and stained with an antibody recognizing TFIIH. Scale bars represent 20pm. (B] The percentage of
colocalization of GFP-ALC1 with TFIIH in NHF, XP-A and XP-E cells after 0,5 hours UV local damage
is plotted for the different siRNA transfections and HU/AraC treatment. The results are from three
independent experiments in which about 100 cells per condition were analysed; Error bars indicate
standard deviation. (C] The percentage of colocalization of GFP-ALC1 with TFIIH in NHF, XP-A and
XP-E cells after 5 minutes UV local damage is plotted for the different siRNA transfections and HU/
AraC treatment. The results are from three independent experiments in which about 100 cells per
condition were analysed; Error bars indicate standard deviation. The data shown are from a single
representative experiment out of three repeats.
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Figure 5S. (A-B) NHF cells expressing shControl or shALC1 or treated with PARPi (10pM]) were
irradiated with 10 J/m? UV-C; CPDs and 6-4 PPs were detected immediately and 24 or 2 hours
respectively after UV treatment by ELISA assay. Error bars indicate standard deviation. [C-D] XPE
cells siRNA transfected or treated with PARPi (10pM] were irradiated with 10 J/m?2 UV-C; CPDs and
6-4 PPs were detected immediately and 24 or 2 hours respectively after UV treatment by ELISA
assay. Error bars indicate standard deviation. The results are from three independent experiments.
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