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ASH1L histone methyltransferase regulates the
handoff between damage recognition factors in
global-genome nucleotide excision repair
Chiara Balbo Pogliano 1, Marco Gatti2,3, Peter Rüthemann1, Zuzana Garajovà1, Lorenza Penengo3

& Hanspeter Naegeli 1

Global-genome nucleotide excision repair (GG-NER) prevents ultraviolet (UV) light-induced

skin cancer by removing mutagenic cyclobutane pyrimidine dimers (CPDs). These lesions are

formed abundantly on DNA wrapped around histone octamers in nucleosomes, but a spe-

cialized damage sensor known as DDB2 ensures that they are accessed by the XPC initiator

of GG-NER activity. We report that DDB2 promotes CPD excision by recruiting the histone

methyltransferase ASH1L, which methylates lysine 4 of histone H3. In turn, methylated H3

facilitates the docking of the XPC complex to nucleosomal histone octamers. Consequently,

DDB2, ASH1L and XPC proteins co-localize transiently on histone H3-methylated nucleo-

somes of UV-exposed cells. In the absence of ASH1L, the chromatin binding of XPC is

impaired and its ability to recruit downstream GG-NER effectors diminished. Also, ASH1L

depletion suppresses CPD excision and confers UV hypersensitivity. These findings show

that ASH1L configures chromatin for the effective handoff between damage recognition

factors during GG-NER activity.
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Genomic DNA is attacked by multiple genotoxic insults. In
particular, the ultraviolet (UV) radiation of sunlight
induces crosslinks between neighboring bases to generate

mainly cyclobutane pyrimidine dimers (CPDs)1, 2. These highly
mutagenic CPD lesions are induced evenly in chromatin and arise
abundantly in nucleosome cores where the DNA is wrapped
around histone octamers3, 4. The versatile nucleotide excision
repair (NER) system removes UV lesions and other bulky base
adducts generated by chemical carcinogens or oxygen radicals5–7.
Depending on their location in the genome, base lesions are
sensed by two alternative pathways. In transcription-coupled
NER (TC-NER), damage detection occurs when RNA polymerase
II runs into obstructing adducts in the template strand8, 9.
Instead, the vast majority of DNA adducts are recognized by
global-genome NER (GG-NER) independently of
transcription10, 11. The importance of this global pathway is
demonstrated by the extreme solar hypersensitivity and skin
cancer incidence of xeroderma pigmentosum (XP) patients12, 13.

Subjects afflicted by this hereditary disease are classified into
complementation groups (XP-A through XP-G) carrying muta-
tions in different NER genes14, 15.

The GG-NER reaction uses a trimeric factor comprising XPC,
RAD23B (a human homolog of yeast RAD23) and centrin 2 to
sense DNA lesions16–19. XPC is the subunit that binds to DNA
and, for the recognition of CPDs, this repair initiator is assisted
by an auxiliary factor with damaged DNA-binding (DDB)
activity20–24. DDB2 is the actual UV damage sensor, which
through the DDB1 adapter associates with the cullin 4 A
(CUL4A) ubiquitin ligase25–27. By a yet unclear mechanism,
DDB2 hands off UV lesions to the XPC subunit, which in turn
recruits transcription factor IIH (TFIIH) containing the XPD
helicase whose function is to unwind and scan DNA for damage
verification28–30. The resulting intermediate is stabilized by XPA
and replication protein A (RPA)31 until endonucleases (XPG and
a heterodimer of XPF and excision repair cross-complementing
1) incise the damaged strand on either side of the unwound helix.
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Fig. 1 DDB2-dependent recruitment of ASH1L to chromatin. a Recruitment of DDB2, XPC and ASH1L to chromatin detected by immunoblotting. The
chromatin of HeLa cells exposed to UV-C (10 J m–2) was analyzed, at different times, by salt extraction to release free proteins, followed by MNase
solubilization. GAPDH and H3 were loading controls for free proteins and solubilized chromatin, respectively. Ub, ubiquitinated XPC protein. b
Quantification of ASH1L recruitment to chromatin normalized to H3 (n= 4 independent experiments). ASH1L levels in unirradiated chromatin are set to
100%; error bars show s.e.m. and significance was calculated using the one-sample t-test. c Increased H3K4me3 levels following UV radiation (10 J m–2).
Whole cell lysates were probed with antibodies against the indicated forms of H3. Numbers at the bottom of each blot indicate the quantity of methylated
H3 normalized to total H3 and relative to unirradiated controls. d Quantification of H3K4me3 and H3K36me3 normalized to total H3 (n= 6 independent
experiments, one-sample t-test), values in unirradiated controls are set to 100%. e DDB2-dependent recruitment of ASH1L to chromatin. HeLa cells were
siRNA-transfected as indicated 48 h before UV radiation (10 J m–2). After a 1-h recovery, cells were analyzed by salt extraction, chromatin solubilization
and immunoblotting. NC, non-coding. Numbers at the bottom of the blot indicate ASH1L protein levels normalized to H3 and relative to the unirradiated
control. f Quantification of ASH1L recruitment to chromatin, relative to free ASH1L, normalized to H3 and GAPDH (n= 4 independent experiments,
one-sample t-test). g Co-immunoprecipitation (Co-IP) of ASH1L with DDB2. HeLa cells were siRNA-transfected 48 h before collection of 0.3-M NaCl
extracts. These extracts were immunoprecipitated with anti-DDB2 antibodies and analyzed by immunoblotting; –Ig, immunoglobulins omitted (the DDB2-
proficient extract was subjected to the same Co-IP procedure except that anti-DDB2 antibodies were left out). h Chromatin immunoprecipitation (ChIP)
using antibodies against DDB2 demonstrating that DDB2 and ASH1L interact in the chromatin of UV-irradiated (10 J m–2) HeLa cells; –Ig, immunoglobulins
omitted (samples were subjected to the same ChIP procedure except that anti-DDB2 antibodies were left out)
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Damaged bases are removed as part of an oligonucleotide of
24–32 residues32, 33 and the excision gap is processed by DNA
repair synthesis and ligation34, 35.

How GG-NER activity takes place despite DNA packaging in
nucleosomes is currently under intense scrutiny. Nucleosomes are
the building block of chromatin and consist of core particles
separated by linker DNA of variable length. In each nucleosome
core, 147 base pairs of DNA are wrapped around a histone
octamer, i.e., two copies each of H2A, H2B, H3 and H4. These
core histones present N-terminal tails undergoing modifications
that regulate chromatin dynamics. For example, lysine acetylation
in histone tails facilitates accessibility of the GG-NER complex to
damaged DNA36–40. Histone acetylation neutralizes positive
charges and, therefore, weakens directly DNA-histone interac-
tions to favor DNA transactions by relaxing nucleosomes41. A
different mechanism occurs upon histone methylation as the
resulting methylated tails provide hydrophobic docking sites for
factors inducing chromatin condensation or relaxation42. In
general, methylation of lysines K4 and K36 of histone H3 cor-
relates with relaxed chromatin43–45.

The present study was prompted by the finding that the his-
tone methyltransferase ASH1L (for Absent, Small, or Homeotic

discs 1-Like), a member of trithorax transcriptional regulators
essential for development, organ function and fertility46, 47, can
associate with chromatin independently of ongoing transcrip-
tion48. This observation raised the possibility that ASH1L may
exert pleiotropic roles in regulating chromatin states for various
DNA functions. Indeed, we identify this particular histone
methyltransferase as an accessory player coordinating the sub-
strate handover from DDB2 to XPC during initiation of the GG-
NER reaction in the nucleosome landscape. We demonstrate that
ASH1L is recruited to chromatin by the lesion sensor DDB2.
Upon UV irradiation, ASH1L generates lysine 4-trimethylated
histone H3K4me3, which promotes the stable docking of XPC
protein to nucleosomes. An XPC mutation that disrupts this
ASH1L-dependent interaction with core histones results in
defective CPD repair. Thus, ASH1L regulates the handoff
between DDB2 and XPC required to initiate GG-NER activity.

Results
UV-dependent ASH1L recruitment and histone methylation.
At least one histone methyltransferase known as SETD2 has been
shown to participate in DNA mismatch repair49 and
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Fig. 2 Impaired CPD excision upon ASH1L depletion. a Visualization of H3K4me3 in ASH1L-depleted HeLa cells. Whole cell lysates were analyzed by
immunoblotting using antibodies against the indicated forms of H3. UV radiation was at 10 J m–2. b Quantification of H3K4me3 levels normalized to total
H3 (n= 6 independent experiments). Error bars show s.e.m. (one-sample t-test). c Initial CPD formation after UV irradiation. HeLa cells were transfected
with siASH1L or siNC, UV-irradiated (10 J m–2) 48 h later and immediately collected for CPD analysis. Immunoassay absorbance, providing a measure of
CPDs, were not affected by the ASH1L depletion (n= 3, each experiment with 4 replicates; two-tailed t-test). d Excision of CPDs in HeLa cells treated 48 h
before UV radiation (10 J m–2) with siRNA targeting ASH1L or SETD2, compared to transfections with siNC (n= 5, each experiment with 4 replicates, two-
tailed t-test). e Excision of CPDs in HeLa cells transfected 48 h before UV radiation (10 J m–2) with siASH1L, siASH1L_2 or siSETD2, compared to siNC.
CPDs were measured immediately after UV treatment and after a 24-h repair period (n= 3 with 4 replicates each, two-tailed t-test). f Excision of 6–4PPs in
HeLa cells transfected 48 before UV radiation (10 J m–2) with siRNA targeting ASH1L in comparison to siXPA and siNC (n= 3 with 4 replicates each, two-
tailed t-test). g Immunofluorescence detection of CPDs in cells transfected with siASH1L or siNC, 48 h before UV radiation (100 J m–2) through 5-µm filter
pores. DNA was stained with DAPI. The quantification of nuclei positive for CPD spots is based on a minimum of 100 cells (n= 3 independent experiments,
two-tailed t-test). Scale bar= 15 µm. Representative wide-field views of cells are shown in Supplementary Fig. 6
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recombination50–52. To test their involvement in the UV radia-
tion response, we transfected HeLa cells with a range of siRNA
sequences targeting SETD2 and further histone methyl-
transferases. This siRNA screen suggested that several of these
enzymes contribute to survival after UV exposure. In a compar-
ison of cell viability 48 h after UV irradiation, ASH1L down
regulation conferred a stronger UV hypersensitivity than deple-
tion of other histone methyltransferases (Supplementary Fig. 1).
Based on this initial screen, we explored the role of ASH1L in the
processing of UV lesions.

We first tested whether ASH1L translocates to the chromatin
of human cells following UV radiation. HeLa cells were lysed and
extracted with 0.3 M NaCl to remove, into the supernatant, free
proteins that are not associated with chromatin or only loosely
bound to chromatin. The remaining chromatin pellet was
solubilized by digestion with micrococcal nuclease (Mnase) that
cleaves DNA in linker segments between nucleosome cores (see
flow diagram in Supplementary Fig. 2). This MNase-solubilized
chromatin was inspected by immunoblotting to monitor protein
recruitment to damaged DNA. As expected, UV treatment of the
cells resulted in increased levels of DDB2 and XPC, the two
initiators of GG-NER activity, in chromatin (Fig. 1a). In line with
previous reports27, 53 part of chromatin-associated XPC is
ubiquitinated after UV irradiation. Also, the UV treatment led
to an additional recruitment of ASH1L over the constitutive
presence of this methyltransferase in chromatin of unchallenged
cells, accompanied by a concomitant decrease of free ASH1L in
the 0.3-M NaCl supernatant. The immunoblot quantifications
using histone H3 and glyceraldehyde 2-phosphate dehydrogenase
(GAPDH) as standards showed that the level of ASH1L in
chromatin is increased by ~ 40% around 1 h after UV irradiation
compared to unirradiated controls (Fig. 1b). ASH1L methylates
histone H3 at the positions K4 and K3646, 48. Therefore, we tested
whether the UV-dependent recruitment of ASH1L involves
changes in H3 methylation. Using anti-H3K4me3 antibodies,
we observed 1 h after UV radiation a consistent increase in the
level of methylated histone H3 (Fig. 1c, d). No such increase was
observed for H3K36me3 at any time after UV exposure.

DDB2 mediates the UV-dependent recruitment of ASH1L. To
test the mechanism by which ASH1L is recruited to chromatin in
response to UV light, HeLa cells were depleted of the DDB2
lesion recognition subunit by transfection with siRNA (see Sup-
plementary Fig. 3 for the efficiency of down regulation), followed
by UV irradiation and chromatin analysis. As already seen in
Fig. 1a, UV treatments resulted in an increase of ASH1L bound to
chromatin, but this additional recruitment over the constitutive
level was abrogated by DDB2 down regulation (Fig. 1e, f).
Depletion of the CUL4A ubiquitin ligase scaffold affected par-
tially the amount of DDB2 bound to chromatin, but without
interfering with the extra UV-dependent chromatin localization
of ASH1L. These findings indicate that in the absence of CUL4A
ubiquitin ligase activity lower amounts of DDB2 are sufficient for
the recruitment of ASH1L and, in any case, imply that the
DDB2 subunit itself, rather than the associated ubiquitin ligase
complex, is required for the UV-dependent ASH1L redistribution
to chromatin.

Next, we exploited the 0.3-M NaCl supernatant of unchal-
lenged cells, containing free DDB2 and ASH1L (Fig. 1a), to test
potential interactions between these two factors. Immunopreci-
pitation of DDB2 from cell extracts resulted in the
co-precipitation of ASH1L protein. However, the methyltransfer-
ase was missing in the immunoprecipitated fraction when control
reactions were carried out with DDB2-depleted cells (Fig. 1g). We
then tested whether this interaction with DDB2 may mediate the

UV-dependent ASH1L recruitment. In a chromatin-
immunoprecipitation assay, antibodies against DDB2 were able
to co-isolate ASH1L preferentially from UV-irradiated cells
(Fig. 1h). Thus, an interaction occurs between these two factors
such that DDB2 is able to mediate the relocation of ASH1L to UV
lesions in the chromatin context.

ASH1L depletion suppresses CPD excision. HeLa cells were
depleted of ASH1L by transfection with siRNA as shown in
Supplementary Fig. 3. The lack of ASH1L affected only partially
the constitutive H3K4me3 content. In the absence of ASH1L,
however, the UV-dependent increase of H3K4me3 observed 1 h
after UV irradiation is abrogated (Fig. 2a, b). This increase of
H3K4me3 observed 1 h after UV irradiation is also missing in the
absence of DDB2 (Fig. 2a). Considering its function in generating
H3K4me3 following UV damage and this dependency on DDB2,
we tested whether ASH1L may have a role in the GG-NER
process. HeLa cells were UV-irradiated and the presence of
lesions in their genome was monitored by immunoassays. We
established that a preceding ASH1L depletion does not change
the amount of CPDs detected immediately after the UV pulse
(Fig. 2c), indicating that the presence or absence of ASH1L does
not change the susceptibility for lesion formation. However, CPD
excision was severely reduced under conditions of ASH1L
depletion. After 24 h of repair, ~ 70% of CPDs were removed in
cells transfected with control RNA or a sequence against SETD2.
Instead, CPD excision during this 24-h period was limited to only
~ 20% in ASH1L-depleted cells (Fig. 2d). This marked effect with
only ~ 20% residual excision in 24 h was confirmed using a dis-
tinct siRNA sequence targeting ASH1L (Fig. 2e). As GG-NER
contributes by 90–95% to the overall excision of DNA adducts
and TC-NER only by the remaining 5–10%54, the drop in exci-
sion rate observed upon ASH1L depletion is consistent with an
involvement of this histone methyltransferase in the GG-NER
reaction. Conversely, the ASH1L depletion has no consequences
on the excision of (6–4) photoproducts (6–4PPs; Fig. 2f), which
are formed three times less frequently than CPDs and arise
mainly in linker segments1, 55.

We exploited an independent method based on in situ
immunofluorescence to visualize the different CPD excision rate
upon ASH1L depletion compared to controls. In view of their
large nucleus, U2OS cells provide a more amenable substrate for
such immunofluorescence studies than HeLa cells. Therefore,
U2OS cells were UV-irradiated through 5-µm filter pores to
generate nuclear spots of damage containing CPDs. Following
incubations of 1, 3 or 6 h, cells were fixed, permeabilized and
stained with anti-CPD antibodies. Fluorescence quantifications
demonstrated that detectable CPD spots disappear with time in
control cells transfected with non-coding RNA. As a consequence
of the lower signal-to-noise ratio of this in situ method compared
to the immunoassay of Fig. 2d, remaining CPDs in UV damage
spots were barely visible over the nuclear background following 6
h of repair. Instead, in ASH1L-depleted cells the fluorescence
intensity due to CPDs in UV damage spots remained at 6 h nearly
as after 1 h of incubation (Fig. 2g). Taken together, these results
show that ASH1L is required for efficient CPD excision.

ASH1L depletion impedes GG-NER and confers UV sensitivity.
The NER pathway excises DNA adducts as part of oligonucleo-
tides of 24–32 residues, which are replaced by DNA repair
synthesis. Accordingly, we tested whether the reduced CPD
excision in ASH1L-depleted cells translates to lower repair patch
synthesis. Spots of UV damage were generated in the nuclei of
U2OS cells and, to measure DNA synthesis, these cells were
supplemented with the nucleoside analog 5-ethynyl-2′-
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deoxyuridine (EdU) following a 2-h recovery after irradiation, i.e.,
after removal of most 6–4PPs as indicated in Supplementary
Fig. 4. The fluorescence intensity in CPD spots resulting from
EdU incorporation during 1 h, demonstrated that, like the XPA
depletion, an ASH1L deficiency results in much lower levels of
repair synthesis compared to controls (Fig. 3a). This finding
confirms that ASH1L is required for efficient processing of CPDs
by the GG-NER reaction.

Conversely, TC-NER can be monitored by the recovery of
transcription after DNA damage. UV radiation causes a decrease
of RNA synthesis, which recovers readily in normal cells due to
TC-NER activity54, 56. We globally irradiated U2OS cells, allowed
them to recover for 4 h, added 5-ethynyl uridine (EU) for another
2 h and, after this overall 6-h incubation, measured EU-linked
fluorescence reflecting RNA synthesis across cell nuclei. Impor-
tantly, the recovery of RNA synthesis was heavily delayed in cells
depleted of Cockayne syndrome group B (CSB) protein required
for the TC-NER reaction. In contrast, the ASH1L depletion did
not interfere at all with RNA synthesis recovery (Fig. 3b)
indicating that, although this histone methyltransferase regulates
GG-NER activity, it is not involved in the TC-NER reaction. The
role of ASH1L in the processing of CPDs is confirmed by the
observation that its down regulation confers hypersensitivity to
the cytotoxic effect of UV light (Fig. 3c).

ASH1L depletion dysregulates GG-NER assembly. In view of
the finding that ASH1L stimulates GG-NER but not TC-NER
activity, we tested whether this histone methyltransferase may
affect the expression of XPC and DDB2, which are the only NER
factors solely required for the global-genome subpathway.

Analysis of HeLa whole cell lysates showed, however, that the
expression of XPC is rather increased by ASH1L depletion
(Fig. 4a, b). After UV irradiation, part of XPC protein appears in
a high-molecular weight form resulting from ubiquitination27 but
its overall cellular level remains increased in ASH1L-depleted
cells compared to ASH1L-proficient controls. Conversely, the
ASH1L depletion did not change the constitutive DDB2 level in
unchallenged cells. As expected23, DDB2 is degraded upon UV
radiation and we noted that this UV-dependent DDB2 decline is
slower in ASH1L-depleted cells (Fig. 4a, b). These findings allow
us to conclude that the GG-NER defect observed in ASH1L-
depleted cells cannot be attributed to reduced levels of the two
factors (XPC and DDB2) specifically involved in this pathway.
Notably, the cellular content of XPD, involved in both GG-NER
and TC-NER, remained unaffected by the ASH1L depletion
(Fig. 4a).

We then carried out fluorescence microscopy to test whether
ASH1L regulates the recruitment of XPC protein to chromatin.
U2OS cells were transfected with siRNA against ASH1L (or with
non-coding RNA) and, 48 h later, UV-irradiated through 5-µm
filter pores to generate UV lesion spots. After different times, cells
were fixed and permeabilized to monitor the in situ NER factor
distribution by immunofluorescence57. At 1 h after radiation, the
XPC accumulation in UV lesion spots of ASH1L-depleted cells is
not different from that in cells transfected with non-coding RNA
(Fig. 5a). In these controls, the XPC occupancy of UV lesion sites
decreases with time such that, 3 h after radiation, only few cells
display discernible XPC spots co-localizing with CPDs. Upon
ASH1L depletion, instead, XPC is retained at UV lesions and, 3 h
after radiation, the majority of cells still display bright XPC spots
co-localizing with CPDs. A marked difference between control
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Fig. 3 Impaired GG-NER activity upon ASH1L depletion. a Unscheduled DNA synthesis (UDS). U2OS cells were transfected with siRNA and UV-irradiated
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RNA synthesis (n= 3 with at least 100 cells per experiment; two-tailed t-test). c UV light sensitivity. HeLa cells were irradiated with the indicated UV doses
and their viability was measured after 24 and 48 h (n= 3, each experiment with 4 replicates; two-tailed t-test)
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and ASH1L-depleted cells was also detected 3 h after radiation by
measuring fluorescence intensity representing the level of XPC in
each individual spot. For these quantifications, the fluorescence at
damaged spots was divided by the background nuclear signal.
This procedure ensures that the data demonstrate a truly
increased XPC retention at CPD sites rather than reflecting its
overall higher presence following ASH1L depletion. A simulta-
neous down regulation of both ASH1L and DDB2 demonstrates
that this prolonged retention of XPC at UV spots, observed 3 h
after irradiation, disappears in the absence of DDB2 protein
(Fig. 5a). Surprisingly, the prolonged XPC retention at damaged
sites of ASH1L-depleted but DDB2-proficient cells translates to a
reduced recruitment of the downstream XPD helicase, which as
part of the TFIIH complex is responsible for DNA damage
verification. An impaired XPD relocation to UV lesions is
detected 3 h after UV radiation both by monitoring the
percentage of cells with XPD spots co-localizing with CPDs,
and by quantifying the XPD level at each individual spot relative
to the nuclear background (Fig. 5b). We conclude that ASH1L is
required to position XPC protein onto chromatin in a way that
this repair initiator can form a productive association with CPD
sites leading to recruitment of the XPD helicase.

ASHIL ensures the stable association of XPC with CPD sites.
To understand how ASH1L regulates XPC protein, U2OS cells
were again transfected with siRNA against ASH1L (or with non-
coding RNA) and, 48 h later, UV-irradiated through filters with
3-µm pores to generate “small” spots of UV lesions. After 2-h
incubations to allow for repair of 6–4PPs, cells were irradiated
through 5-µm pores to induce “big” spots of UV lesions. After
another incubation of 15 min, the cells were fixed and permea-
bilized to monitor the in situ relocation of XPC protein by
immunofluorescence (Fig. 6a). Control cells transfected with non-
coding RNA displayed XPC accumulations in both small and big
spots (Fig. 6b), reflecting the ability to engage with not yet pro-
cessed CPDs in small spots as well as with the newly formed UV
lesions, including 6–4PPs, in big spots. Upon ASH1L depletion,
however, XPC is almost completely relocated to big spots
(Fig. 6b), indicating that in the absence of ASH1L it is not able to
stably interact with CPD sites and that, as a consequence, XPC
protein readily moves to 6–4PPs in the newly formed big spots.

The results obtained so far indicate that DDB2 attracts XPC
protein to the vicinity of CPDs and that ASH1L is then needed
for XPC protein to stably interact with CPD sites. To test this
scenario, HeLa cells were transfected with siRNA targeting
ASH1L (or with non-coding RNA) and, after 48 h, exposed to UV
light or mock-treated. Cells were collected 1 and 3 h after
treatment and, without prior fixation, subjected to 0.3-M NaCl

extraction to remove free proteins that are not or only loosely
bound to chromatin. The remaining chromatin was analyzed by
gel electrophoresis and immunoblotting, and quantifications took
into account the generally higher level of XPC protein in ASH1L-
depleted cells. As reported before58, a substantial proportion of
the XPC subunit is constitutively bound to chromatin both in
control cells and ASH1L-depleted cells even without radiation. In
control cells, the level of XPC protein recruited to chromatin is
increased 1 h after UV exposure relative to the unchallenged
situation (Fig. 6c, d). However, in ASH1L-depleted cells, this extra
UV-dependent XPC recruitment to chromatin compared to the
respective unirradiated reference is much lower, resulting in
higher proportions of XPC in the fraction of free proteins. In
contrast, the time-dependent changes of chromatin-bound DDB2
levels in ASH1L-depleted cells are indistinguishable from those in
controls, implying that ASHIL does not influence the assembly of
DDB2 with UV lesions and its dynamic turnover at sites of
damage. Conversely, the missing XPC relocation to chromatin in
ASH1L-depleted cells exposed to UV radiation also causes an
impaired recruitment of the XPD helicase (Fig. 6c, d). Therefore,
this biochemical analysis of Fig. 6c and the in situ dynamics of
Fig. 6b converge on the finding that ASH1L is required to
position XPC protein onto chromatin such that this repair
initiator can form stable associations with CPD sites allowing for
the recruitment of the XPD helicase.

XPC binds preferentially to nucleosomes containing
H3K4me3. To clarify the mechanism by which ASH1L supports
the XPC relocation, we examined the nucleosomes of HeLa cells
that were either UV-irradiated or mock treated. Following a 1-h
recovery, the chromatin of these cells was extracted with 0.3 M
NaCl (to remove unbound or loosely bound proteins) and core
particles were released by MNase digestion (see Supplementary
Fig. 2). Analysis of DNA lengths demonstrates the complete
digestion of linker segments leaving monomeric core fragments of
147 base pairs (Supplementary Fig. 5). Analysis of the protein
composition of this solubilized fraction confirmed the increased
chromatin localization of DDB2, XPC and ASH1L upon UV
radiation (Fig. 7a). Immunoprecipitation with antibodies against
methylated H3K4me3 or against total H3 shows that a substantial
part of XPC protein localizing to chromatin is associated with the
histones of nucleosome core particles. In addition, this side-by-
side comparison demonstrated that XPC protein associates pre-
ferentially with core particles containing methylated H3K4me3
(precipitated with anti-H3K4me3 antibodies) as compared to
those containing mainly unmethylated H3 (precipitated with
anti-H3 antibodies). ASH1L is preferentially bound to its own
product, i.e., nucleosomes containing modified H3K4me3.
Instead, DDB2 preferentially associates with nucleosome core
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particles devoid of H3K4me3 (Fig. 7a). The level of XPC and
DDB2 bound to core particles was normalized to the total content
of histone H3 in each precipitated fraction, revealing that XPC
protein displays a marked preference for core particles containing
H3K4me3, whereas DDB2 exhibits an opposite bias, i.e., for core
particles lacking H3K4me3 (Fig. 7b).

It remained possible that the interaction of XPC protein with
core particles is mediated entirely by its association with DNA. To
rule out this possibility, we digested the MNase-liberated core
particles with benzonase, which is commonly used for the
removal of nucleic acids from biological matrices. This degrada-
tion of DNA wrapped around histone octamers in core particles
did not reduce the amount of associated XPC protein. On the
contrary, the benzonase digestion increased the interaction of
XPC protein with DNA-free octamers precipitated with anti-
H3K4me3 antibodies, indicating an intrinsic ability of XPC
protein to interact with histones (Fig. 7c, d). This finding was
confirmed by demonstrating that immunoprecipitation of
MNase- and benzonase-digested chromatin with anti-XPC
antibodies leads to the co-isolation of histone octamers contain-
ing H3K4me3 (Fig. 7e).

To investigate the hypothesis of a direct XPC-histone
interaction, recombinant XPC protein expressed in insect cell
(sf9) lysates was incubated for 1 h with purified recombinant
H3K4me3. The samples were subjected to immunoprecipitation
using anti-H3K4me3 antibodies and the isolates analyzed for
their XPC content (Fig. 7f). This proven co-immunoprecipitation
of XPC with H3K4me3, using recombinant factors, supports the
conclusion that the XPC subunit has an intrinsic affinity for core
histones.

Identification of an H3K4me3-interacting domain. The
enhanced affinity of XPC protein for DNA-free histone octamers,
compared to DNA-bound octamers (Fig. 7c), suggested the
existence of a histone-binding motif that is partially masked by
interactions of neighboring domains with the DNA substrate.
Between the two well-characterized β-hairpin domains BHD2 and
BHD3, responsible for the DNA-binding activity of human XPC
protein, we identified a short β-turn motif (residues 741–757) that
does not make contacts with DNA59, 60, but displays negatively
charged amino acids that may interact with the positively charged
histones (Fig. 8a). We predicted that it should be possible to
reduce the affinity of XPC protein for histones by replacing
negatively charged amino acids in this motif with positively
charged analogs. The consequence of D748K and E755K charge
inversions was tested by expressing green-fluorescent protein
(GFP) fusions containing single and double mutations in XP-C
fibroblasts, and using 0.3-M NaCl extracts to test their interaction
with recombinant H3K4me3. Immunoprecipitations with anti-
H3K4me3 antibodies, followed by analysis using anti-GFP anti-
bodies, demonstrated that the D748K mutation (alone or together
with the E755K change) reduces the association of XPC protein
with H3K4me3 (Fig. 8b). Remarkably, the residual binding of
these charge inversion mutants with H3K4me3 is weaker than
that observed for the W690S mutant with an overall disrupted
protein folding and stability61. These GFP constructs were used to
complement the GG-NER defect of UV-irradiated XP-C fibro-
blasts. A comparison of CPD excision determined by immu-
noassay showed that wild-type XPC protein, but not the W690S
mutant, is able to complement the GG-NER defect of XP-C cells.
This assay allowed us to show that the reduced histone-binding
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capability of the D748K mutant correlates with impaired CPD
repair (Fig. 8c).

To confirm that the β-turn motif of human XPC participates in
histone binding, we generated polypeptides XPC607–741, contain-
ing only BHD1 and BHD2, and XPC607–766, containing the β-turn
motif in addition to BHD1 and BHD2 (Fig. 8d). In co-
immunoprecipitations, the longer fragment XPC607–766 retained
the ability to associate with H3K4me3, whereas this histone-
binding activity was essentially lost with the shorter fragment
XPC607–741 (Fig. 8e). We conclude that the β-turn motif of human
XPC protein contributes to its association with the core histones
of nucleosomes and that this interaction determines the efficiency
of CPD excision.

Discussion
There are several potential mechanisms by which histone
methyltransferases may participate in the cellular UV response.
For example, the methylation of histone H3 at position K79 by
DOT1L (for Disruptor Of Telomeric silencing 1-Like) has been
shown to support transcription upon genotoxic stress without
influencing DNA repair activity62. By contrast, we describe the
ASH1L histone methyltransferase as an auxiliary factor that, like
DDB2 (the product of the XPE gene), is indispensable for excision

of CPD lesions. Although DDB2 is not a core subunit of the GG-
NER system, its absence or functional defect in XP-E cells causes
reduced CPD repair20, 63. The generally accepted model is that
DDB2 protein recognizes CPDs and delivers these lesions to XPC,
which is the initiator of GG-NER activity53. However, the
mechanism of this handover remained elusive because reconstitu-
tion assays showed that DDB2 is not needed for CPD excision from
naked DNA64 and because it is not possible, in biochemical
experiments using histone-free DNA substrates, to detect and
characterize stable intermediates where DDB2 and XPC bind to the
same damage simultaneously16. It is, therefore, assumed that DDB2
deploys its role within the chromatin context where it undergoes
transient interactions with XPC regulated by CUL4A-mediated
ubiquitination23, 65, 66. Ubiquitination of XPC protein increases its
DNA-binding affinity27 and the concomitant ubiquitination of
histones is thought to facilitate access to the DNA substrate67, 68.

We present the histone methyltransferase ASH1L as a so far
unknown missing link between DDB2 and XPC during initiation
of the GG-NER process (Fig. 9). DDB2 bound to UV lesions in
nucleosome cores recruits the histone methyltransferase ASH1L.
The CUL4A ubiquitin ligase, to which DDB2 binds through its
DDB1 adapter, is not required for this ASH1L recruitment. In
response to UV damage, the DDB2-ASH1L interaction (Fig. 1g,
h) leads to methylation of lysine 4 in histone H3. In turn, the
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methylated histone H3K4me3 allows for the stable docking of the
XPC complex to the histone octamer of UV-damaged nucleo-
somes. In the absence of ASH1L, XPC protein remains only
weakly bound to the nucleosome through its association with
DDB2. By favoring the formation of a stable intermediate of XPC
with the methylated histone octamer, ASHIL facilitates the
recruitment of TFIIH and downstream factors of the GG-NER
pathway. Without ruling out the possibility that multiple XPC
domains may interact with histone octamers, we found that the β-
turn motif situated between the known DNA-binding domains
BHD2 and BHD3 contributes to the association of XPC protein
with H3K4me3.

Against the generally contended notion that the XPC subunit is
unable to access histone-bound substrates, we show that the
histone octamer of DNA-damaged nucleosomes provides,
instead, an interaction platform for the critical substrate handover
from DDB2 to the XPC partner, thereby initiating the GG-NER
reaction at CPD sites in chromatin. That the association of XPC
protein with H3K4me3 is functionally important can be inferred
from the finding of Fig. 8c, whereby an XPC mutant that inter-
feres with XPC-H3K4me3 interactions reduces GG-NER activity
in living cells. As observed for DDB2 defects, down regulation of
ASH1L confers an exquisitely slow excision of CPDs and, in
addition, causes UV hypersensitivity. That ASH1L mutations
have not been identified in the context of the XP syndrome may
be due to the observation that inactivation of this essential histone
methyltransferase is not compatible with developmental
processes.

Methods
Cell lines. HeLa and U2OS cells were obtained from American Type Culture
Collection. SV-40-transformed XP-C fibroblasts (carrying a homozygous C-to-T
transition at codon 718) were from Coriell Institute of Medical Research. All cell
lines were grown using Dulbecco’s modifies Eagle medium supplemented with 10%
(v/v) fetal calf serum (FCS, Gibco), 100 U ml–1, penicillin and 100 μg ml–1 strep-
tomycin. Although these cells do not belong to the commonly misidentified lines,
they were authenticated by short tandem repeat (STR) profiling (HeLa and U2OS)
or isoenzyme electrophoresis (fibroblasts) and tested negative for mycoplasma
contamination.

Protein depletion. The siRNA reagents are listed in Supplementary Table 1.
Transfections were performed with Lipofectamine RNAiMAX (Thermo Scientific)
according the manufacturer’s protocol. SiRNA concentrations were 16 nM for the
silencing of XPC, DDB2, CUL4A, XPA, CSB and SETD2, 20 nM for the silencing of
ASH1L. Experiments were carried out 48 h after siRNA transfections.

UV irradiation. Irradiation with UV-C light was performed with a germicidal lamp
(wavelength 254 nm) after washing the cells with phosphate-buffered saline (PBS).
Local damages were generated by irradiation with 100 J m–2 through a 3-µm or
5-μm pore polycarbonate filter (Millipore). After UV treatment, cells were incu-
bated with complete culture medium before processing for further analyses.

Plasmid transfection. Transfections with XPC-GFP expression vectors were car-
ried out using FuGENE HD (Promega) reagent according to manufacturer’s pro-
tocol. Cell were transfected at 80% confluency as described69 and lysed 24 h later.

Gene expression. Total RNA was extracted from cells with the RNase isolation kit
(Qiagen), according to the manufacturer’s protocol. DNA was digested using
DNase I, and RNA concentration was determined using the NanoDrop instrument.
Briefly, 500 ng of RNA from each sample where subjected to reverse transcription
according to manufacturer’s protocol (iScript cDNA synthesis Kit, Bio-Rad).
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Quantitative RT-PCR was performed using the KAPA SyBR FAST Universal qPCR
Kit (KAPA BIOSYSTEMS) according to the manufacturer’s protocol. Reactions
were carried out in duplicates using the CFX384 Real-time System C1000 Touch
Thermal Cycler. Relative gene expression levels were presented as 2−ΔΔCT, nor-
malized against GAPDH and Beta-2 microglobulin (B2M), and presented relative
to controls treated with non-coding siRNA. The Quantitative RT-PCR primers
were obtained from Microsynth (Supplementary Table 2).

Immunofluorescence. Glass coverslips of 12 mm (Thermo Scientific) were used to
grow U2OS cells to 80% confluency and irradiated through 3-µm or 5-μM filter
pores to induce local UV damage. After the indicated times, the culture medium
was removed and a pre-extraction buffer [25mM HEPES, pH7.5, 50 mM NaCl, 1
mM EDTA, 3 mMMgCl2, 300 mM sucrose and 0.5% (v/v) Triton X-100] added for
2.5 min at 4 °C. Thereafter, cells were fixed with 4% (w/v) paraformaldehyde (pH
8.0) for 15 min and permeabilized for 20 min with PBS containing 0.05% (v/v)
Tween 20. PBS with 20% FCS was used for a blocking step of 30 min at 37 °C.
Primary antibodies (Supplementary Table 3) were diluted in PBS with 5% FCS and
applied for 1 h at 37 °C. Secondary antibodies (Supplementary Table 3), diluted in
PBS with 5% FCS, were added for 30 min at 37 °C after washing with PBS-Tween
20. DNA was stained with DAPI (0.2 μg ml–1). Immunofluorescence images were
taken with a fluorescence inverted microscope (Leica, DMI6000 B, 63x oil Plan-
Apochromat, 1.4 numerical aperture oil immersion lens) and analyzed with ImageJ
software. Cell numbers displaying the indicated spots were determined by counting
all CPD-positive cells with the respective protein staining. The quantified protein
levels at UV lesion sites were expressed as the ratio of fluorescence intensity at the
damage spot and the respective intensity in the remaining nuclear area after
subtraction of the background intensity outside the nucleus.

Immunoblotting. Cells were treated as indicated, washed with PBS and lysed as
indicated. Protein concentrations were measured by Pierce BCA Protein Assay Kit
(Thermo Scientific) at 562 nm. Loading buffer was added to 60 mM Tris-HCl, pH

6.8, 10% (v/v) glygerol, 2% (w/v) sodium dodecyl sulfate (SDS), 1.25% (v/v) β-
mercaptoethanol, 0.01% (w/v) bromophenol blue (final concentrations) and the
samples heated for 10 min to 95 °C. In each case, 2–50 μg of sample proteins were
separated on 4–20% Criterion TGX stain-free precast gels (Bio-Rad) for 30 min at
250 V and transferred to nitrocellulose membranes using the Turbo transfer device
(Bio-Rad, 7 min at 5 A). The signals resulting from antibody incubations were
documented and quantified with the Odyssey CLx Imaging System (LI-COR) or
the Chemidoc MP Imaging System (Bio-Rad). Uncropped versions of all blots are
shown in Supplementary Figs. 7, 8 and 9.

Chromatin digestion. Confluent cell layers in 10-cm dishes were UV-irradiated
and lysed by incubation (30 min on ice using a turning wheel) with NP-40 buffer
[25 mM Tris-HCl, pH 8.0, 0.3 mM NaCl, 1 mM EDTA, 10% (v/v) glycerol, 1% (v/
v) NP-40, 0.25 mM phenylmethylsulfonyl fluoride and EDTA-free protease inhi-
bitor cocktail (Roche)]58. Next, free proteins not bound to chromatin were sepa-
rated by centrifugation at 15,000 g for 10 min. The remaining chromatin pellet was
suspended in CS buffer [20 mM Tris-HCl, pH 7.5, 100 mM KCl, 2 mM MgCl2, 1
mM CaCl2, 0.3 M sucrose and 0.1% (v/v) Triton X-100] and supplemented with
reaction buffer containing, as final concentrations, 50 mM Tris-HCl, pH 7.9, 5 mM
CaCl2, bovine serum albumin (100 µg ml–1) and 0.4 U ml–1 MNase (New England
Biolabs). After a 20-min incubation at 37 °C, the reaction was stopped with EDTA
(5 mM) and the solubilized chromatin supernatant was collected after centrifuga-
tion 15,000 g for 10 min.

Quantification of UV lesions. Enzyme-linked immunosorbent assays were carried
according to the manufacturer’s instructions to quantify UV lesions. Genomic
DNA was extracted using the DNeasy blood and tissue Kit (Qiagen) and heat-
denatured at 99 °C for 10 min followed by a 15-min incubation on ice. The 96-well
microtiter plates (Greiner) were coated with protamine sulfate (Sigma), dried
overnight at 37 °C and loaded with 50 μl of DNA solution per well (4 µg ml–1 for
6–4PP detection, 200 ng ml–1 for CPD detection). Once coated with DNA, the
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plates were washed five times with PBST [0.05% (v/v) Tween 20 in PBS] and
blocked with 2% (v/v) FCS in PBS at 37 °C for 60 min. Next, the plates were
incubated with antibodies against 6–4PPs (64M-2; dilution of 1:2000) and CPDs
(TDM-2; dilution of 1:5000) for 30 min at 37 °C. These primary antibodies were
detected by biotin-labeled F(ab’)2 fragments obtained from anti-mouse IgG
(dilution 1:2000; see Supplementary Table 3) added for 30 min at 37 °C. After
washing the plates, 100 µl of a peroxidase streptavidin conjugate (1:10,000) were
added to each well. The color reaction was started with 0.5 mg ml–1

o-phenylenediamine, 0.007% (v/v) H2O2 and citrate-phosphate buffer (50 mM
Na2HPO4, 24 mM citric acid, pH 5.0). After stopping the reaction with 50 µl of 2 M
H2SO4, absorbance was detected at 492 nm in a PLUS384 microplate
spectrophotometer.

Analysis of MNase-digested DNA. Cells were lysed on ice 30 min with NP-40
buffer. After a 10-min centrifugation at 15,000 g, the remaining pellet was resus-
pended in CS buffer, supplemented with reaction buffer and MNase-digested as
outlined above. Control samples were incubated without MNase enzyme. The
DNA was extracted by adding TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA)
and neutral phenol. After 15 min of shacking, samples were centrifuged (5 min at
6000 g), the phenol was discarded and the aqueous solution washed twice with
chloroform. The DNA was precipitated in ethanol supplemented with 100 mM
sodium acetate, dried and resuspended in TE buffer. DNA concentration was
measured using the NanoDrop device; 0.5 μg of DNA were separated on a 1.75%
(w/v) agarose gel.

Unscheduled DNA synthesis. Repair patch synthesis was monitored by immu-
nofluorescence54. U2OS cells were cultured on 12-mm coverslips and locally (100 J
m–2) UV-irradiated through 5-μm filter pores. After irradiation, cells were incu-
bated for 2 h in culture medium and then another 1 h in culture medium sup-
plemented with 10 μM 5-ethynyl-2’-deoxyuridine (EdU; Thermo Scientific).
Thereafter, the cells were washed with PBS, pre-extracted for 2.5 min and fixed
with 4% (w/v) paraformaldehyde (pH 8.0) at room temperature for 15 min fol-
lowed by permeabilization for 20 min with PBS containing 0.05% (v/v) Tween 20.
Before blocking in PBS with 20% FCS for 30 min at 37 °C, the DNA was denatured

for 8 min in 0.07M NaOH. Antibodies against CPDs were added for 1 h at 37 °C.
Cells were then washed for 20 min with PBS containing 0.05% (v/v) Tween 20.
DNA was stained with DAPI (0.2 μg ml–1) and secondary antibody. Incorporated
EdU was coupled to Alexa Fluor 488 using Click-iT EdU Imaging Kit (Thermo
Scientific) following the manufacturer’s instructions. Images of immunostained
cells were taken with a fluorescence inverted microscope (Leica, 63x oil Plan-
Apochromat, 1.4 numerical aperture oil immersion lens) and analyzed with ImageJ
software. EdU incorporation was analyzed in 100 cells by determining fluorescence
intensity in the UV-damaged areas (CPD spots) divided by the background nuclear
intensity after subtraction of the background intensity outside the nucleus. S-phase
cells displaying high EdU fluorescence in their entire nucleus were excluded from
the analysis.

Recovery of RNA synthesis. RNA synthesis was monitored by immuno-
fluorescence54. U2OS cells were cultured on 12-mm coverslips and globally
(16 J m–2) UV- irradiated. After irradiation, cells were incubated for 4 h in culture
medium and then 2 h in culture medium supplemented with 100 μM 5-ethynyl
uridine (EU; Thermo Scientific). Thereafter, the cells were washed with PBS,
pre-extracted for 2.5 min and fixed with 4% (w/v) paraformaldehyde (pH 8.0) at
room temperature for 15 min followed by permeabilization for 20 min with PBS
containing 0.05% (v/v) Tween 20. A blocking step was carried out in PBS with 20%
FCS for 30 min at 37 °C. Cells were then washed for 20 min with PBS containing
0.05% (v/v) Tween 20. DNA was stained with DAPI (0.2 μg ml–1). Incorporated EU
was coupled to Alexa Fluor 488 using the Click-iT Alexa Fluor 488 Imaging Kit
(Thermo Scientific) following the manufacturer’s instructions. Images of immu-
nostained cells were taken with a fluorescence inverted microscope (Leica, 63x oil
Plan-Apochromat, 1.4 numerical aperture oil immersion lens) and analyzed with
ImageJ software. EU incorporation was monitored in 100 cells by determining the
nuclear fluorescence intensity after subtraction of the background intensity outside
the nucleus.

UV sensitivity. To measure viability, 300,000 HeLa cells were siRNA-transfected
as indicated above in 6-well plates. Following 48 h after transfection, 5000 cell in
four replicates for each condition were trypsinized and seeded in 96-well plates.
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After 24 h, cells were UV-irradiated with 0, 2.5, 5 or 10 J m–2. After another 24 and
48 h, the culture medium was replace with 100 μl medium containing 10% (v/v)
AlamarBlue solution (Sigma). Sample fluorescence was measured after 3-hour
incubations using the fluorospectrometer LS-55 from Perkin Elmer set to EX= 560
and EM= 590.

Immunoprecipitation of endogenous proteins. After two washing step on ice
with PBS, 10 μl of slurry Protein G sepharose (GE Healthcare) for each sample
were incubated with the indicated antibodies (Supplementary Table 3) on a turning
wheel for 45 min at 4 °C. After centrifugation (1 min, 100 g), protein
G-sepharose was suspended in buffer A [0.5 M Tris-HCl, pH 8.0, 8% (v/v) glycerol,
300 mM NaCl, 2% (v/v) Triton X-100, 2 mM EDTA, 0.25 mM phe-
nylmethylsulfonyl fluoride and ETDA-free protease inhibitor cocktail (Roche)].
Next, 100 μl of protein G-sepharose were added to 50 μg cell extracts and incubated
3 h at 4 °C on a turning wheel. Beads were washed twice by centrifugation (2 min,
100 g) in HNTG buffer [20 mM HEPES, pH 7.5, 150 mM NaCl, 0.1% (v/v) Triton
X-100 and 10% (v/v) glycerol]. Protein elution was carried out by boiling the
sample to 95 °C in loading buffer [60 mM Tris-HCl, pH 6.8, 10% (v/v) glycerol, 2%
(w/v) sodium dodecyl sulfate (SDS), 1.25% (v/v) β-mercaptoethanol, 0.01% (w/v)
bromophenol blue]. Samples were analyzed by polyacrylamide gel electrophoresis
and immunoblotting as described above.

Chromatin immunoprecipitation. Proteins were crosslinked to DNA by addition
of 1% (v/v) formaldehyde for 10 min on ice; 0.125 M of glycine was added to stop
the reaction. After two washing steps on ice with PBS, cells were lysed and chro-
matin was MNase-digested as outlined above. Ten μl of Protein G sepharose were
incubated for 45 min at 4 °C on a turning wheel with 5 μl anti-DDB2 antibodies.
After centrifugation (1 min, 100 g), protein G-sepharose was suspended in buffer
A. Next, 100 μl of protein G-sepharose were added to 150 μg solubilized chromatin
and incubated 3 h at 4 °C on a turning wheel. Beads were then washed in HNTG
buffer. Protein elution was carried out by boiling the sample to 95 °C in loading
buffer. Samples were analyzed by polyacrylamide gel electrophoresis and immu-
noblotting as described above.

Immunoprecipitation of recombinant histones. Protein G sepharose (GE
Healthcare) was prepared as above and incubated with anti-H3K4me3 antibodies
(Supplementary Table 3) on a turning wheel for 45 min at 4 °C. Recombinant
histone H3K4me3 (2 μg) (Active Motif), were incubated for 1 h at 4 °C on a turning
wheel directly with 50 μg of cell extracts. After centrifugation (1 min, 100g), protein
G-sepharose was suspended in buffer A; 100 μl of protein G-sepharose were added
to the cell extract containing recombinant histones and incubated 3 h at 4 °C on a
turning wheel. Beads were then washed twice by centrifugation (2 min, 100g) in
HNTG buffer. Protein elution, polyacrylamide gel electrophoresis and immuno-
blotting were carried out as described above.

Co-immunoprecipitation of XPC-GST. Slurry Protein G sepharose (GE Health-
care) was prepared as described above and incubated with the anti-H3K4me3
antibody (Supplementary Table 3) on a turning wheel for 45 min at
4 °C. Recombinant histone H3K4me3 (2 μg) (Active Motif), were incubated
for 1 h at 4 °C on a turning wheel together with XPC-fragments (4 μg) or purified
GST (2.6 μg) (Sigma) in YY buffer [100 mM HEPES, pH 7.5, 20% (v/v) glycerol, 2%
(v/v) tryton, 2 μM EDTA]. After centrifugation (1 min, 100 g), protein G-sepharose
was suspended in buffer A; 100 μl of protein G-sepharose were added to 50 μl YY
buffer containing recombinant histones and XPC-GST or purified GST. After 3 h
incubations at 4 °C on a turning wheel, beads were washed twice by centrifugation
(2 min, 100 g) in HNTG buffer. Protein elution, polyacrylamide gel electrophoresis
and immunoblotting were carried out as described above.

Statistical analyses. Data are shown as mean values with s.e.m. Differences were
calculated in GraphPad Prism 6 using the statistical tests indicated in the figure
legends and the resulting P values are given directly in the figures. In all experi-
ments, between-group variances were similar and data were symmetrically dis-
tributed. In immunofluorescence studies, at least 100 random cells per experiment
were scored in each group.

Data availability. All relevant data are available from the authors.

Received: 1 February 2017 Accepted: 7 August 2017

References
1. Kobayashi, N. et al. Quantitation and visualization of ultraviolet-induced DNA

damage using specific antibodies: application to pigment cell biology. Pigment
Cell. Res. 14, 94–102 (2001).

2. Mouret, S., Forestier, A. & Douki, T. The specificity of UVA-induced DNA
damage in human melanocytes. Photochem. Photobiol. Sci. 11, 155–162 (2012).

3. Smerdon, M. J. & Conconi, A. Modulation of DNA damage and DNA repair in
chromatin. Prog. Nucleic Acid Res. Mol. Biol. 19, 227–255 (1999).

4. Zavala, A. G., Morris, R. T., Wyrick, J. Jp & Smerdon, M. J. High-resolution
characterization of CPD hotspot formation in human fibroblasts. Nucleic Acids
Res. 42, 893–905 (2014).

5. Huang, J. C., Hsu, D. S., Kazantsev, A. & Sancar, A. Substrate spectrum of
human excinuclease: repair of abasic sites, methylated bases, mismatches, and
bulky adducts. Proc. Natl Acad. Sci. USA 91, 12213–12217 (1994).

6. Kuraoka, I. et al. Removal of oxygen free-radical-induced 5’,8-purine
cyclodeoxynucleosides from DNA by the nucleotide excision-repair pathway in
human cells. Proc. Natl Acad. Sci. USA 97, 3832–3837 (2000).

7. Reardon, J. T. & Sancar, A. Repair of DNA-polypeptide crosslinks by human
excision nuclease. Proc. Natl Acad. Sci. USA 11, 4056–4061 (2006).

8. Hanawalt, P. C. & Spivak, G. Transcription-coupled DNA repair: two decades
of progress and surprises. Nat. Rev. Mol. Cell Biol. 12, 958–970 (2008).

9. Vermeulen, W. & Fousteri, M. Mammalian transcription-coupled excision
repair. Cold Spring Harb. Perspect. Biol. 5, 1–16 (2013).

10. Hoeijmakers, J. H. DNA damage, aging, and cancer. N. Engl. J. Med. 361,
1475–1485 (2009).

11. Schärer, O. D. Nucleotide excision repair in eukaryotes. Cold Spring Harb.
Perspect. Biol. 10, 1–19 (2013).

12. DiGiovanna, J. J. & Kraemer, K. H. Shining a light on xeroderma pigmentosum.
J. Invest. Dermatol. 132, 785–796 (2012).

13. Marteijn, J. A., Lans, H., Vermeulen, W. & Hoeijmakers, J. H. Understanding
nucleotide excision repair and its roles in cancer and ageing. Nat. Rev. Mol. Cell
Biol. 15, 465–481 (2014).

14. Cleaver, J. E. Cancer in xeroderma pigmentosum and related disorders of DNA
repair. Nat. Rev. Cancer 5, 564–573 (2005).

15. Friedberg, E. C. et al. DNA repair: from molecular mechanism to human
disease. DNA Repair 5, 986–996 (2006).

16. Batty, D., Rapic’-Otrin, V., Levine, A. S. & Wood, R. D. Stable binding of
human XPC complex to irradiated DNA confers strong discrimination for
damaged sites. J. Mol. Biol. 2, 275–290 (2000).

17. Nishi, R. et al. Centrin 2 stimulates nucleotide excision repair by interacting
with xeroderma pigmentosum group C protein. Mol. Cell Biol. 25, 5664–5674
(2005).

18. Sugasawa, K. et al. HHR23B, a human Rad23 homolog, stimulates XPC protein
in nucleotide excision repair in vitro. Mol. Cell Biol. 16, 4852–4861 (1996).

19. Sugasawa, K. et al. Xeroderma pigmentosum group C protein complex is the
initiator of global genome nucleotide excision repair. Mol. Cell 2, 223–232
(1998).

20. Hwang, B. J., Ford, J. M., Hanawalt, P. C. & Chu, G. Expression of the p48
xeroderma pigmentosum gene is p53-dependent and is involved in global
genomic repair. Proc. Natl Acad. Sci. USA 96, 424–428 (1999).

21. Tang, J. Y., Hwang, B. J., Ford, J. M., Hanawalt, P. C. & Chu, G. Xeroderma
pigmentosum p48 gene enhances global genomic repair and suppresses UV-
induced mutagenesis. Mol. Cell 5, 737–744 (2000).

22. Wakasugi, M. et al. DDB accumulates at DNA damage sites immediately after
UV irradiation and directly stimulates nucleotide excision repair. J. Biol. Chem.
277, 1637–1640 (2002).

23. Rapic-Otrin, V. Sequential binding of UV DNA damage binding factor and
degradation of the p48 subunit as early events after UV irradiation. Nucleic
Acids Res. 30, 2588–2598 (2002).

24. Fitch, M. E., Nakajima, S., Yasui, A. & Ford, J. M. In vivo recruitment of XPC to
UV-induced cyclobutane pyrimidine dimers by the DDB2 gene product. J. Biol.
Chem. 278, 46906–46910 (2003).

25. Scrima, A. et al. Structural basis of UV DNA-damage recognition by the DDB1-
DDB2 complex. Cell 135, 1213–1223 (2008).

26. Shiyanov, P., Nag, A. & Raychaudhuri, P. Cullin 4A associates with the UV-
damaged DNA-binding protein DDB. J. Biol. Chem. 274, 35309–35312 (1999).

27. Sugasawa, K. et al. UV-induced ubiquitylation of XPC protein mediated by UV-
DDB-ubiquitin ligase complex. Cell 121, 387–400 (2005).

28. Evans, E., Moggs, J. G., Hwang, J. R., Egly, J. M. & Wood, R. D. Mechanism of
open complex and dual incision formation by human nucleotide excision repair
factors. EMBO J. 16, 6559–6573 (1997).

29. Yokoi, M. et al. Thexeroderma pigmentosum group C protein complex XPC-
HR23B plays an important role in the recruitment of transcription factor IIH to
damaged DNA. J. Biol. Chem. 275, 9870–9875 (2000).

30. Riedl, T., Hanaoka, F. & Egly, J.-M. M. The comings and goings of nucleotide
excision repair factors on damaged DNA. EMBO J. 22, 5293–5303 (2003).

31. Li, C.-L. L. et al. Tripartite DNA lesion recognition and verification by XPC,
TFIIH, and XPA in nucleotide excision repair. Mol. Cell 59, 1025–1034 (2015).

32. Araújo, S. J. et al. Nucleotide excision repair of DNA with recombinant human
proteins: definition of the minimal set of factors, active forms of TFIIH, and
modulation by CAK. Genes Dev. 59, 349–359 (2000).

33. Staresincic, L. et al. Coordination of dual incision and repair synthesis in
human nucleotide excision repair. EMBO J. 28, 1111–1120 (2009).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-01080-8

12 NATURE COMMUNICATIONS | 8:  1333 |DOI: 10.1038/s41467-017-01080-8 |www.nature.com/naturecommunications

www.nature.com/naturecommunications


34. Moser, J. et al. Sealing of chromosomal DNA nicks during nucleotide excision
repair requires XRCC1 and DNA ligase III alpha in a cell-cycle-specific
manner. Mol. Cell 27, 311–323 (2007).

35. Ogi, T. et al. Three DNA polymerases, recruited by different mechanisms, carry
out NER repair synthesis in human cells. Mol. Cell 37, 714–727 (2010).

36. Brand, M. et al. UV-damaged DNA-binding protein in the TFTC complex links
DNA damage recognition to nucleosome acetylation. EMBO J. 20, 3187–3196
(2001).

37. Guo, R., Chen, J., Mitchell, D. L. & Johnson, D. G. GCN5 and E2F1 stimulate
nucleotide excision repair by promoting H3K9 acetylation at sites of damage.
Nucleic Acids Res. 39, 1390–1397 (2011).

38. Ramanathan, B. & Smerdon, M. J. Changes in nuclear protein acetylation in u.
v.-damaged human cells. Carcinogenesis 7, 1087–1094 (1986).

39. Teng, Y. et al. Saccharomyces cerevisiae Rad16 mediates ultraviolet-dependent
histone H3 acetylation required for efficient global genome nucleotide-excision
repair. EMBO Rep. 9, 97–102 (2008).

40. Yu, S., Teng, Y., Waters, R. & Reed, S. H. How chromatin is remodelled during
DNA repair of UV-induced DNA damage in Saccharomyces cerevisiae. PLoS
Genet. 7, 1–9 (2011).

41. Bannister, A. & Kouzarides, T. Regulation of chromatin by histone
modifications. Cell Res. 21, 381–395 (2011).

42. Black, J. C., Van Rechem, C. & Whetstine, J. R. Histone lysine methylation
dynamics: establishment, regulation, and biological impact. Mol. Cell 48,
491–507 (2012).

43. Kouzarides, T. SnapShot: Histone-modifying enzymes. Cell 131, 822 (2007).
44. Varier, R. A. & Timmers, H. T. Histone lysine methylation and demethylation

pathways in cancer. Biochim. Biophys. Acta 1815, 75–89 (2011).
45. Greer, E. L. & Shi, Y. Histone methylation: a dynamic mark in health, disease

and inheritance. Nat. Rev. Genet. 13, 343–357 (2012).
46. Brinkmeier, M. L. et al. The histone methyltransferase gene absent, small, or

homeotic discs-1 like is required for normal hox gene expression and fertility in
mice. Biol. Reprod. 93, 121 (2015).

47. Jones, M. et al. Ash1l controls quiescence and self-renewal potential in
hematopoietic stem cells. J. Clin. Invest. 125, 2007–2020 (2015).

48. Miyazaki, H. et al. Ash1l methylates Lys36 of histone H3 independently of
transcriptional elongation to counteract polycomb silencing. PLoS. Genet. 9,
1–15 (2013).

49. Li, F. et al. The histone mark H3K36me3 regulates human DNA mismatch
repair through its interaction with MutSα. Cell 153, 590–600 (2013).

50. Aymard, F. et al. Transcriptionally active chromatin recruits homologous
recombination at DNA double-strand breaks. Nat. Struct. Mol. Biol. 21,
366–374 (2014).

51. Carvalho, S. et al. SETD2 is required for DNA double-strand break repair and
activation of the p53-mediated checkpoint. Elife 3, e02482 (2014).

52. Pfister, S. X. et al. SETD2-dependent histone H3K36 trimethylation is required
for homologous recombination repair and genome stability. Cell Rep. 7,
2006–18 (2014).

53. Sugasawa, K. UV-DDB: a molecular machine linking DNA repair with
ubiquitination. DNA Repair 8, 969–972 (2009).

54. Nakazawa, Y., Yamashita, S., Lehmann, A. R. & Ogi, T. A semi-automated non-
radioactive system for measuring recovery of RNA synthesis and unscheduled
DNA synthesis using ethynyluracil derivatives. DNA Repair 9, 506–516 (2010).

55. Mitchell, D. L., Cleaver, J. E. & Epstein, J. H. Repair of pyrimidine(6-4)
pyrimidone photoproducts in mouse skin. J. Invest. Dermatol. 95, 55–59 (1990).

56. Aydin, Ö. Z. et al. Human ISWI complexes are targeted by SMARCA5 ATPase
and SLIDE domains to help resolve lesion-stalled transcription. Nucleic Acids
Res. 42, 8473–8485 (2014).

57. Volker, M. et al. Sequential assembly of the nucleotide excision repair factors
in vivo. Mol. Cell 8, 213–224 (2001).

58. Fei, J. et al. Regulation of nucleotide excision repair by UV-DDB: prioritization
of damage recognition to internucleosomal DNA. PLoS Biol. 9, 1–14 (2011).

59. Min, J.-H. & Pavletich, N. P. Recognition of DNA damage by the Rad4
nucleotide excision repair protein. Nature. 449, 570–575 (2007).

60. Camenisch, U. et al. Two-stage dynamic DNA quality check by xeroderma
pigmentosum group C protein. EMBO J 28, 2387–2399 (2009).

61. Yasuda, G. et al. In vivo destabilization and functional defects of the xeroderma
pigmentosum C protein caused by a pathogenic missense mutation. Mol. Cell
Biol. 27, 6606–6614 (2007).

62. Oksenych, V. et al. Histone methyltransferase DOT1L drives recovery of gene
expression after a genotoxic attack. PLoS Genet. 9, 1–12 (2013).

63. Moser, J. et al. TheUV-damaged DNA binding protein mediates efficient
targeting of the nucleotide excision repair complex to UV-induced photo
lesions. DNA Repair 4, 571–582 (2005).

64. Reardon, J. T. & Sancar, A. Repair of DNA-polypeptide crosslinks by human
excision nuclease. Proc. Natl Acad. Sci. USA 103, 4056–4061 (2006).

65. El-Mahdy, M. A. et al. Cullin 4A-mediated proteolysis of DDB2 protein at
DNA damage sites regulates in vivo lesion recognition by XPC. J. Biol. Chem.
281, 13404–13411 (2006).

66. Chen, X., Zhang, Y., Douglas, L. & Zhou, P. UV-damaged DNA-binding
proteins are targets of CUL-4A-mediated ubiquitination and degradation. J.
Biol. Chem. 276, 48175–48182 (2001).

67. Kapetanaki, M. G. et al. The DDB1-CUL4ADDB2 ubiquitin ligase is deficient in
xeroderma pigmentosum group E and targets histone H2A at UV-damaged
DNA sites. Proc. Natl Acad. Sci. USA 103, 2588–2593 (2006).

68. Wang, Q. E. et al. DNA repair factor XPC is modified by SUMO-1 and
ubiquitin following UV irradiation. Nucleic Acids Res. 33, 4023–4034 (2005).

69. Maillard, O., Solyom, S. & Naegeli, H. An aromatic sensor with aversion to
damaged strands confers versatility to DNA repair. PLoS Biol. 5, 717–728
(2007).

Acknowledgements
This work was supported by the Velux Stiftung (Project 753), the Swiss Cancer League
(2832–02–2011) and the Swiss National Science Foundation (Grant 31003A_170111/1 to
H.N. and 31003A_166370/1 to L.P.). We also acknowledge support by the Center of
Clinical Studies.

Author contributions
C.B.P., M.G. and H.N. devised and planned the experiments, C.B.P., P.R. and Z.G.
carried out the experiments and analyzed the data, C.B.P., L.P. and H.N. wrote the
manuscript.

Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-01080-8.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-01080-8 ARTICLE

NATURE COMMUNICATIONS |8:  1333 |DOI: 10.1038/s41467-017-01080-8 |www.nature.com/naturecommunications 13

http://dx.doi.org/10.1038/s41467-017-01080-8
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	ASH1L histone methyltransferase regulates the handoff between damage recognition factors in global-genome nucleotide excision repair
	Results
	UV-dependent ASH1L recruitment and histone methylation
	DDB2 mediates the UV-dependent recruitment of ASH1L
	ASH1L depletion suppresses CPD excision
	ASH1L depletion impedes GG-NER and confers UV sensitivity
	ASH1L depletion dysregulates GG-NER assembly
	ASHIL ensures the stable association of XPC with CPD sites
	XPC binds preferentially to nucleosomes containing H3K4me3
	Identification of an H3K4me3-interacting domain

	Discussion
	Methods
	Cell lines
	Protein depletion
	UV irradiation
	Plasmid transfection
	Gene expression
	Immunofluorescence
	Immunoblotting
	Chromatin digestion
	Quantification of UV lesions
	Analysis of MNase-digested DNA
	Unscheduled DNA synthesis
	Recovery of RNA synthesis
	UV sensitivity
	Immunoprecipitation of endogenous proteins
	Chromatin immunoprecipitation
	Immunoprecipitation of recombinant histones
	Co-immunoprecipitation of XPC-GST
	Statistical analyses
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




