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Introduction

Nucleotide excision repair (NER) is one of the most versatile 
DNA repair pathways in the cell and handles several helix-dis-
torting lesions caused by both intrinsic and extrinsic factors. 
The main types of lesions repaired by NER are photoproducts 
and pyrimidine dimers, which are caused by exposure to UV 
light (de Laat et al., 1999) Depending on the genomic location 
of the lesion, NER operates in two subpathways. Transcrip-
tional coupled NER (TC-NER) recognizes lesions in transcrip-
tionally active genes, whereas global genomic NER (GG-NER) 
deals with lesions in any chromatin environment. The recog-
nition of the lesion is followed by lesion verification, unwind-
ing of the DNA, excision of the lesion containing strand, and 
refilling of the DNA gap (de Laat et al., 1999; Fousteri and 
Mullenders, 2008; Marteijn et al., 2014). One of the critical 
factors linking lesion recognition to actual repair in both sub-
pathways is the DNA-binding zinc-finger–containing protein 
XPA. Cells lacking XPA are completely deficient in both TC-
NER and GG-NER (Kim et al., 1995). XPA patients are char-
acterized by central nervous system disorders (Enokido et al., 
1997; Kohji et al., 1998) and clinical skin defects and are very 
susceptible to UV light–induced skin tumors (Kraemer, 1994). 
In both the GG-NER and TC-NER pathways, XPA is recruited 
to chromatin by the transcription factor II H (TFI​IH) complex 
(Yang et al., 2006; Feltes and Bonatto, 2015). This recruitment 
occurs together with the recruitment of replication protein A 
(RPA). RPA binds single-stranded DNA to stabilize the repair 
bubble, whereas XPA shows a high affinity for single-stranded 
DNA–double-stranded DNA junctions. Along with interacting 
with most of NER proteins, XPA also interacts with certain 
NER-regulating proteins such as PARP1 (King et al., 2012). 

Considering its interactions with both the NER repair bubble 
and various NER proteins, there is strong support for the idea 
that XPA functions as a scaffold protein. In addition, it may also 
be responsible for linking NER to other cellular processes such 
as cell cycle regulation (Wu et al., 2006).

One of the main constraints of GG-NER is the recogni-
tion and repair of a lesion in a chromatin context. A prominent 
histone mark involved in many DNA repair pathways is histone 
H2A ubiquitylation. With regard to NER, H2A ubiquitylation 
is catalyzed by the E3 ligase RNF8 and the UV–DDB-CUL4 
and UV–RING1B complexes (Bergink et al., 2006; Kapeta-
naki et al., 2006; Guerrero-Santoro et al., 2008; Marteijn et al., 
2009; Gracheva et al., 2016; Papadopoulou and Richly, 2016). 
We have recently demonstrated that the H2A-ubiquitin–binding 
protein ZRF1 is an essential factor in GG-NER that mediates 
the remodeling of E3 ligase multiprotein complexes (Gracheva 
et al., 2016) and contributes to the subnuclear localization of 
GG-NER (Chitale and Richly, 2017b). More recently, we have 
shown that ZRF1 operates in concert with the endoribonucle-
ase DIC​ER during GG-NER (Chitale and Richly, 2017a). DIC​
ER is most well known for its role in the RNAi pathway and 
has been shown to play a role in the establishment of heter-
ochromatin (Wilson and Doudna, 2013; Holoch and Moazed, 
2015; Chitale and Richly, 2017c). DIC​ER is recruited to sites 
of DNA damage, and cells lacking DIC​ER show impaired 
GG-NER. Importantly, we found that contrary to its function 
in heterochromatin formation, DIC​ER is involved in chromatin 
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decondensation during NER (Chitale and Richly, 2017a). This 
function of DIC​ER is independent of its riboendonuclease ac-
tivity and occurs upon the association of DIC​ER with chroma-
tin. This points toward a DIC​ER function relatively early in the 
NER pathway, which probably enables the repair machinery to 
better access the lesion.

During DSB repair, H2A ubiquitylation is linked to 
the methylation of histone H4 (Fradet-Turcotte et al., 2013).  
The vast majority of H4K20me2 at chromatin is set by the 
di-/trimethylases SUV4-20H1 and SUV4-20H2 (Schotta et 
al., 2004, 2008). More recently, the enzymes SETD8 (Panier 
and Boulton, 2014; Milite et al., 2016) and MMS​ET/WHSC1 
(Pei et al., 2011; Zimmermann and de Lange, 2014; Wang and 
Goldstein, 2016) were reported to affect the methylation sta-
tus of H4K20 during DSB repair. SETD8 represents a member 
of the SET domain containing methyltransferases. It catalyzes 
the monomethylation of histone H4 at lysine 20 (H4K20), a 
modification that may be involved in modulating chromatin 
compaction (Lu et al., 2008). Moreover, methylation of H4K20 
was reported to be essential for the recruitment of the signaling 
factor 53BP1 (Dulev et al., 2014). In particular, H4K20 dimeth-
ylation (H4K20me2) via MMS​ET and H2A ubiquitylation to-
gether were suggested to provide a binding platform for 53BP1 
(Botuyan et al., 2006; Pei et al., 2011; Fradet-Turcotte et al., 
2013). Interestingly, small RNAs produced by DIC​ER were 
demonstrated to recruit MMS​ET to sites of DSBs suggesting 
a potential interplay of both factors in DNA repair pathways 
(Wang and Goldstein, 2016). Given our previous findings link-
ing DIC​ER to GG-NER, we sought to investigate a potential 
function for DIC​ER and MMS​ET during GG-NER.

Here, we show a novel role for MMS​ET in GG-NER. 
MMS​ET is recruited to chromatin in a DIC​ER-dependent man-
ner, setting H4K20me2 in response to UV damage. We further 
provide evidence that H4K20me2 is responsible for the recruit-
ment of XPA in the GG-NER pathway.

Results

DIC​ER facilitates the generation of 
H4K20me2 during NER
We have previously shown that DIC​ER is responsible for de-
condensation of chromatin during NER (Chitale and Richly, 
2017a). Modification of histones is an essential mechanism of 
establishing and maintaining chromatin states, as well as con-
trolling the binding of chromatin associated proteins. Several 
histone modifications such as H2AX-phosphorylation, H2A 
ubiquitylation, and histone methylation are implicated in play-
ing both structural and tethering roles in NER (Bergink et al., 
2006; Li, 2012). To identify potential histone modifications 
that may mediate DIC​ER-dependent decondensation, we mi-
croscopically screened selected histone marks. To this end, we 
used a LacO tethering system to tether LacR fusion proteins to 
a select chromatin locus in U2OS cells (Janicki et al., 2004). 
We found that tethering DIC​ER did not result in local changes 
in H4K16 acetylation (H4K16ac), a mark linked to chromatin 
decondensation (Fig. S1 A). In contrast, when tethering DIC​
ER, we observed a prominent H4K20me2 mark at the chroma-
tin array (Fig. 1 A). The control array, visualized by tethering of 
mCherry alone, did not show presence of the H4K20me2 mark 
(Fig. 1 A). Because we observed that chromatin-bound DIC​ER 
was sufficient to generate a prominent H4K20me2 mark, we 

next wanted to address whether this held true in a system with-
out forced tethering of DIC​ER. We had previously observed that 
DIC​ER is specifically recruited to chromatin after UV exposure 
and colocalizes with nuclear foci of ZRF1 (Chitale and Richly, 
2017a). Therefore, we exposed U2OS cells to UV irradiation 
and monitored the nuclear distribution of H4K20me2 in relation 
to both DIC​ER and ZRF1 foci. To this end, we preextracted 
the cells before fixation for subsequent immunofluorescence. 
This procedure washes off soluble proteins and facilitates the 
visualization of nonsoluble (chromatin-bound) factors. As pre-
viously observed, nuclear foci of chromatin-bound DIC​ER ap-
peared only after UV exposure. Interestingly, we also observed 
a prominent H4K20me2 mark at these foci (Fig. 1, B and C; and 
Fig. S1 B). Thus, recruitment of DIC​ER to chromatin, either by 
forced tethering or after UV exposure, seems to be sufficient to 
result in a prominent H4K20me2 mark.

To confirm that the formation of the H4K20me2 foci is 
indeed a consequence of DIC​ER recruitment to chromatin, 
we performed an siRNA-mediated knockdown of DIC​ER, ir-
radiated the cells, and subsequently quantified the number of 
cells with H4K20me2 foci (Figs. 1 D and S1 E). We found 
that knockdown of DIC​ER significantly reduced the number 
of H4K20me2 foci, further pointing to a link between DIC​ER 
and H4K20me2 in UV-exposed cells. Next, we wanted to de-
termine whether the H4K20me2 foci are formed as a result of 
NER and not as a general response to UV exposure. Because we 
had previously linked DIC​ER to the GG-NER pathway (Chitale 
and Richly, 2017a), we analyzed the formation of H4K20me2 
foci in cells after knocking down DDB2 or XPC, the two main 
GG-NER lesion recognition proteins (Fig. 1 E). We found that 
DDB2 knockdown cells (shDDB2) showed impaired formation 
of H4K20me2 foci after UV damage. In contrast, foci formation 
occurred normally in XPC knockdown cells (shXPC).

To determine the extent of H4K20me2 after UV irradia-
tion, we monitored the total H4K20me2 levels in cells at var-
ious time points after UV exposure. Surprisingly, we did not 
observe a significant change in global H4K20me2 levels after 
UV irradiation (Fig. S1 C). We further assessed the H4K20me2 
levels upon irradiating cells with different UV doses (Fig. S1 
D). Upon increasing the UV dose, we observed a significant 
increase in the H4K20me2 levels. Finally, we directly assessed 
the role of H4K20me2 in NER by monitoring H4K20me2 lev-
els in cells subjected to localized damage through a micropore. 
We observed the presence of H4K20me2 at ∼60% of lesions 
marked by DDB2 (Fig. 1 F). Collectively, these data point to 
a role for DIC​ER-mediated dimethylation of H4K20 as an im-
portant early step during NER.

MMS​ET is required for setting of 
H4K20me2 after UV exposure
Having established a role for H4K20me2 during NER, we 
next wanted to determine whether H4K20me2 is set by a par-
ticular histone methyltransferase in response to UV exposure. 
H4K20me2 is a histone modification known to play a role in 
double-strand break (DSB) repair, where it provides a tether-
ing platform for binding of 53BP1. During DSB repair, SETD8 
and MMS​ET have been implicated in setting the H4K20me2 
mark. Thus, we addressed a potential role for SETD8 and MMS​
ET in setting H4K20me2 during NER. Because we had ob-
served that tethering of DIC​ER alone was sufficient to set the 
H4K20me2 mark at chromatin, we analyzed the interaction of 
DIC​ER with both SETD8 and MMS​ET. We tethered DIC​ER-

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/217/2/527/1599944/jcb_201704028.pdf by guest on 08 February 2026



MMS​ET-catalyzed H4K20me2 recruits XPA to DNA damage • Chitale and Richly 529

LacR to the LacO array while coexpressing either EGFP-MMS​
ET or EGFP-SETD8. We observed that chromatin-bound DIC​
ER was specifically able to strongly recruit MMS​ET to the array 
in 100% of both UV-exposed and unexposed cells (Figs. 2 A and 
S1 F). On the contrary, SETD8 showed only a very mild recruit-
ment to tethered DIC​ER, and recruitment was only observed in 
∼20% cells in both UV-unexposed and exposed conditions (Fig. 
S1 G). Next, we assessed the appearance of H4K20me2 foci 
in UV-irradiated cells after depletion of SETD8 or MMS​ET, 
respectively. We found that endoribonuclease-prepared siRNA 
(esiRNA)–mediated knockdown of SETD8 did not affect the ap-
pearance of H4K20me2 foci formation, whereas knockdown of 

MMS​ET resulted in a dramatic loss of the foci (Fig. 2 B and Fig. 
S1, I and J). To substantiate our finding, we tethered an mCherry-
LacR-MMS​ET fusion protein to the LacO array and examined 
the presence of H4K20me2 at the array by immunofluorescence 
(Fig. 2 C). Interestingly, we found that in unexposed cells MMS​
ET was able to set the H4K20me2 mark in only ∼20% of teth-
ered arrays, consistent with the enzymatic function of MMS​ET. 
However, after exposure to UV irradiation, we observed a prom-
inent H4K20me2 mark in ∼70% of the arrays. In contrast, teth-
ering of SETD8-LacR coincided with H4K20me2 in only ∼30% 
of the analyzed cells after exposure to UV light (Fig. S1 H). 
To further address the functional interplay of DIC​ER, MMS​ET, 

Figure 1.  UV exposure results in formation of H4K20me2 foci. (A) DIC​ER leads to H4K20me2 at foci. Immunofluorescence images showing distribution 
of H4K20me2 in 2–6-3 cells, containing a chromatin array tethered with either mCherry-LacR (Control) or mCherry-LacR-DIC​ER. H4K20me2 is observed 
at ≈61% of DIC​ER-LacR arrays and 0% of mCherry-LacR arrays. Bars, 5 µm. (B) UV exposure results in colocalization of H4K20me2 with DIC​ER foci. 
Immunofluorescence images showing nuclear distribution of H4K20me2 in UV unexposed and UV exposed U2OS cells expressing mCherry-DIC​ER. Bars, 
25 µm. (C) The graph shows the percentage of U2OS cells showing foci of H4K20me2 overlapping with DIC​ER in unexposed cells and after UV exposure 
(mean ± SEM). Cells were counted from three independent experiments, with 200 cells counted per experiment. (D and E) Formation of H4K20me2 foci 
is dependent on NER. The graph shows the percentage of cells showing foci of H4K20me2 in unexposed U2OS cells (−UV) and 2 h after UV exposure 
(+UV) in the indicated knockdown cell lines (mean ± SEM). Cells were counted from three independent experiments, with 200 cells counted per experiment. 
(F) H4K20me2 is observed at the site of UV damage. Immunofluorescence images showing distribution of DDB2-EGFP and H4K20me2 in U2OS cells 
unexposed to UV and subjected to damage through a 3-µm micropore membrane. The damage sites are marked by DDB2-EGFP. H4K20me2 is observed 
at ≈61% of lesions 30 min after UV exposure. Bars, 5 µm.
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and SETD8, we analyzed H4K20 methylation when tethering 
DIC​ER-LacR to the array while simultaneously knocking down 
either MMS​ET or SETD8. Indeed, we found that upon knock-
down of MMS​ET, DIC​ER-tethered arrays showed H4K20me2 
in ∼20% of cells compared with 60% observed in the control 
cells (Fig. 2 D). In contrast, knockdown of SETD8 did not affect 
the setting of H4K20me2 at the DIC​ER tethered array (Fig. S1 
K). Collectively, these data suggest that MMS​ET is likely the 
primary enzyme involved in setting H4K20me2 at chromatin in 
response to UV light. However, tethering MMS​ET to chromatin 
is insufficient to catalyze H4K20 dimethylation, suggesting that 
an additional UV-dependent component is probably required.

MMS​ET catalyzes the UV-dependent 
formation of H4K20me2 foci
Our previous data indicated that MMS​ET is required to set 
H4K20me2 in response to UV irradiation. To further confirm 
this observation, we created a stable shRNA-mediated MMS​
ET knockdown in U2OS cells (Fig. S2 A). We observed that 
shMMS​ET cells did not form H4K20me2 foci in response to 
UV irradiation (Fig.  3  A), reiterating our previous observa-
tions. Next, we wanted to determine whether this phenotype 
was rescued by reintroduction of MMS​ET into the shMMS​ET 
cells. Hence, we expressed MMS​ET-mCherry in the MMS​ET 
knockdown cells and monitored H4K20me2 foci formation. We 

Figure 2.  MMS​ET plays a role in setting of H4K20me2. (A) DIC​ER recruits MMS​ET to chromatin. Immunofluorescence images showing distribution of 
EGFP-MMS​ET in cells with DIC​ER-LacR–tethered arrays in both UV-unexposed and exposed cells. Recruitment was observed in 20 out of 20 cells in both 
conditions. Bars, 5 µm. (B) H4K20me2 foci are dependent on MMS​ET. The graph shows the percentage of cells showing foci of H4K20me2 in unexposed 
cells (−UV) and 2 h after UV exposure (+UV) in U2OS cells transfected by the indicated esiRNA (mean ± SEM). Cells were counted from three independent 
experiments, with 200 cells counted per experiment. (C) MMS​ET tethered to a chromatin array can set the H4K20me2 mark after UV exposure. Immuno-
fluorescence images on the left show H4K20me2 distribution in U2OS 2–6-3 cells, expressing mCherry-LacR-MMS​ET (MMS​ET-LacR). The LacO array is 
visualized by binding of MMS​ET-LacR. Bars, 5 µm. The graph on the right shows a quantification of the number of arrays showing an H4K20me2 mark in 
unexposed cells (−UV) and 2 h after UV exposure (+UV; mean ± SEM). Colocalization was measured from three independent experiments, with 30 cells per 
experiment. Statistical significance was assessed by an unpaired t test. **, P ≤ 0.001. (D) MMS​ET is required for DIC​ER-dependent setting of H4K20me2. 
Immunofluorescence images on the left show the distribution of H4K20me2 in cells with DIC​ER-LacR–tethered arrays and the indicated knockdowns.  
Bars, 5 µm. The graph on the right shows a quantification of the number of DIC​ER-LacR arrays showing an H4K20me2 mark in undamaged cells (−UV; 
mean ± SEM). Colocalization was measured from three independent experiments, with 30 cells per experiment. Statistical significance was assessed by 
an unpaired t test. **, P ≤ 0.001.
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observed that reintroduction of MMS​ET restored the formation 
of H4K20me2 foci (Figs. 3 A and S2 B). Notably, expression 
of a catalytically dead mutant (CDM) of MMS​ET (R1138A, 
C1144A; Huang et al., 2013) in shMMS​ET cells did not restore 
H4K20me2 foci formation (Figs. 3 A and S2 B). Likewise, the 
MMS​ETCDM mutant did not set H4K20me2 at the LacR-teth-
ered array, even upon UV exposure (Fig. 3 B). These data con-
firm that the catalytic activity of MMS​ET is required for setting 
the H4K20me2 mark in response to UV irradiation.

NER factors, and also DIC​ER, are specifically recruited 
to chromatin after UV damage. MMS​ET, however, has func-
tions outside of NER that also presumably require its presence 
at chromatin. Thus, we analyzed whether UV irradiation caused 
an increase in chromatin-bound MMS​ET. To assess whether 
MMS​ET is recruited to chromatin upon UV irradiation, we 
expressed HA-tagged MMS​ET in HEK 293T cells and moni-
tored its levels in the chromatin fraction after UV exposure. We 
found that MMS​ET is specifically recruited to chromatin after 
UV exposure (Fig.  3  C). Our earlier data indicated that total 
H4K20me2 levels do not increase significantly after UV expo-
sure (Fig. S1 C); however, increasing UV doses (i.e., creating 
more lesions per unit stretch of DNA) can lead to an increase 
in H4K20me2 levels. This likely suggests a specific local set-
ting of H4K20me2, whereas the total cellular H4K20me2 levels 
do not change in a measurable way. We additionally addressed 

whether we could boost the H4K20me2 levels by overexpres-
sion of MMS​ET. We found that upon overexpression of MMS​
ET, the overall levels of H4K20me2, as well as H3K36me2 
(another histone mark catalyzed by MMS​ET), increased (Fig. 
S2 C). Collectively, these data suggest that MMS​ET is re-
cruited to chromatin and that it catalyzes the H4K20me2 mark 
in response to UV damage.

MMS​ET is required for efficient NER
Because our previous data linked the appearance of H4K20me2 
foci to lesion recognition via DDB2 (Fig. 1, D and E), we ad-
ditionally determined whether MMS​ET is an essential factor of 
GG-NER and TC-NER. To this end, we first analyzed the levels 
of unscheduled DNA synthesis (UDS) in control and MMS​ET 
(esiMMS​ET) knockdown fibroblasts (Fig. 4 A). Knockdown of 
MMS​ET resulted in an ∼50% decrease of 5-ethynyl-2′-deoxyu-
ridine (EdU) incorporation as compared with control cells. XPA 
fibroblasts showed a drastic reduction of EdU incorporation, 
whereas CSA fibroblasts only showed a minor reduction. Next, 
we determined whether MMS​ET also affects recovery of RNA 
synthesis (RRS) after exposure to UV irradiation as a measure 
for TC-NER. We found that knockdown of MMS​ET had a mild 
effect on RRS as measured by 5-ethynyl uridine (EU) incorpo-
ration after UV exposure (Fig. 4 B). To further assess the over-
all effect of MMS​ET knockdown on NER, we monitored the 

Figure 3.  MMS​ET enzymatic activity is re-
quired to set the H4K20me2 mark. (A) MMS​ET 
expression can restore formation of H4K20me2 
foci. The graph shows the percentage of cells 
showing foci of H4K20me2 in unexposed 
cells (−UV) and 2 h after UV exposure (+UV) 
in shMMS​ET U2OS cells transfected with ei-
ther mCherry, MMS​ET-mCherry or MMS​ETCDM-
mCherry (mean ± SEM). Cells were counted 
from three independent experiments, with 200 
cells counted per experiment. (B) MMS​ETCDM 
tethered to a chromatin array is unable to 
set the H4K20me2 mark after UV exposure. 
(Left) Immunofluorescence images showing 
H4K20me2 distribution in U2OS 2–6-3 cells, 
expressing mCherry-LacR-MMS​ETCDM (MMS​
ETCDM-LacR). Bars, 5 µm. Arrowhead marks the 
position of the array. The graph on the right 
shows a quantification of the number of arrays 
showing an H4K20me2 mark in unexposed 
cells (−UV) and 2 h after UV exposure (+UV; 
mean ± SEM). Colocalization was measured 
from three independent experiments, with 30 
cells per experiment. (C) MMS​ET is recruited to 
chromatin upon UV damage. The blot on the 
left shows levels of HA-MMS​ET in the chroma-
tin fraction at the indicated time points after UV 
exposure. H2B is used as a loading control. 
The graph on the right shows the quantification 
of the relative band intensity of HA-MMS​ET in 
the indicated samples. Intensity was measured 
from three independent experiments.
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removal of CPDs in control and MMS​ET knockdown cells. We 
found that cells lacking MMS​ET showed an impaired removal 
of CPDs, with 50% of the CPDs retained even after 48 h (Fig. 
S2 D). Finally, we assessed the effect of MMS​ET depletion on 
cell survival. We found that MMS​ET-deficient cells showed im-
paired survival after UV exposure compared with control cells 
(Fig. 4 C). Collectively, our data suggest that MMS​ET plays a 
role in GG-NER and, to a minor extent, TC-NER.

MMS​ET localizes to UV inflicted DNA 
damage sites
Next, we wanted to determine whether MMS​ET plays a direct 
role at the sites of DNA damage. Thus, we induced localized 
DNA damage in U2OS cells using a 3-µm micropore mem-
brane and analyzed the recruitment of mCherry-tagged MMS​
ET to the sites of damage. We found recruitment of MMS​ET to 
∼53% of CPD lesions 30 min after UV irradiation (Fig. 5 A). 
Similarly, MMS​ET colocalized with DDB2-EGFP in ∼40% of 
UV irradiated U2OS cells (Fig. S3 A). We had observed ear-
lier that chromatin-tethered MMS​ET sets the H4K20me2 mark 
only upon UV irradiation (Fig. 2 C) and that chromatin-tethered 
DIC​ER is sufficient to recruit MMS​ET and to facilitate H4K20 
methylation (Fig. 2 A). To better understand how UV irradia-
tion mediates H4K20 methylation by MMS​ET, we examined 
the interplay of MMS​ET with other NER factors. Hence, we 
analyzed whether chromatin-tethered MMS​ET recruited any 
of the upstream GG-NER factors linked with damage recogni-
tion (Fig. S3 F). To this end, we tethered MMS​ET-LacR to the 
LacO array and examined the recruitment of DIC​ER as well 
as DDB2, XPC, and RING1B, which are recruited upstream 
of DIC​ER (Chitale and Richly, 2017a). We found that MMS​
ET alone was unable to recruit any of the upstream factors 
to chromatin in both UV conditions (Fig. S3, B–F). Next, we 
monitored the presence of H4K20me2 at the LacO array upon 
tethering MMS​ET-LacR after knocking down various NER 
factors and after exposure to UV light. We observed, in line 
with our previous data (Fig.  1  E), that knockdown of DDB2 
resulted in a decreased formation of H4K20me2 at the array, 

whereas knockdown of XPC had no effect (Fig.  5  B). Addi-
tionally, siRNA-mediated knockdown of DIC​ER also decreased 
the levels of H4K20 methylation (Fig. 5 C). Therefore, we sur-
mise that UV triggered recruitment of upstream NER factors 
to damaged DNA is essential to enhance the catalytic activity 
of MMS​ET at the array.

We next performed immunoprecipitations after express-
ing HA-tagged MMS​ET in HEK293T cells (Fig.  5  D). No-
tably, we found that MMS​ET interacts robustly with DIC​ER 
and ZRF1, but not with XPA or XPB, respectively (Fig. 5 D). 
Reverse immunoprecipitation experiments using FLAG-ZRF1 
or FLAG-DIC​ER in combination with HA-MMS​ET (Fig. S3 
G) also recapitulated the interaction of MMS​ET with ZRF1 
and DIC​ER. These data together suggest that MMS​ET local-
izes to UV light–inflicted DNA damage sites and that it phys-
ically interacts with DIC​ER and ZRF1. Additionally, MMS​ET 
requires the presence of DIC​ER and DDB2 at chromatin 
to set the H4K20me2 mark.

H4K20me2 provides a tethering platform 
for XPA recruitment
We next wanted to elucidate a possible function of H4K20 meth-
ylation during NER. During DSB repair, H4K20me2 provides 
a tethering signal for binding of 53BP1. Thus, we reasoned that 
H4K20me2 in NER could potentially provide a tethering plat-
form for downstream operating repair factors. To this end, we 
tethered MMS​ET-LacR to chromatin and exposed the cells to 
UV irradiation to have maximum arrays bearing an H4K20me2 
mark. We had previously noticed that MMS​ET was unable to 
recruit selected factors of the upstream NER machinery to chro-
matin (Fig. S4, B–F). Therefore, we examined the recruitment 
of NER factors presumably acting downstream of DIC​ER (Fig. 
S4 F). Interestingly, we found that XPA was strongly recruited 
to the MMS​ET tethered array in UV-exposed cells. In contrast, 
we observed only minimal XPA recruitment in UV-unexposed 
cells (Fig. 6 A). This, along with our previous data showing that 
XPA does not directly interact with MMS​ET (Fig.  5  D), led 
us to hypothesize that XPA might be recruited to chromatin by 

Figure 4.  MMS​ET is required for efficient NER. (A) 
MMS​ET is required for efficient NER. The graph 
shows relative EdU incorporation as a result of UDS 
in MRC5 cells transfected with the indicated esiRNAs, 
XPA-deficient fibroblasts, and CSA-deficient fibroblasts 
(mean ± SEM). EdU intensity was measured in three 
independent experiments, with 200 cells counted per 
experiment. Statistical significance was assessed by 
an unpaired t test. **, P ≤ 0.001; ***, P ≤ 0.0001. 
(B) MMS​ET is required for efficient NER. RRS assay 
showing levels of EU incorporation in the indicated 
cells in unexposed cells and cells exposed to UV dam-
age. The EU intensity is normalized to the intensity 
of the −UV condition for each cell type. EU intensity 
was measured for 200–300 cells per experiment  
(n = 3). (C) Knockdown of MMS​ET impairs cell survival 
of UV-exposed cells. The graph shows the relative cell 
viability (as measured by MTT assay at 72  h after 
UV) of U2OS cells with stable shRNA knockdowns of 
XPC and MMS​ET and control cells (shNMC) at the 
indicated UV dose (n = 3).
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the H4K20me2 mark rather than by MMS​ET itself. Addition-
ally, we assayed the recruitment of XPF, a protein operating 
further downstream of XPA according to the sequential NER 
recruitment model (Fig. S3 F). We found a very mild recruit-
ment of XPF compared with that of XPA in UV-exposed cells 
(Fig. S4 B), suggesting that XPA may be the primary protein 
recruited by H4K20me2.

XPA is known to be recruited to chromatin via TFI​IH 
(Yang et al., 2006; Feltes and Bonatto, 2015). Hence, we ad-
ditionally assessed the recruitment of XPB, a TFI​IH subunit, 
to the MMS​ET-LacR–tethered array (Fig. S4 A). Surprisingly, 
we found no recruitment of XPB to the array in either UV-ex-
posed or unexposed cells. We had previously observed that DIC​
ER recruits MMS​ET to chromatin in a UV-independent fashion 
(Fig. 2 A). Therefore, we assessed whether DIC​ER was able to 
recruit XPA in a similar experimental setting. In line with our 
previous findings (Fig. 1 A), tethered DIC​ER recruited XPA to 
chromatin in both unexposed and exposed cells (Fig. 6 B). DIC​
ER does not directly interact with XPA (Fig. S3 G), again sug-
gesting the observed recruitment of XPA probably originated 
from a DIC​ER-interacting protein or a histone modification 
linked with DIC​ER function at chromatin (Fig.  1, A and B). 
Interestingly, DIC​ER-mediated recruitment of XPA was signifi-
cantly diminished in MMS​ET knockdown cells, further linking 
XPA recruitment to the H4K20me2 mark (Fig. 6 C). To confirm 
that H4K20me2 is required for XPA recruitment, we next teth-
ered a catalytically dead MMS​ET mutant (MMS​ETCDM-LacR) 

to the array. We found that the MMS​ET mutant does not set the 
H4K20me2 mark in UV-exposed cells (Fig. 3 B) and that it was 
unable to recruit XPA even in UV-exposed cells (Fig. S4 C). We 
next addressed whether MMS​ET, and thus H4K20me2 are also 
necessary for the recruitment of XPA to DNA damage sites. We 
assessed XPA recruitment to localized sites of UV damage in 
control and MMS​ET knockdown U2OS cells (Fig. 6 D). Deple-
tion of MMS​ET led to a significant reduction in XPA recruit-
ment to the damage site (Fig. 6 D). Further, depletion of MMS​
ET in HEK 293T cells exhibited a drastic reduction of XPA lev-
els at chromatin after UV irradiation (Figs. 6 E). In summation, 
our data suggest that MMS​ET-catalyzed H4K20me2 facilitates 
the recruitment of XPA to chromatin after UV damage.

The RPA32 domain of XPA facilitates its 
localization to H4K20me2 sites
Our data so far pointed to a role for the MMS​ET-catalyzed 
H4K20me2 mark in the recruitment of XPA. To find out which 
XPA domain is essential for its recruitment to H4K20me2 sites, 
we generated various previously characterized deletion mutants 
of GFP-XPA fusion proteins lacking either the binding domains 
for RPA32 (XPA-Δ1), ERRC1 (XPA-Δ2), RPA70 (XPA-Δ3), 
DDB2 (XPA-Δ4), or TFI​IH (XPA-Δ5), respectively (Fig. 7, A 
and B). Next, we expressed these mutants together with MMS​
ET-LacR and analyzed their colocalization at the MMS​ET-
marked array in UV-exposed cells (Fig. 7 A). We observed a 
significant reduction in recruitment of the XPA mutant devoid 

Figure 5.  MMS​ET is required for efficient NER and interacts with the NER machinery. (A) MMS​ET is recruited to the site of UV damage. Immunofluorescence 
images showing distribution of CPDs and mCherry-MMS​ET in U2OS cells subjected to damage through a 3-µm micropore membrane. MMS​ET is recruited 
to ≈53% of lesions 30 min after UV exposure. Bars, 5 µm. (B) DDB2 is required for UV-dependent setting of H4K20me2 by MMS​ET. The graph shows a 
quantification of the number of MMS​ET-LacR arrays showing H4K20me2 in the indicated knockdown cell lines cells 2 h after UV exposure (mean ± SEM). 
Colocalization was measured from three independent experiments, with 30 cells per experiment. Statistical significance was assessed by an unpaired  
t test. *, P ≤ 0.01. (C) DIC​ER is required for UV-dependent setting of H4K20me2 by MMS​ET. The graph shows a quantification of the number of MMS​
ET-LacR arrays showing H4K20me2 in cells transfected with the indicated siRNAs 2 h after UV exposure (mean ± SEM). Colocalization was measured 
from three independent experiments, with 30 cells per experiment. Statistical significance was assessed by an unpaired t test. **, P ≤ 0.001. (D) MMS​
ET interacts with ZRF1 and DIC​ER. Western blot showing HA immunoprecipitations (IP) from cells transfected with either empty plasmid or HA-MMS​ET.
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of the RPA32-binding domain (XPA-Δ1; Fig.  7  C). Interest-
ingly, deletion of the other interaction domains (XPA-Δ2-5) 
did not affect the recruitment to the MMS​ET-LacR array. Thus, 
either interaction with RPA32 or other interactions mediated by 
this domain are essential for XPA binding to H4K20me2.

Our previous data had shown that XPA does not interact 
with MMS​ET (Fig. 5 D). XPA also does not contain any known 
methyl-binding domain. This suggests that the observed recruit-
ment (Fig. 6, A and B) is facilitated by other factors. To further 
support these findings, we examined whether XPA or a multipro-
tein complex harboring XPA shows an affinity for H4K20me2. To 
this end we performed peptide pull-downs from nuclear extracts 
of HEK293T cells expressing GFP-XPA using H4, H4K20me2 
and H3K27me2 peptides (Fig. 7 D). We observed highly specific 
binding of 53BP1 to H4K20me2 in good agreement with previous 

studies (Botuyan et al., 2006; Tuzon et al., 2014). Importantly, we 
noticed a specific binding of XPA to H4K20me2 and, to a lesser 
extent, H3K27me2. We further repeated the experiment compar-
ing the binding of wild-type XPA, as well as the XPA-Δ1 deletion 
that was observed to lose the specific recruitment in vivo. Similar 
to our previous results, we found that the XPA-Δ1 deletion was 
unable to bind H4K20me2 in vitro (Fig. S5 A).

Collectively, our data suggest that XPA interacts with the 
H4K20me2 mark and that the RPA32 interaction domain is es-
sential for this interaction.

XPA recruitment to H4K20me2 
requires 53BP1
53BP1 is one of the known H4K20me2-binding proteins and 
is implicated in DSB repair (Botuyan et al., 2006; Tuzon et 

Figure 6.  MMS​ET mediated H4K20me2 is 
required for recruitment of XPA. (A) MMS​ET- 
mediated H4K20me2 recruits XPA to chro-
matin. Immunofluorescence images showing 
distribution of XPA-EGFP and H4K20me2 
in cells with MMS​ET-LacR tethered arrays in 
both UV-unexposed and exposed cells (left). 
The graph on the right shows a quantification 
of the number of arrays showing XPA-EGFP 
recruitment in unexposed cells (−UV) and 
2  h after UV exposure (+UV; mean ± SEM). 
Colocalization was measured from three in-
dependent experiments, with 30 cells per ex-
periment. Bars, 5 µm. Statistical significance 
was assessed by an unpaired t test. **, P ≤ 
0.001. (B) DIC​ER can also recruit XPA to chro-
matin. Immunofluorescence images showing 
distribution of XPA-EGFP in cells with DIC​ER-
LacR tethered arrays, in both UV unexposed 
and exposed cells. Bars, 5 µm. (C) MMS​ET is 
required for DIC​ER mediated XPA recruitment. 
The graph shows a quantification of the num-
ber of DIC​ER-LacR arrays showing XPA-EGFP 
recruitment in the indicated knockdown cell 
lines (mean ± SEM). Colocalization was mea-
sured from three independent experiments, 
with 30 cells per experiment. Statistical sig-
nificance was assessed by an unpaired t test. 
***, P ≤ 0.0001. (D) MMS​ET is required for 
XPA recruitment to localized sites of DNA dam-
age. Immunofluorescence images showing 
distribution of CPDs and XPA in U2OS cells 
subjected to damage through a 3-µm microp-
ore membrane. XPA recruitment to CPDs was 
quantified in both control (shNMC) and MMS​
ET knockdown (shMMS​ET) cell lines. Bar, 10 
µm. (E) MMS​ET is required for XPA recruitment 
to chromatin. Western blot showing chroma-
tin association experiment in unexposed cells 
(−UV) and cells after 2 h UV exposure (+UV) 
in the indicated knockdown cell lines (right). 
Quantification of the relative intensity of XPA 
in the indicated conditions (left). H2B was used 
as a loading control (mean± SEM; n = 3).
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al., 2014). We reasoned that 53BP1 might also be recruited to 
H4K20me2 in GG-NER and potentially bridge the interaction of 
H4K20me2 with XPA. To test this possibility, we examined the 
localization of GFP-XPA to the MMS​ET-tethered array in cells 
depleted for either 53BP1 or DIC​ER as a control (Fig. 8 A). 
Interestingly, siRNA-mediated knockdown of 53BP1 (Figs. 8 A 
and S5 B) significantly reduced the recruitment of XPA.

To further assess the involvement of 53BP1 in tethering 
XPA to H4K20me2, we analyzed its recruitment to the MMS​
ET-tethered array (Fig.  8  B). Using specific antibodies, we 
noted that 53BP1 localized to a great number of discrete foci 
in UV-damaged cells. A complete overlap of these foci with 
the MMS​ET-tethered array occurred in ∼60% of cells. In con-
trast, in the control (mCherry-LacR) the foci overlapped with 
the array in only ∼20% of cells, indicating that 53BP1 is spe-
cifically binding the MMS​ET-tethered array. Similarly, a DIC​
ER-tethered array colocalized with 53BP1 even in UV-unex-
posed cells in ∼85% of cells (Fig. S5 C). We next wanted to 
determine whether XPA and 53BP1 interact directly. However, 
we could not find strong evidence for this interaction, either in 
endogenous immunoprecipitations or in immunoprecipitations 

with either overexpressed EGFP-XPA or HA-MMS​ET (unpub-
lished data), suggesting that this interaction is fairly weak or 
transient. Because our previous experiments had indicated that 
the RPA2-binding domain is important for XPA recruitment to 
H4K20me2 (Fig. 7 A), we next performed an immunoprecipi-
tation of EGFP-XPA in HEK293T cells also expressing RPA2-
RFP. Notably, we observed an interaction of XPA and 53BP1 
upon simultaneous expression of RPA2-RFP (Fig. 8 C), likely 
indicating that RPA2 stabilizes the XPA–53BP1 interaction. 
Collectively, our data suggest that XPA is recruited to the DNA 
damage site by MMS​ET-mediated H4K20 dimethylation in a 
53BP1- and RPA2-dependent manner.

Discussion

Timed recruitment of DNA repair factors is an essential de-
terminant of damage recognition and necessary for the transi-
tion to downstream events of repair. Although we have learned 
much about how the NER machinery operates, it is still largely 
unknown how the chromatin environment, and in particular 

Figure 7.  XPA requires the RPA32-binding domain for interaction with H4K20me2. (A) Fluorescence microscopy images showing distribution of XPA de-
letions (Δ1–Δ5) in cells with MMS​ET-LacR tethered arrays 2 h after UV exposure. (B) Schematic showing the location of the generated XPA deletions. Bars, 
5 µm. (C) RPA32 binding domain is required for XPA association with H4K20me2. The graph shows a quantification of the number of MMS​ET-LacR arrays 
showing recruitment of the indicated GFP tagged XPA deletion, 2 h after UV exposure (mean ± SEM). Colocalization was measured from three independent 
experiments, with 30 cells per experiment. Statistical significance was assessed by an unpaired t test. **, P ≤ 0.001. (D) H4K20me2 associates with XPA 
and 53BP1. Peptide pull-downs with biotinylated H4, H3K27me2, and H4K20me2 peptides and nuclear extracts expressing GFP-XPA. Specific interactions 
were analyzed by immunoblotting using the indicated antibodies.
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histone marks, contribute to the different steps of NER. We had 
previously observed a novel function for DIC​ER in chromatin 
decondensation during NER. To gain a better understanding 
of the implications of histone marks during NER, we exam-
ined whether selected histone modifications are linked to DIC​
ER function during the DNA damage response. We found that 
chromatin-bound DIC​ER can result in setting of the H4K20me2 
mark (Fig. 1 A). DIC​ER is recruited to chromatin after UV ir-
radiation, and UV-dependent binding of DIC​ER to chromatin 
also results in the formation of H4K20me2 foci (Fig. 1 B). In-
terestingly, generation of these H4K20me2 foci requires the 
presence of the NER factors DDB2 and DIC​ER, thus linking it 
specifically to NER (Fig. 1, D and E). We additionally observed 
setting of H4K20me2 at sites of micropore-mediated UV dam-
age (Fig. 1 F), suggesting that this chromatin mark is set during 
the UV damage response.

H4K20me2 has previously been shown to play a role in 
DSB repair, and the two enzymes implicated in H4K20 meth-
ylation are SETD8 and MMS​ET (Pei et al., 2011; Milite et al., 
2016). To identify the H4K20 methylase that operates during 
NER, we analyzed whether SETD8 or MMS​ET interacts with 
DIC​ER and whether each has an impact on H4K20me2 foci 
formation after UV exposure. We only observed a strong inter-
action of DIC​ER and MMS​ET (Fig. 2 A), raising the possibility 
that the interplay of DIC​ER and MMS​ET forms the basis for 
H4K20 methylation at the lesion site. In agreement with this 
hypothesis, knockdown of MMS​ET (Fig. 2 B) nearly abolished 

the generation of H4K20me2 foci, whereas knockdown of 
SETD8 did not significantly alter the nuclear H4K20me2 pat-
tern. Additionally, by using the LacO tethering system, we de-
termined that MMS​ET specifically sets the H4K20me2 mark at 
chromatin only after UV exposure (Fig. 2 C). To confirm that 
the catalytic activity of MMS​ET contributes to H4K20me2 foci 
formation, we performed rescue experiments with both wild-
type and catalytically dead MMS​ET in shMMS​ET cells. We 
found that only the catalytically active protein could rescue 
H4K20me2 foci formation (Fig.  3  A). Further, MMS​ETCDM 
was also unable to set the H4K20me2 mark in the LacO teth-
ering system (Fig. 3 B). This indicates that the setting of the 
H4K20me2 mark at the array is not a stochastic effect and is 
directly linked to the presence of active MMS​ET.

Our data further suggest that a UV light–dependent factor 
enhances the catalytic activity of MMS​ET (Fig. 2 C). To iden-
tify potential UV-dependent components, we analyzed the pro-
tein interactions of MMS​ET. We found that MMS​ET interacts 
strongly with ZRF1 and DIC​ER (Fig. 5 D). This finding reiter-
ates the DIC​ER–MMS​ET interaction observed with the LacO 
tethering system (Fig. 2 A) and is in agreement with the previ-
ously reported association of DIC​ER with ZRF1 (Chitale and 
Richly, 2017a). However, although DIC​ER tethered to the LacO 
array recruits MMS​ET (Fig. 2 A), tethering of MMS​ET did not 
cause recruitment of DIC​ER (Fig. S3 E). This finding suggests 
that the recruitment of MMS​ET to the lesion site might depend 
on ancillary factors. Thus, we hypothesized that UV-inflicted 

Figure 8.  53BP1 mediates XPA recruitment to H4K20me2. (A) 53BP1 is required for XPA recruitment to H4K20me2. The graph shows a quantification of 
the number of MMS​ET-LacR arrays showing XPA-EGFP recruitment in the indicated knockdown cell lines 2 h after UV exposure (mean ± SEM). Colocaliza-
tion was measured from three independent experiments, with 30 cells per experiment. Statistical significance was assessed by an unpaired t test. **, P ≤ 
0.001; ***, P ≤ 0.0001. (B) 53BP1 can selectively bind an MMS​ET-LacR array. Immunofluorescence images showing distribution of 53BP1 in UV-exposed 
cells with either a mCherry-LacR– or MMS​ET-LacR–tethered array (left). Bars, 5 µm. The graph on the right shows a quantification of the number of arrays 
showing colocalization with 53BP1 in UV-exposed cells for the indicated tethered protein. Colocalization was measured from three independent experi-
ments, with 30 cells per experiment. Statistical significance was assessed by an unpaired t test. *, P ≤ 0.01. (C) Western blot showing interaction of XPA 
and 53BP1. EGFP-XPA was immunoprecipitated using GFP-Trap beads from HEK293T cells expressing the indicated proteins. The blot shows levels of the 
indicated proteins in the input and immunoprecipitation (IP) samples.
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DNA damage is essential to target DIC​ER to the damage site, 
which then in turn causes the recruitment of MMS​ET. The size 
of the LacO array is ∼4 Mb, and multiple lesions likely exist 
within the array given the UV dosage applied. Thus, although 
chromatin-tethered MMS​ET cannot recruit the tested factors 
of the NER machinery, UV damage probably recruits the NER 
machinery to chromatin-bearing tethered MMS​ET. To test this 
hypothesis, we analyzed MMS​ET-catalyzed H4K20 methyl-
ation in response to UV irradiation in DIC​ER-depleted cells. 
Depletion of DIC​ER diminished MMS​ET-mediated H4K20 
methylation (Fig. 5 C), supporting our hypothesis. We speculate 
that DIC​ER recruitment to chromatin might be accompanied by 
MMS​ET and that DIC​ER enhances MMS​ET activity and hence 
the setting of the H4K20me2 mark.

It has been reported that MMS​ET and TIP60 are recruited 
to sites of DSBs through DIC​ER-dependent small RNAs, which 
in turn facilitate the generation of H4K20me2 and H4K16ac 
at damaged chromatin and the decondensation of chromatin 
(Wang and Goldstein, 2016). However, the function of DIC​ER 
in chromatin decondensation during NER is independent of 
its riboendonuclease activity (Chitale and Richly, 2017a,c). 
Thus, we additionally tested whether MMS​ET recruitment to 
chromatin via DIC​ER is tied to its riboendonuclease activity. 
We observed that a catalytically defective DIC​ER mutant still 
recruited MMS​ET and XPA to chromatin (Fig. S5, D and E). 
This suggests that the direct interaction between DIC​ER and 
MMS​ET and their recruitment to chromatin seems to be a 
unique feature of NER. Interestingly, our findings are contrary 
to the observations in DSB repair, where the catalytic activity of 
DIC​ER and hence the generation of small RNAs are essential. 
We also did not find a link between DIC​ER and the setting of 
H4K16ac (Fig. S1 A). Thus, our observations suggest that the 
recruitment and function of MMS​ET in NER and DSB repair 
occurs by independent mechanisms.

H4K20me2 was previously shown to provide a binding plat-
form for 53BP1 during DSB repair (Botuyan et al., 2006; Tuzon 
et al., 2014). DIC​ER tethered to the LacO array strongly recruited 
XPA in both unexposed and UV-exposed cells (Fig. 6 B). In con-
trast, tethering of MMS​ET-LacR resulted in recruitment of XPA 
only in UV-exposed cells (Fig. 6 A). UV-triggered recruitment of 
DIC​ER, and potentially other NER factors, seems to represent a 
critical step in the NER signaling cascade. Thus, when artificially 
tethering DIC​ER to chromatin, downstream factors are recruited 
independent of UV irradiation. Additionally, neither DIC​ER nor 
MMS​ET shows an interaction with XPA, further pointing toward 
an H4K20me2-dependent recruitment mechanism. This idea 
is supported by a lack of XPA recruitment when tethering the 
MMS​ETCDM mutant (Fig. S4 C). We also observed that MMS​ET 
was required for direct recruitment of XPA to CPDs, thereby re-
capitulating the data obtained with an artificial tethering system in 
a system with endogenous distribution of proteins (Fig. 6 D). Our 
peptide pull-down experiments further indicated that XPA shows 
an affinity for the H4K20me2 mark (Fig. 7 D). To characterize 
XPA binding to H4K20me2, we generated several deletions of 

XPA lacking specific protein interaction domains (Fig. 7 A). We 
found that the RPA2/32 interaction domain of XPA was essen-
tial for its interaction with H4K20me2. Deletion of this domain 
abolished binding of XPA to H4K20me2 both in vivo and in vitro 
(Figs. 7 A and S5 A). XPA does not contain any characterized 
methyl-binding domain, and in agreement, we observed that pu-
rified recombinant XPA was unable to bind H4K20me2 (unpub-
lished data). Thus, it is likely that XPA associates with chromatin 
as part of a multiprotein complex containing factors capable of 
reading the H4K20me2 mark.

A known reader of the H4K20me2 mark that plays a role 
in DSB repair is 53BP1. 53BP1 has also been shown to play a 
role in NER. It is recruited to sites of UV damage and might 
potentially play a role in linking damage repair to cell cycle 
regulation as part of a universal DNA damage response (Mar-
teijn et al., 2009). We found that knocking down 53BP1 reduced 
XPA recruitment to H4K20me2-decorated chromatin, suggest-
ing that 53BP1 operates as a histone mark reader during NER 
as well. Additionally, we found that XPA and 53BP1 interact 
likely via RPA2 (Fig. 8 C), further linking XPA recruitment to 
53BP1. Additionally, although we observed a strong recruit-
ment of XPA to the H4K20me2 mark at the LacO array, we did 
not observe any recruitment of XPB to the array (Fig. S4 A). 
Furthermore, XPB also did not interact with either MMS​ET or 
DIC​ER. This may suggest that besides recruitment via TFI​IH or 
XPB, XPA may be recruited to the damage site by an additional 
H4K20me2-mediated mechanism. However, based on our data, 
we cannot conclude that TFI​IH- and H4K20me2-based recruit-
ment are independent mechanisms.

XPA is a critical factor of NER that serves in both sub-
pathways, TC-NER and GG-NER. We found that knockdown 
of MMS​ET affected UDS in UV-exposed cells. Furthermore, 
knockdown of MMS​ET impaired cell survival and direct CPD 
removal in UV exposed cells. Thus, MMS​ET is an essential 
factor of NER. Because DIC​ER seems to operate only in the 
GG-NER pathway (Chitale and Richly, 2017a), we assume 
that MMS​ET might contribute more significantly to GG-NER. 
In agreement, we found that MMS​ET knockdown affected 
RRS only to a mild extent. It is thus unclear what role, if 
any, MMS​ET plays in TC-NER.

The recruitment of XPA to the DNA damage site has 
been discussed controversially over the past few years, because 
XPA was demonstrated to have a function during lesion rec-
ognition and in the damage verification step. Given the strong 
phenotypes of XPA-deficient mice and the high susceptibility 
for cancer upon mutation of XPA alleles (de Vries and van 
Steeg, 1996; van Steeg et al., 2001), the molecular mechanisms 
of XPA recruitment should be of paramount interest. Here, we 
have described a chromatin-based mechanism for XPA recruit-
ment to the DNA damage site during GG-NER (Fig.  9) that 
may either complement or be part of TFI​IH-mediated XPA re-
cruitment. Collectively, our data underline the importance of 
specific chromatin marks for recruiting DNA repair factors to 
the DNA damage site during NER.

Figure 9.  A model of H4K20me2-mediated 
recruitment of XPA during NER. The figure 
shows a proposed model for DIC​ER- and MMS​
ET-mediated setting of H4K20me2 and subse-
quent recruitment of XPA.
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Materials and methods

UDS
UDS experiments were performed as described previously (Jia et al., 
2015). In brief, MRC5 fibroblasts were transfected with siRNAs, serum 
starved for 24 h, irradiated with 20 J/m2 UV light, and incubated with 
10 µM EdU (Thermo Fisher) for 2 h. Alexa Fluor 488–azide (Thermo 
Fisher) was conjugated to EdU using the Click reaction. The coverslips 
were mounted in Vectashield with DAPI. Images were acquired with 
LAS AF software (Leica) using a AF-7000 widefield microscope (Leica) 
with a 63×/1.4 oil-immersion objective and an ORCA CCD camera 
(Hamamatsu). Images were analyzed using ImageJ. DAPI was used to 
define nuclei, and EdU intensity within nuclei was measured after back-
ground subtraction. 150–300 nuclei were analyzed per sample. Mean 
intensities of +UV and −UV conditions for all cells were calculated and 
used to estimate the DNA repair occurring in the particular sample.

RRS assay
The RRS assay was performed as described previously (Jia et al., 
2015). In brief, MRC5 cells were transfected with siRNAs, irradiated 
with 11 J/m2 UV light, and incubated in DMEM containing 1% FBS 
for 12 h. This was followed by a 2-h incubation with EU (Sigma) and 
subsequent fixation. Alexa Fluor 488–azide (Thermo Fisher) was con-
jugated to EU using the Click reaction. The coverslips were mounted 
in Vectashield with DAPI. Images were acquired with the LAS AF 
software (Leica) using a AF-7000 widefield microscope (Leica) with 
a 63×/1.4 oil-immersion objective and an ORCA CCD camera. Images 
were analyzed using ImageJ as described (Jia et al., 2015). Images were 
analyzed using ImageJ. EU intensity within nuclei was measured after 
background subtraction and exclusion of nucleoli. 200–300 nuclei were 
analyzed per sample. Mean intensities of +UV and −UV conditions 
for all cells were calculated and used to estimate the RNA synthesis 
occurring in the particular sample.

CPD removal assay
CPD removal assay was performed as previously described (Gracheva 
et al., 2016). In brief, U2OS cells containing a stable integration of the 
indicated shRNA were plated on coverslips, exposed to 10 J/m2 UV 
light, and fixed at the indicated time points. Cells were stained with 
CPD antibody (Cosmo Bio) using the manufacturer’s protocol, fol-
lowed by incubation with Alexa Fluor 488 fluorophore–conjugated sec-
ondary antibodies (Thermo Fisher Scientific). The cells were mounted 
in Vectashield with DAPI, and images were acquired with the LAS AF 
software (Leica) using an AF-7000 widefield microscope (Leica) with 
a 63×/1.4 oil-immersion objective and an ORCA CCD camera. Images 
were analyzed using ImageJ.

Cell survival assay (MTT)
Cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium bromide (MTT) colorimetric assay as de-
scribed in Sun et al. (2002). In brief, cells were plated in 96-well plates 
and exposed to UV. Cell survival was assessed 72 h after UV exposure 
by measuring conversion of MTT to formazan product.

Cell lines and transfections
HEK293T, U2OS, and U2OS 2–6-3 cells were cultured in DMEM 
supplemented with 10% FBS at 37°C and 5% CO2. The medium for 
U2OS 2–6-3 cells was additionally supplemented with 100 µg/ml Hy-
gromycin to maintain stable insertion of the LacO cassette. Normal 
skin fibroblasts (GM15876) and MRC-5 fibroblasts (AG05965) were 
purchased from the Coriell Cell Repositories and cultured in DMEM, 
supplemented with 15% FBS.

Transfection of U2OS 2–6-3 and HEK293T cells was per-
formed by Lipofectamine 2000 (Invitrogen) transfection according 
to manufacturer’s instructions. Plasmids used were mCherry-ZRF1, 
mCherry-LacR-DIC​ER, mCherry-LacR-MMS​ETCDM, mCherry-LacR-
SETD8, mCherry-LacR-MMS​ET, EGFP-MMS​ET, EGFP-SETD8, 
EGFP-XPA, HA-MMS​ET, FLAG-HA-DIC​ER (19881; Addgene), and 
pCMV2-FLAG-ZRF1. Details on plasmids are provided in Table S1. 
Control nontargeting siGEN​OME siRNA pool 1 (D-001206-13-05) 
and DIC​ER (M-003483-00-0005) siRNA was purchased from Dhar-
macon (siGEN​OME SMA​RTpool). esiRNAs for SETD8, MMS​ET, 
and 53BP1 were purchased from Sigma. Details regarding siRNAs 
are provided in Table S2.

UV irradiation and drug treatment
Cells were irradiated with 20 J/m2 UV-C using a CL-1000 UV cross-
linker (UVP), unless stated otherwise. For micropore irradiation ex-
periments, cells were exposed to 100 J/m2 localized UV damage using 
a micropore membrane with 3-µm pore size as described previously 
(Katsumi et al., 2001). In brief, cells were washed three times with 
PBS. Micropore membranes presoaked in PBS were then placed on the 
cell layer, superfluous PBS was aspirated, and cells were irradiated at 
100 J/m2. This was followed by staining using the standard immunoflu-
orescence protocol described.

Immunofluorescence
Cells were fixed in 4% PFA for 10 min at room temperature. When in-
dicated, preextraction with CSK buffer (10 mM Pipes, pH 7.4, 100 mM 
NaCl, 300  mM sucrose, and 3  mM MgCl2) containing 0.2% Triton 
X-100 was performed for 5 min on ice before fixation. Cells were incu-
bated overnight with primary antibody at 4°C. Subsequently cells were 
incubated with Alexa fluorophore–conjugated secondary antibodies 
(Life Technologies). The mounting was performed in Vectashield with 
DAPI (Vector Laboratories).

Confocal microscopy
Images were acquired with the LAS AF software (Leica) using a 
TCS SP5 confocal microscope (Leica) with a 63×/1.4 oil-immer-
sion objective at room temperature. The following lasers were used: 
50-mW UV diode (405 nm), 65-mW argon, 20-mW DPSS (561 nm), 
and 10-mW HeNe (633 nm).

Antibodies
Antibodies used in this study were DIC​ER (3363, rabbit; Cell Sig-
naling), ZRF1 (NBP2-12802; Novus Biologicals). RING1B clone 
(D22F2, 5694, rabbit; Cell Signaling), XPA (GTX103168, mouse; Ge-
netex), XPA (FL-273, rabbit; Santa Cruz) H2B (V119 8135, mouse; 
Cell Signaling), FLAG (mouse; Sigma), H4K20me2 (39173, rabbit; 
Active Motif), H4K16ac (39930, rabbit; Active Motif), H3K36me2 
(39256, rabbit; Active Motif), CPD (mouse; CosmoBio), HA (C29F4, 
rabbit; Cell Signaling), XPB (S-19, rabbit; Santa Cruz), MMS​ET 
(39880, mouse; Active Motif), 53BP1 (NB100-304, rabbit; Novus), 
and SETD8 (C18B7, rabbit; Cell Signaling).

Chromatin association assays
HEK293T cells (unless stated otherwise) were irradiated with UV and 
cross-linked by formaldehyde at the indicated time points after UV ir-
radiation. Assays were essentially performed as published (Richly et 
al., 2010). In brief, cells were cross-linked in 1% formaldehyde for 
10 min, followed by quenching and washing. Cells were then lysed 
in buffer A, nuclei were spun down, and isolated nuclei were lysed in 
hypotonic buffer. The chromatin fraction was separated by centrifuga-
tion at maximum speed, and supernatant consisting of nucleoplasm was 
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removed. Samples were prepared by adding SDS loading buffer to the 
chromatin fraction, followed by sonication and boiling.

FLAG/HA/GFP purifications
Cells were UV irradiated at 20 J/m2 and harvested 1 h after exposure 
(unless stated otherwise). FLAG affinity purifications were performed 
using FLAG-M2 agarose beads as described previously (Richly et al., 
2010). HA affinity purifications were performed using HA agarose 
(Sigma) following an essentially similar protocol. GFP purifications 
were performed using GFP-Trap beads (Chromotek) following an es-
sentially similar protocol. In brief, cells were harvested, washed with 
PBS, and then lysed for 10 min in buffer A. Nuclei were separated by 
centrifugation at 3,000 rpm for 4 min. Nuclei were then lysed in lysis 
buffer by sonication in a bioruptor for 20 min (30 s on/off). The lysate 
was spun at max speed to remove the nonsoluble fraction. The lysate 
was then incubated with the respective beads overnight; beads were 
washed and samples were analyzed on an SDS-PAGE gel.

Peptide pull-downs
Peptide pull-downs were performed essentially as described previously 
(Wysocka, 2006). In brief, biotinylated peptides (H4, H3K27me2, 
and H4K20me2) were immobilized on Streptavidin beads. Nuclear 
extracts from HEK293T cells expressing GFP-XPA were prepared 
and precleared as described previously (Wysocka, 2006). Protein ex-
tracts and peptide-bound beads were incubated overnight at 4°C on 
a turning wheel. After extensive washing, purified material was ana-
lyzed with immunoblotting.

Online supplemental material
Tables S1 and S2 give further information on the plasmids used in this 
study, as well as the sequences of all si/esiRNAs used in the study.  
Figs. S1–S5 contain all supporting data and additional controls.
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