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SUMMARY

UV-induced photoproducts are responsible for the
pathological effects of sunlight. Mutations in nucleo-
tide excision repair (NER) cause severe pathologies
characterized by sunlight sensitivity, coupled to
elevated predisposition to cancer and/or neurological
dysfunctions. We have previously shown that in
UV-irradiated non-cycling cells, only a particular sub-
set of lesions activates the DNA damage response
(DDR), and this requires NER and EXO1 activities. To
define the molecular mechanism acting at these le-
sions, we demonstrate that Y family TLS polymerases
are recruitedatNER-andEXO1-positive lesionsites in
non-S phase cells. The coordinated action of EXO1
and Y family TLS polymerases promotes checkpoint
activation, leads to lesion repair, and is crucial to pre-
vent cytotoxic double-strand break (DSB) formation.

INTRODUCTION

UV light, a genotoxic agent to which we are exposed daily, gen-

erates mainly cyclobutane pyrimidine dimers (CPD) and 6,4 pho-

toproducts (6-4PP). These lesions represent a paradigm for all

DNA distorting bulky adducts (Friedberg, 2001) and are respon-

sible for the pathological effects of sunlight. In healthy organisms,

helix-distorting lesions are removed by nucleotide excision repair

(NER) (Spivak, 2015). Mutations in NER genes cause the onset of

human pathologies like xeroderma pigmentosum (XP), Cockayne

syndrome (CS), trichothiodystrophy (TTD), and UV-sensitive syn-

drome (UVSS). A common hallmark of these diseases is a strong

sensitivity to UV; however, other syndrome-specific phenotypes,

such as high predisposition to tumors development in XP or

neurological dysfunctions in both XP and CS patients have

been reported (Lehmann, 2003; Sch€arer, 2013).

To ensure genome integrity, following DNA damage, cells acti-

vate a DNA damage response (DDR) (Harper and Elledge, 2007).

Previous works demonstrated that the checkpoint response

following UV irradiation cannot be activated directly by the le-
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sions per se, but it requires NER function. Indeed, yeast strains

mutated in NER and human fibroblasts derived from XP patients

fail to activate the DDR outside S phase (Giannattasio et al.,

2004; Marini et al., 2006; Marti et al., 2006; O’Driscoll and Jeggo,

2003).

During S phase, UV lesions block replicative DNA polymerase

activities, and completion of chromosome duplication is

possible thanks to the intervention of specialized translesion

synthesis (TLS) polymerases (Sale et al., 2012). While these en-

zymes have been characterized in their chromosome replication

role, evidence begins to accumulate that suggest their involve-

ment in DNA repair mechanisms.

Understanding the mechanism(s) connecting removal of bulky

lesions from DNA to checkpoint activation independently of

replication will be of clinical relevance becausemost human cells

are not replicating, post-mitotic, or terminally differentiated (e.g.,

keratinocytes, adipocytes, and neurons).

NER is a multistep process where the adduct-containing DNA

is incised 50 and 30 to the lesion, and the resulting gap (�30 nt) is

refilled by repair DNA synthesis (Sch€arer, 2013). The polymer-

ases that execute this step are Pold and Polε, and more recently,

a role for Polk was also reported (Ogi and Lehmann, 2006; Ogi

et al., 2010). Mechanistic insights and how these polymerases

divide their labor are not clear yet. A variation on the canonical

NER mechanism in E. coli has been originally proposed based

on the identification of repair products where unscheduled

DNA synthesis covers a ‘‘long patch’’ as opposed as the canon-

ical short patch (Cooper and Hanawalt, 1972). The molecular

details of this ‘‘long patch NER’’ and the DNA polymerase activ-

ities involved are still lacking.

Polk is a member of the Y DNA polymerase family, which also

includes Poli, Polh (XP-V), and REV1. These enzymes, whose

function is coordinated through PCNA ubiquitylation, possess

unique features that enable them to synthesize DNA copying a

template containing a variety of lesions but at the same time,

make them highly mutagenic (Vaisman and Woodgate, 2017).

A tight control over their activity is crucial for the maintenance

of genomic integrity.

Ogi and Lehmann (2006) and Ogi et al. (2010) demonstrated

that also in quiescent mammalian cells PCNA is ubiquitylated

after UV irradiation and showed that Polk is recruited

at UV-induced damaged sites through a NER-dependent

mailto:sarah.sertic@unimi.it
mailto:marco.muzifalconi@unimi.it
https://doi.org/10.1016/j.molcel.2018.02.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcel.2018.02.017&domain=pdf


mechanism, which is very similar to what has been reported for

EXO1 (Sertic et al., 2011).

We previously demonstrated that EXO1 nuclease (Tran et al.,

2004) plays a crucial role in processing a subset of ‘‘problematic’’

UV-induced lesions and in triggering theDDR. In particular, when

the gap-refilling step of NER cannot be promptly completed,

EXO1 gains the kinetic opportunity to process the stalled inter-

mediate and generate long tracks of ssDNA, providing the alert

signal for checkpoint activation both in yeast and human

non-cycling cells (Giannattasio et al., 2010; Sertic et al., 2011).

The role of EXO1 in UV-induced checkpoint activation in vivo

has been recently supported by in vitro reconstitution of the acti-

vation pathway with purified components from human cells

(Lindsey-Boltz et al., 2014).

UV-induced closely spaced opposing lesions (COLs) may

represent the ‘‘problematic’’ intermediate. Indeed, removal of

one of the lesions by NER would leave the second lesion in the

complementary strand in a single-stranded DNA (ssDNA) config-

uration, which cannot be further processed by NER nucleases

until the double-stranded DNA (dsDNA) configuration is reestab-

lished (Svetlova et al., 2002; Svoboda et al., 1993). The persisting

lesion, in the template strand, blocks gap refilling through repair

DNA synthesis by Pold/ε. Targeting of this gapped intermediate

by EXO1 leads to activation of the checkpoint, signaling a prob-

lematic repair. Reconstitution of the double helix in this tract

would quench the checkpoint response, but would require the

involvement of translesion synthesis (TLS) polymerases to

copy the lesion-containing template strand. Intriguingly, COLs

resemble interstrand crosslinks (ICLs), whose processing mech-

anism include multiple DNA repair and DNA damage tolerance

pathways such as NER and TLS polymerases (reviewed in Mu-

niandy et al., 2010). In addition, a replication-independent repair

(RIR) mechanism for ICLs has been reported in yeast and in

mammalian cells that relies on Polz and Polk respectively (Sarkar

et al., 2006; Williams et al., 2012) .

Here, we show that in human cells, Polk and Poli are recruited

to local UV-damaged sites together with and depending on

EXO1, suggesting that their role in NER mechanism may be to

intervene in repair synthesis at COLs.Moreover, we demonstrate

that maintaining a controlled balance between TLS polymerases

and EXO1 nuclease is crucial for the functional resolution of a

subset of UV-induced damages, for the proper response to UV

irradiation and for prevention of UV-induced DSBs in non-cycling

cells. Indeed, inhibiting repair synthesis or TLS polymerase

recruitment leads to a hyper-activation of the checkpoint and

to a degeneration of UV-induced lesions into DSBs through un-

controlled EXO1 activity.

RESULTS

Y Family TLS Polymerases Are Recruited at EXO1-
Positive Local UV Damage Sites
Y family TLS polymerases are specialized enzymes with a more

relaxed active site that accounts for their ability to bypass

different DNA lesions on the template strand (Goodman and

Woodgate, 2013) in either error-free or error-prone pathways

(reviewed in Guo et al., 2009). We have shown that EXO1 is

recruited at a subset of UV lesions, which are deemed to be
problematic to repair (Sertic et al., 2011); previous work reported

that Polk plays a partial role in NER-dependent repair synthesis

(Ogi et al., 2010). To verify whether Polk and possibly other TLS

polymerases from the Y family may be acting at the same prob-

lematic lesions where EXO1 is recruited, we generated local UV

damage (LUD) (Volker et al., 2001) and monitored proteins that

are recruited at LUD sites. Cells expressing eGFP-tagged

versions of Polk, Poli, Polh, and REV1 (Figure S1) were co-trans-

fected with an EXO1-mCherry construct. Figure 1A shows that,

following local UV irradiation, all Y family polymerases are

recruited at EXO1-positive LUDs. The fluorescence intensity

measured along a line across LUDs for each Y-TLS Pols, EXO1

and XPA shows the same profile (Figure 1B), supporting colocal-

ization. We validated the selective recruitment of Y family TLS

polymerases by showing that eGFP-POLn (A-family polymer-

ase), used as a negative control, did not accumulate at LUDs

(Figure S2A). Nearly 50% of the NER-positive LUDs were also

positive for EXO1, which is found at LUDs only in non-S phase

cells (Sertic et al., 2011). Interestingly, Polk and Poli are only re-

cruited to EXO1-positive LUDs (Figure 1C), suggesting that Polk

and Poli, as was previously shown for EXO1, are only acting at a

subset of lesions in non-replicating cells. On the other hand, Polh

and REV1 are found at nearly 80% of NER-positive LUDs, of

which only half was also EXO1-positive (Figure 1C).

Therefore, Polk and Poli are specifically recruited at EXO1-

positive sites after UV treatment, while Polh and REV1 have a

wider distribution that could be explained by their broader spec-

trum of roles, such as their recruitment in S phase cells at repli-

cation factories and stalled replication forks (Kannouche and

Lehmann, 2004; Kannouche et al., 2001).

These results were further strengthened by labeling cells with

5-ethynyl-2’-deoxyuridine (EdU) after UV irradiation, which is

incorporated by both replicative and repair synthesis machin-

eries, albeit to a different extent. This procedure allows us to

clearly distinguish S phase from non-S phase cells. As expected,

while EXO1, Polk, and Poli are recruited to LUDs in non-S phase

cells, Polh andREV1 are also found at LUDs in S phase cells (Fig-

ures S2B and S2C).

EXO1-Dependent Processing Promotes Polk and Poli
Recruitment
To investigate if EXO1 presence and activity is required for the

recruitment of TLS Pols at UV lesions, we produced EXO1�/�

clones exploiting the CRISPR-Cas9 technology using two

different guide RNAs (gRNAs) (EXO1�/�.3 and EXO1�/�.15)
and a gRNA against Luciferase as a control (CTR). To check

for gRNA specificity, we Sanger-sequenced two genes with

the highest score in the off-target list created by the algorithm

in Singh et al. (2015) for each target sequence, and we did not

detect any InsDels (Figure S3A). EXO1 KO clones were

confirmed by Sanger-sequencing the EXO1 genomic locus

(data not shown) and absence of protein was verified by immu-

noprecipitation (Figure S3B). Significant cell-cycle alterations in

the KO clones were excluded by cytofluorimetric analysis

(Figure S3C).

If TLS polymerases accumulated at EXO1-processed lesions,

we expected to see a defective recruitment in EXO1�/� clones.

For this purpose, EXO1 KO and control clones were transfected
Molecular Cell 70, 34–47, April 5, 2018 35



Figure 1. TLS DNA Polymerases k and i, but Not h and REV1, Are Recruited Exclusively to EXO1-Positive LUDs

(A) MRC5VI cells were transfected with eGFP and mCherry tagged constructs, locally UV irradiated at 100 J/m2, incubated for 1 hr, and processed for immu-

nofluorescence with anti-XPA antibody. A representative example of one LUD for each condition is shown. Arrowheads point to LUDs. Scale bar, 5 mm.

(B) Fluorescence intensity across LUDs was measured using ImageJ. Graphs indicate fluorescence intensity variations expressed as a.u.

(C) XPA-positive LUDs were scored for TLS polymerases and EXO1. 20 LUDs were analyzed in each experiment for each condition. At least three independent

experiments were performed. Error bars, ±SEM.
with constructs expressing eGFP-Polk, -Poli, -Polh, and -REV1.

Cells were locally UV-irradiated and immunostained for either

XPA or XPB (plotted as NER factors). Representative images

are shown in Figure 2A. LUDs positive for NER factors were

counted and scored as positive or negative for TLS enzymes

as indicated in Figure 2B. Polk, Poli, Polh, and REV1 are re-

cruited at LUDs in control cells at a percentage nearly 70%,

60%, 86%, and 88%, respectively. Strikingly, we observed

that, while Polh and REV1 efficiently localize at damage sites

also in EXO1�/� clones, Polk and Poli recruitment is nearly abol-

ished in the absence of EXO1 (Figure 2B). To exclude that such

differences in Pols recruitment may be linked to variations in
36 Molecular Cell 70, 34–47, April 5, 2018
expression between EXO+/+ and EXO�/� cells, we verified that

Polk, Poli, Polh, and REV1 are expressed at similar levels in

EXO1 KO clones compared to CTR cells (Figures S4A and S4B).

Importantly, complementation of EXO1 KO clones with EXO1-

mCherry restores Polk and Poli recruitment (Figures 2C and 2D,

images and quantification, respectively). On the contrary,

complementation of LUC and EXO1�/� clones with an EXO1-

D173A-mCherry mutant lacking EXO1 catalytic activity (Bregen-

horn and Jiricny, 2014) dramatically reduces the accumulation of

Polk andPoli at LUDs (Figure 2D). This observation indicates that

EXO1-dependent processing of the gap is responsible for the

recruitment of Y family polymerases.



(legend on next page)
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When we characterized the EXO1-D173A mutant, we noticed

that nuclease defective EXO1 is loaded at LUDs but its recruit-

ment is transient compared to active EXO1 (Figure S4C). The

inactive form of EXO1 becomes more persistently localized at

LUDs if DNA polymerase activity is inhibited by adding 1-b-D-

arabinofuranosylcytosine (AraC) immediately after UV irradiation

(Figure S4C). These observations support the notion that gap re-

filling competes with gap enlargement. If EXO1 is present but

inactive, DNA polymerases fill the gap and displace EXO1 from

DNA. On the other hand, if gap refilling is prevented by inhibiting

DNA polymerases, the inactive form of EXO1 remains stably

associated to damaged DNA.

Repair Synthesis Inhibition Increases Polk, Poli, Polh,
and REV1 Recruitment
COLs might be seen as ‘‘problematic’’ damages because the

template strand lesions can hamper repair synthesis. We can

expand the fraction of ‘‘problematic’’ lesions by either increasing

the UV dose or by inhibiting repair DNA polymerases. Under

these conditions, EXO1 recruitment at LUDs is strongly

enhanced (Sertic et al., 2011). Thus, we asked whether inhibition

of normal repair synthesis acts as a signal for the recruitment of

TLS polymerases at repair intermediates. We tested how recruit-

ment of Polk, Poli, Polh, and REV1 at LUDs is affected by addi-

tion of AraC at low UV fluencies, a condition where all lesions are

seen as ‘‘problematic’’ (Sertic et al., 2011). Figure 3 shows that

generating LUDs at 40 J/m2 leads to a recruitment of Y family

polymerases at a fraction of NER-positive LUDs, as previously

shown for EXO1 (Sertic et al., 2011). Upon treatment with AraC

right after UV irradiation, the percentage of TLS Pols-positive

LUDs increased 2.13, 1.73, 1.73, and 1.73 for Polk, Poli,

Polh, and REV1, respectively. A similar increase can be

measured by irradiating with a higher UV dose (100 J/m2). At

this high fluency, AraC had only a mild effect on TLS enzymes

recruitment, likely because of saturation effects due to the num-

ber or type of lesions induced, as previously observed for RPA in

similar experimental conditions (Overmeer et al., 2011). We

conclude that an increase in the number of ‘‘problematic’’ le-

sions, obtained by blocking repair synthesis or raising UV

dosage, promotes the recruitment of Polk, Poli, Polh, and REV1.

Gap-Refilling Inhibition Enhances Checkpoint
Activation and Lesions Degeneration
We have shown in quiescent primary cells that EXO1-dependent

ssDNA-gapped intermediates are required to efficiently trigger
Figure 2. Recruitment of DNA Polymerase k and i at LUDs Is EXO1 De
MRC5VI EXO1+/+ (CTR) and MRC5VI EXO1�/� (.3 and 0.15 clones) were transfec

Cells were locally UV irradiated with 100 J/m2, incubated for 1 hr, and process

antibodies.

(A) Representative images of LUDs in each condition tested. Arrowheads point t

(B) At least 40 LUDs (positive for XPA or XPB) were analyzed for each condition fo

TLS polymerase. Student’s t test was performed: *p value < 0.05; **p value < 0.0

(C) MRC5VI EXO1+/+ (CTR) and MRC5VI EXO1�/� (.15 clones) were transfected

locally UV irradiated at 100 J/m2, incubated for 1 hr, and processed for immunoflu

point to LUDs.

(D) MRC5VI EXO1+/+ (LUC) and MRC5VI EXO1�/� (.15 clones) were transfected w

constructs. Cells were locally UV irradiated at 40 or 100 J/m2 and incubated for 1

for each condition in all three independent experiments and plotted on the graph
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ATR (Sertic et al., 2011). EXO1-dependent gap formation and

DNA polymerase-dependent gap refilling are in competition

(Giannattasio et al., 2010; Sertic et al., 2011). Therefore, we hy-

pothesized that gap refilling by DNA polymerases may be impor-

tant to modulate the DDR by quenching checkpoint signaling.

To verify this hypothesis, we initially inhibited gap-refilling ac-

tivity with AraC and monitored checkpoint activation. Primary fi-

broblasts were serum-starved to deplete S phase cells (0.4% of

cells were still replicating in our experimental conditions, Fig-

ure S5A). We UV-irradiated cells in the absence or presence of

AraC and monitored DDR markers at different time points. One

hour after treatment, UV-irradiated cells exhibited p53 ser15

phosphorylation, which was greatly enhanced if cells were

exposed to AraC, whereas gH2AX was barely detectable

(Figure 4A). UV irradiation of non-cycling cells also induced

PCNA mono-ubiquitylation (PCNA-mUb) and AraC exposure

clearly increased it (Figure 4A, see graph for quantification).

Figures 4B and 4C show that, at later time points, an even

higher p-p53 ser15 accumulation was evident. Moreover, in cells

treated with UV and AraC, we also observed a significant gH2AX

increase, as previously observed by Matsumoto et al. (2007).

Surprisingly, UV-irradiated cells, where gap refilling was pre-

vented by AraC exposure, exhibited a very strong phosphoryla-

tion of RPA32 at serine 4/8 (Figure 4B). This marker is specific for

DSB-activated DNA-PK (Cruet-Hennequart et al., 2006).

In fact, the DNA-PK activated form (p-ser2056) was found at

LUDs in a large fraction of cells, following UV+AraC treatment.

In the absence of AraC, the activation of DNA PK is reduced (Fig-

ures 4D and 4E).

On the contrary, PCNA mono-ubiquitylation, which is not

involved in DSB processing, started to decrease 5 hr and,

more evidently, 24 hr after treatment with UV and AraC

(Figure 4B).

Altogether, these results confirm gap refilling leads to quench-

ing of the checkpoint response and possibly protects cells from

the formation of unscheduled DSBs.

Impairment of TLS Recruitment Enhances UV-Induced
EXO1-Dependent DSB Formation and Checkpoint
Activation
Our results indicate that when repair synthesis cannot rapidly

close the NER-dependent gap, EXO1 processes the repair inter-

mediate, and TLS polymerases are recruited to overcome the

DNA synthesis block. To test this model, we analyzed the

involvement of Polk in taking care of these problematic lesions
pendent
ted with constructs expressing eGFP-tagged TLS polymerases as indicated.

ed for fluorescence microscopy. XPA and XPB were visualized with specific

o LUDs. Scale bar, 5 mm.

r each of three independent experiment and scored for presence or absence of

05; ****p value < 0.0001. ns, not statistically significant. Error bars, ±SEM.

with eGFP-tagged Polk and Poli and EXO1-mCherry constructs. Cells were

orescence. Representative images of LUDs are shown on the left. Arrowheads

ith eGFP-tagged Polk and Poli and EXO1-mCherry or EXO1-D173A-mCherry

hr. AraC was added to after irradiation (see text). At least 25 LUDs were scored

. Error bars, ±SEM.



Figure 3. Polk, Poli, Polh, and REV1 Are Recruited to LUDs when DNA Repair Synthesis Cannot Be Completed

(A) MRC5VI cells were transfected with the indicated eGFP-TLS polymerase constructs. Cells were locally UV irradiated at 40 or 100 J/m2 in the presence or

absence of AraC. Representative images for each condition are shown. Scale bar, 5 mm.

(B) At least 40 XPA- or XPB-positive LUDs for each condition were scored for recruitment of Polk, Poli, Polh, and REV1. Student’s t test was performed:

*p value < 0.05; ***p value < 0.001. ns, not statistically significant. Error bars, ±SEM.
by monitoring how Polk contributes to quenching the UV check-

point response in non-S phase cells. We serum-starved 48BR

primary human fibroblasts and we silenced Polk expression

with a pool of siRNAs (the individual siRNAs are shown in Fig-

ure S5B). Cells were then UV-irradiated and harvested at

different time points. Both p-p53 ser15 and gH2AX checkpoint

markers indicate that depletion of Polk leads to a hyperactive

checkpoint response at 5 hr post UV-irradiation (Figures 5A,

5B, and S5C).

In G0–G1 cells, the major DSB repair pathway is non-homolo-

gous end joining (NHEJ), which is promoted by DNA-PK. In order

to establish whether Polk protects UV-irradiated cells from the

formation of deleterious DSBs, we monitored whether the active

form of DNA-PK (Chen et al., 2005) is found at LUDs when repair

synthesis and EXO1 activity are unbalanced as a consequence
of downregulating Polk. Figures 5C and 5D show that in the

absence of the protective role of Polk, phosphorylated DNA-PK

accumulates at LUDs, indicating that UV lesions are being con-

verted to DSBs.

To test the possible contribution of other Y family polymer-

ases at ‘‘problematic’’ lesions, we prevented their recruitment

at LUDs through downregulation of the RAD18 E3-ubiquitin

ligase to abolish UV-induced PCNA mono-ubiquitylation on

K164 (Andersen et al., 2008; Bienko et al., 2005; Hoege et al.,

2002; Kannouche and Lehmann, 2004). RAD18 knockdown

was confirmed by RT-PCR and western blotting (Figures S5D

and S5E) and subsequently by monitoring PCNA mono-ubiqui-

tylation levels on Lys164. Figure 5E confirms that siRAD18 cells

fail to achieve proper PCNA-mUb following UV irradiation and

shows that p-p53-ser15 and gH2AX modifications are
Molecular Cell 70, 34–47, April 5, 2018 39



Figure 4. DDR Is Hyperactivated When Repair Synthesis Is Impaired

(A and B) 48BR fibroblasts were serum starved for 72 hr. Cells were subsequently treated with or without AraC and UV (20 J/m2). Cells were then harvested at the

indicated time points and analyzed by SDS-PAGE and immunostained as indicated. (A) shows checkpoint markers 1 hr after irradiation. (B) shows checkpoint

markers 5 hr and 24 hr after irradiation.

(C) Quantification was performed with Volume Tool in ImageLab Software; p-p53 ser15 bands normalized to total p53 are represented.

(D) 48BR cells were serum starved for 72 hr, LUDs were generated at 100 J/m2, and cells were re-incubated for 5 hr followed by immunostaining as indicated.

Images were acquired with a 203 objective (N.A. = 0.5). Scale bar, 30 mm.

(E) Quantification was performed counting 150–200 cells for each condition. Two independent experiments were performed. Error bars, ±SEM.
anticipated and enhanced in cells silenced for RAD18

compared to control cells. Intriguingly, we observed a strong

RPA32 ser4/8 phosphorylation when TLS recruitment was

impaired by RAD18 silencing (Figure 5E) similarly to what was

reported in Figure 4B following inhibition of repair synthesis

with AraC. RPA32 ser4/8 phosphorylation, a proxy for DSBs,

is lost in siRAD18 cells where EXO1 is concomitantly downregu-

lated (Figure 5F), supporting the hypothesis that conversion of

‘‘problematic’’ UV lesions to DSBs is promoted by EXO1 and

counteracted by TLS polymerases. Accordingly, siRAD18 cells

accumulate p-DNA-PK ser2056-positive LUDs (Figures 5G

and 5H). Strikingly, silencing RAD18 in NER-deficient cells

(XP-A) did not induce p-DNA-PK ser2056 accumulation at

LUDs (Figures 5G and 5H) similarly to what was reported for

EXO1 recruitment (Sertic et al., 2011).
40 Molecular Cell 70, 34–47, April 5, 2018
These observations strongly suggest that DSBs are created

after UV irradiation as a consequence of a failed gap refilling

by Y family TLS polymerases.

To test this hypothesis, we analyzed DSBs formation by

neutral comet assay, using UV-irradiated cells silenced for

RAD18 or non-silenced as control cells. Bleocin, a known

DSB-inducing agent was used as positive control. A representa-

tive image for each sample is shown at the top of Figure 5I, and

tail moment measurements are reported as a graph (Figure 5I,

right panel). UV irradiation, per se, did not lead to significant

levels of DSBs formation. When TLS polymerases recruitment

is prevented by silencing RAD18, we observed a dramatic in-

crease of DSBs (compare the tail moment in siRAD18 and siLUC

UV-irradiated cells in Figures 5I and S5F). Intriguingly, in these

conditions, DSBs formation is dependent upon EXO1, indeed,



(legend on next page)
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DSBs formation is prevented in siRAD18 cells if EXO1 is silenced

as well.

Differential Contribution of Y Family Polymerases to the
Repair of a Subset of UV-Induced Lesions
The observations reported above complement those previously

reported (Ogi et al., 2010) and show that Polk is involved in

NER-dependent repair of a subset of ‘‘problematic’’ UV-induced

lesions. However, the results obtained by silencing RAD18

suggested that Polh, Poli, and REV1 may also participate in

this process in non-cycling cells, contributing to modulation of

checkpoint signaling and protection from DSBs formation

(Figure 5).

To evaluate Polh contribution to the checkpoint response after

UV in non-cycling cells, we initially silenced Polk in 48BR fibro-

blasts and XP-V, which are mutated in Polh. We observed an in-

crease of RPA ser4/8 phosphorylation and gH2AX accumulation

compared to cells lacking Polk only (Figure S6A).

We thus analyzed the contribution of each Y family DNA poly-

merase to repair DNA synthesis. Serum-starved primary cells

were silenced for each Y family polymerases or simultaneously

for all four (Figure S6B). DNA repair synthesis (unscheduled

DNA synthesis [UDS]) following 20 J/m2 UV irradiation was

analyzed by incubating cells for 2 hr with EdU. Newly synthe-

sized DNA was then labeled by Click-IT (see the STAR Methods)

and cells were analyzed by fluorescence microscopy (Limsiri-

chaikul et al., 2009; Sertic et al., 2011). Figure 6A shows that

silencing Polk results in a drastic reduction in repair synthesis,

similarly to what was reported previously (Ogi et al., 2010), while

all other polymerases contributed only partially to UDS.

We then examined how members of Y family polymerases

participated to protecting UV lesions from being converted to

DSBs. We measured tail moments in neutral comet assays in

silenced cells exposed to UV light, as above. Polk and Poli are

recruited when, during the enlargement of the gap, EXO1 ex-

poses different types of lesions on the ssDNA template strand

complexed with RPA. In agreement with the UDS results,

Polk-silenced cells exhibited elevated tail moments that were

not significantly different from those measured in RAD18-

silenced cells. Individual silencing of Polh-, Poli-, and REV1 led
Figure 5. TLS Polymerases Prevent the EXO1-Dependent Conversion

(A and B) Serum-starved 48BR cells were silenced for Polk (k) or luciferase (L), UV i

separated by SDS-PAGE and immunoblotted for the indicated proteins.

(C and D) Serum-starved 48BR cells were silenced for Polk or luciferase, local UV

with p-DNA-PK ser2056 antibody (C). Arrowheads indicate p-DNA-PK foci. The

independent experiments were performed. Error bars, ±SEM.

(E and F) Serum-starved 48BR cells were silenced for luciferase (L) or RAD18 (R)in

(F), as indicated. UV-irradiation was performed at 20 J/m2 and cells were incubate

immunoblotted for the indicated proteins.

(G and H) Before UV-treatment, 48BR cells were silenced for the indicated prote

Isopore filter, using the same procedure as in Figures 1, 2, and 3. Immunofluoresc

images are shown (G). The graph (H) reports the percentage of cells positive for p

independent experiments. Error bars, ±SEM.

(I) 48BR human primary fibroblasts were serum-starved and silenced for the indica

for 5 hr. Bleocin treatment was used as positive control for DSBs formation. Cells w

DNA is shown in the left panel. Tail moment was measured for two independent

quantified for each sample. The graph to the left reports the distribution of the tail

statistically significant.
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to formation of lower amounts of DSBs (Figure 6B). As expected,

DSB generation due to downregulation of Polk is similar to that

observed following simultaneous silencing of all Y family Pols

(Figures 6C and S6C).

To verify a possible redundancy between Polh, Poli, and

REV1, we silenced all three polymerases leaving Polk as the

only present Y polymerase (only-k) and measured DSBs forma-

tion. The results obtained with only-k and siTLS cells were statis-

tically similar, suggesting that while Polk is extremely relevant, it

also needs the participation of other Y family Pols to prevent gen-

eration of unscheduled DSBs (Figure 6D).

DISCUSSION

NER is the sole process that effectively removes UV-induced

and other bulky helix-distorting lesions in humans. While most

NER substrates are rapidly repaired and do not elicit a check-

point response, a fraction of ‘‘problematic’’ lesions can be gener-

ated, where repair synthesis is impeded (Matsumoto et al.,

2007). NER can only repair lesions when they are in a double-

stranded configuration (Svoboda et al., 1993). COLs, where a

UV lesion on one strand is sufficiently close to a second lesion

(either UV-induced or pre-existing) on the other strand (Lam

and Reynolds, 1986, 1987; Minton and Friedberg, 1974; Novar-

ina et al., 2011; Sedgwick, 1976; Sertic et al., 2012), represent a

problem. Indeed, excision of the first adduct leaves in the com-

plementary strand the second lesion, which impedes gap refilling

by Pold, Polε. The gapped intermediate is a natural substrate for

both DNA polymerases (refilling) and exonucleases (enlarge-

ment). The rate of DNA synthesis by Pold, Polε is �203 faster

than exonucleolytic processing (Morin et al., 2008), thus the

gap is normally closed. In the case of ‘‘problematic’’ lesions,

EXO1 nuclease gains a kinetic opportunity to enlarge the gap,

generating long ssDNA regions that trigger a checkpoint

response alerting the cell of the presence of failed-repair inter-

mediates (Giannattasio et al., 2010; Sertic et al., 2011). In the

case of COLs, refilling of the gap, may require the participation

of TLS polymerases.

In this work, we investigated the role of Y family TLS polymer-

ases in non-replicating cells, following incision of lesions by NER
of UV Lesions into DSBs

rradiated at 20 J/m2. Protein extracts obtained at the indicated time points were

irradiated at 100 J/m2, and incubated for 5 hr. Fixed cells were immunostained

graph (D) shows the percentage of cells positive for p-DNA-PK LUDs. Two

(E), and for luciferase, RED18, EXO1 (E), or for both RAD18 and EXO1 (R+E) in

d for the indicated time points. Protein extracts were loaded on SDS-PAGE and

in and serum starved. UV irradiation was performed at 100 J/m2 through 5 mm

ence was performed against p-DNA-PKser2056 5 hr after UV. Representative

-DNA-PK ser2056 LUDs. 250–300 cells were scored derived from at least two

ted protein. UV-irradiation was performed at 20 J/m2 and cells were incubated

ere processed for Neutral Comet Assay. Representative SYBRGREEN stained

experiments and four different electrophoretic runs. At least 60 comets were

moment. Error bars, ±SEM. From Student’s t test: ****p value < 0.0001. ns, not



Figure 6. Contribution of Each Y Family TLS

Polymerase to UDS and DSBs Formation

(A) Primary cells were UV-irradiated (20 J/m2) and

incubated for 2 hr in the presence of EdU. After

Click-IT reaction, images were acquired to reach

100 cells for two independent experiments.

(B–D) 48BR primary fibroblasts were serum

starved and silenced for the indicated gene. 72 hr

post serum-starvation, cells were UV-irradiated

(20 J/m2 + 5 hr incubation) and harvested for

Neutral Comet Assay. In (B), we silenced individual

TLS polymerases or Rad18. In (C), we silenced

Polk or we simultaneously silenced all Y family

enzymes (TLS). In (D), we simultaneously silenced

for Polh, Poli, and REV1 (only-k), or for all Y family

enzymes (siTLS).

UT, untreated; UV, UV irradiated. Two inde-

pendent experiments were performed for each

genetic condition. Student’s t test was performed:

*p value < 0.05; **p value < 0.005;

***p value < 0.0005; ****p value < 0.0001; ns, not

statistically significant. Error bars, ±SEM.
factors and the coordination between TLS-dependent gap refill-

ing and EXO1-dependent gap processing. EXO1 acts only at

‘‘problematic’’ UV-induced lesions (e.g., COLs) where its recruit-

ment is dependent upon NER activity (Sertic et al., 2011). Simi-

larly, DNA polymerase k accumulation at LUDs also requires

NER factors (Ogi et al., 2010). We report that Polk and Poli

only accumulate at LUDs where EXO1 is also present, while

they are absent in EXO1-negative LUDs. Using EXO1 KO cells,

we demonstrated that their recruitment to LUDs is abolished if

EXO1 is absent. Recruitment of TLS polymerases may depend

upon a physical contact with EXO1 or may be due to the catalytic

processing of the gapped intermediate that generates a TLS

substrate. Our data show that the mere presence of EXO1 is

not sufficient, and recruitment of DNA polymerases k and i at

LUDs requires the catalytic activity of EXO1. A possible explana-

tion is that by enlarging the original NER-dependent gap, EXO1

exposes other lesions present on the template strand requiring

Polk and Poli activities for repair synthesis of the damaged

gaps. Another possibility is that these Y family polymerases

are recruited when longer RPA-covered ssDNA stretches are

formed, in accordance with observations that Rad18 is preferen-

tially recruited through interactions with RPA (Davies et al., 2008;

Huttner andUlrich, 2008). On the other hand, the other twomem-

bers of the Y family, Polh and REV1, are still located at LUDs

even in EXO1 KO clones, although Polh recruitment was mildly

reduced in one of the clones. Recent studies have shown that

in S phase Polh has also a non-catalytic role in stabilizing

PCNA-monoUb and facilitating loading of other TLS polymer-

ases (Durando et al., 2013). Similarly, REV1 can also play a
more structural role, for instance by

modulating RAD18 function and promot-

ing PCNA mono-ubiquitylation (Wang

et al., 2016).

Interestingly, when normal repair DNA

synthesis is impeded, the recruitment of

all Y family polymerases at LUDs is
enhanced, similarly to what was reported for EXO1 (Sertic

et al., 2011). EXO1-positive LUDs (containing the ‘‘problematic’’

lesions) also contain lesions that do not stimulate EXO1 function,

so within the EXO1-positive LUDs, some Polh and REV1 will be

recruited in an EXO1-dependend manner, while other molecules

will be recruited in an EXO1-independent manner. By increasing

the UV dose or blocking repair synthesis, the level of ubiquity-

lated PCNA increases, leading to increased recruitment of all Y

family polymerases. These observations suggest that while

Polh and REV1 have amore diffused role following UV irradiation

(e.g., translesion synthesis through post-replication repair in

replicating cells; non-catalytic roles in promoting lesion bypass),

Polk and Poli aremore specific for ‘‘problematic’’ lesions that are

also processed by EXO1. Our results are consistent with previ-

ous work reporting that this TLS polymerase is responsible for

a fraction of unscheduled DNA synthesis in non-cycling cells

(Ogi et al., 2010).

If DNA lesions are initially processed by NER but gap refilling

cannot be promptly completed, EXO1 activity on the gapped

substrate leads to checkpoint activation (Giannattasio et al.,

2010; Lindsey-Boltz et al., 2014; Sertic et al., 2011). Downregu-

lation of Polk, by favoring EXO1-dependent processing of the

NER intermediate, results in checkpoint hyperactivation effect,

and leads to formation of DSBs in UV-irradiated non-replicating

cells, consistently with the hypothesis that this polymerase pro-

tects cells experiencing ‘‘problematic’’ UV lesions from the un-

scheduled conversion of these primary lesions to toxic DSBs.

Our data show that UV irradiation per se does not seem to

significantly induce DSBs, which represent secondary lesions
Molecular Cell 70, 34–47, April 5, 2018 43



Figure 7. Model for Coordinated Action of

TLS Polymerases and EXO1 Activity in the

Processing of Problematic UV Lesions

Chromosomes sustain elevated levels of DNA

damage on either DNA strands. Following UV irra-

diation, NER starts processing a UV-induced lesion

ononestrand; if, duringgap refilling, replicativeDNA

polymerases (Pold/Polε) encounter an obstacle on

the template strand, they fail to complete repair

synthesis, and EXO1 has the opportunity to enlarge

the gap generating long ssDNA regions, which

trigger the DDR. Y family TLS polymerases are

crucial to overcome the obstacle on the template

strand and are recruited at these intermediates.

Bypass of the blockage by Y family TLS poly-

merases allows gap refilling, quenching of the DDR

signal, and prevents further action of EXO1. Loss of

the coordination between TLS activities and EXO1

can result in excessive EXO1-dependent process-

ing leading to the formation of unscheduled

cytotoxic DSBs. We present three possibilities as

sources of DSBs, although others may be possible.

(A) DSBs generated when EXO1 encounters a

canonically NER-processed lesion on the opposite

strand.

(B) DSBs derived from fragility and breakage of

EXO1-dependent long ssDNA regions.

(C) DSBs produced when two COLs are simulta-

neously processed as described in the text. EXO1

enzymes acting on both antiparallel strands lead

to formation of DSBs.
produced as a consequence of repair synthesis problems. In this

context, DSBs may arise from DNA breakage within the persist-

ing ssDNA gap or they may be due to the activity of EXO1 that, in

the absence of an efficient refilling, can converge onto another

repair intermediate, generating a DSB. Strikingly, all the

UV-dependent DSBs observed in siRAD18 cells are abolished

by downregulating EXO1. Although we cannot exclude that by

greatly enlarging the ssDNA gap EXO1 may increase the chance

of a stochastic breakage, our data strongly suggest that TLS

activity protects non-S phase cells experiencing ‘‘problematic’’

lesions from the formation of unscheduled DSBs. Our results

provide a molecular explanation for previous observations of

the formation of DSBs following UV irradiation in non-cycling

primary fibroblasts (Wakasugi et al., 2014).

The question remaining is whether COLs are part of the ‘‘prob-

lematic’’ lesions processed by EXO1, Polk, and Poli. Although

we do not have a definitive answer, our data strongly point

toward COLs being the lesions that are responsible for DDR acti-

vation and for cytotoxic DSB formation. This view is consistent

with an elegant genetic study that shows that G0 yeast cells do

not accumulate two-strand mutations after UV treatment if they

lack RAD18 or express a PCNA mutated in K164 (Kozmin and

Jinks-Robertson, 2013). Altogether, these results indicate that

TLS polymerases are involved in NER-dependent repair synthe-

sis outside of S phase, in addition to their well-described function

in PRR in replicating cells.

The work presented here also reveals a separation of roles for

different TLS polymerases.While only Polh andREV1 seem to be

present at EXO1-negative LUDs, all Y family TLS polymerases

are recruited at EXO1-positive UV-damage sites, but only for
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Polk and Poli is the recruitment EXO1-dependent (Figures

1 and 2). Polh and REV1 have been reported to act non-catalyt-

ically in the stabilization of PCNA mono-ubiquitylation (Durando

et al., 2013; Guo et al., 2003; Wang et al., 2016); this would

enhance the recruitment of other TLS polymerases. Polk and

Poli are recruited when, during the enlargement of the gap,

EXO1 exposes different types of lesions on the ssDNA template

strand complexed with RPA. In this view, it is worth noting that

Poli efficiently bypasses 6-4PP, abasic sites, and 8-oxo-dG

but is not effective at further extending the DNA chain, which is

a prerogative of Polk (Vaisman et al., 2001; Vasquez-Del Carpio

et al., 2011; Washington et al., 2002). Moreover, Polk, on the

other hand, can bypass and extend a DNA chain over a variety

of other lesions (Avkin et al., 2004; Ohashi et al., 2000; Zhang

et al., 2000).

A subsequent analysis of the role of the single TLS in our con-

ditions revealed that Polh, Poli, and REV1 do partly contribute to

both UDS and DSB prevention, albeit with a certain degree of

redundancy. We suggest that the extent of their participation

may depend upon the type of lesions encountered on the tem-

plate strand during repair synthesis after UV-treatment.

To explain all these results, we propose that the lesion

present on the template strand during NER-dependent repair

synthesis could be of a broader nature than previously thought

(Figure 7). In the past, Lam and Reynolds (1987) provided

an accurate calculation of the possible accumulation of

closely spaced UV-induced lesions that, depending on the

UV-dose used (between 40 and 100 J/m2 in our experimental

setting), represents a fraction of lesions between 0.5% to

1.25%. If we consider the possible presence of a broader



range of lesions (not limited to UV-induced CPDs or 6-4PP)

on the template strand, these percentages will greatly

increase.

In this situation, a tight balance between TLS polymerase and

exonuclease activities is of paramount importance to allow

prompt signaling to activate the DDR, complete repair synthesis

of damaged templates, and preventing the conversion of ‘‘prob-

lematic’’ lesions into DSBs and activation of cell death pathways,

to ensure viability of non-proliferating cells. In this scenario, tran-

sient inhibition of EXO1 or hyperactivation of TLS polymerases at

damage sites could promote cell survival in post-mitotic and

terminally differentiated cells exposed to genotoxic agents.

Cancer treatment, while aimed at highly replicating cells, also

negatively affects non-S phase healthy cells. Furthermore, our

work together with a recent report by Janel-Bintz et al. (2017)

may provide a mechanistic insight explaining the elevated muta-

genesis observed following NER activation, which can promote

tumor development and may lead to chemotherapy-induced

mutagenesis. Modulations of the mechanism described in this

work may have a strong impact on the outcome of cancer

therapy.
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Volker, M., Moné, M.J., Karmakar, P., van Hoffen, A., Schul, W., Vermeulen,

W., Hoeijmakers, J.H., van Driel, R., van Zeeland, A.A., and Mullenders, L.H.

(2001). Sequential assembly of the nucleotide excision repair factors in vivo.

Mol. Cell 8, 213–224.

Wakasugi, M., Sasaki, T., Matsumoto, M., Nagaoka, M., Inoue, K., Inobe, M.,

Horibata, K., Tanaka, K., andMatsunaga, T. (2014). Nucleotide excision repair-

dependent DNA double-strand break formation and ATM signaling activation

in mammalian quiescent cells. J. Biol. Chem. 289, 28730–28737.

Wang, Z., Huang, M., Ma, X., Li, H., Tang, T., and Guo, C. (2016). REV1 pro-

motes PCNA monoubiquitylation through interacting with ubiquitylated

RAD18. J. Cell Sci. 129, 1223–1233.

Washington, M.T., Johnson, R.E., Prakash, L., and Prakash, S. (2002). Human

DINB1-encoded DNA polymerase kappa is a promiscuous extender of mis-

paired primer termini. Proc. Natl. Acad. Sci. USA 99, 1910–1914.

Williams, H.L., Gottesman, M.E., and Gautier, J. (2012). Replication-indepen-

dent repair of DNA interstrand crosslinks. Mol. Cell 47, 140–147.

Zhang, Y., Yuan, F., Wu, X., Wang, M., Rechkoblit, O., Taylor, J.S., Geacintov,

N.E., and Wang, Z. (2000). Error-free and error-prone lesion bypass by human

DNA polymerase kappa in vitro. Nucleic Acids Res. 28, 4138–4146.
Molecular Cell 70, 34–47, April 5, 2018 47

http://refhub.elsevier.com/S1097-2765(18)30136-9/sref55
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref55
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref55
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref56
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref56
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref57
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref57
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref57
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref57
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref58
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref58
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref58
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref58
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref59
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref59
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref60
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref60
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref61
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref61
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref61
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref62
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref62
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref62
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref62
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref63
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref63
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref63
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref63
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref64
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref64
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref64
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref64
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref65
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref65
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref65
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref66
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref66
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref66
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref67
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref67
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref68
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref68
http://refhub.elsevier.com/S1097-2765(18)30136-9/sref68


STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GFP Clontech 632677

p-RPA32 ser4/8 Bethyl Laboratories A300-245A-M

p-p53ser15 Cell Signaling 9284

XPB Cell Signaling 8746

PCNA-mUbK164 Cell Signaling D5C7P

RPA32 Novus Biologicals NB100-332

p53 (DO1) Genespin N/A

Actin Sigma-Aldrich A2066

Vinculin Sigma-Aldrich V9131

XPA clone 12F5 Köberle et al., 2006 From R. Wood

EXO1 F15 El-Shemerly et al., 2005 From S. Ferrari

gH2AX Upstate 05-636

H2AX Upstate 07-627

PCNA (PC10) SantaCruz Biotechnology sc-56

RAD18 CusaBio CSB-PA889102LA01HU

H3 Abcam ab1791

p-DNA-PK ser2056 Abcam ab18192

AlexaFluor goat anti-mouse 488 Life Technologies A28175

AlexaFluor goat anti-rabbit 488 Life Technologies A-11034

AlexaFluor goat anti-mouse 594 Life Technologies A-11032

AlexaFluor Goat anti-mouse 647 Life Technologies A-21235

Bacterial and Virus Strains

DH5alpha This paper N/A

Stbl3 Life Technologies C737303

Chemicals, Peptides, and Recombinant Proteins

AraC Sigma-Aldrich C1768

Bleocin Merk 203408

Critical Commercial Assays

Click-IT Imaging kit AlexFluor594 Life Technologies C10339

Click-IT Imaging kit AlexFluor488 Life Technologies C10337

Experimental Models: Cell Lines

MRC5VI Ogi et al., 2010 N/A

48BR Ogi et al., 2010 N/A

XP20PV Ogi et al., 2010 N/A

MRC5VI LUC This paper N/A

MRC5VI EXO1�/�.3 This paper N/A

MRC5VI EXO1�/�.15 This paper N/A

XP4BE (XP-V) From M. Stefanini, IGM-CNR Pavia N/A

Oligonucleotides

See Table S1 N/A N/A

Recombinant DNA

eGFP-Polh Sabbioneda et al., 2008 From S. Sabbioneda

eGFP-Polk Ogi et al., 2010 From T. Ogi

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

eGFP-Poli Sabbioneda et al., 2008 From A.R. Lehmann

eGFP-REV1 N/A From M.J. Jones

eGFP-Poln Marini et al., 2003 From F. Marini

EXO1-mCherry Sertic et al., 2013 N/A

EXO1-D173A-mCherry This paper N/A

pMD2.g From D. Trono Addgene-12259

PAX2 From D. Trono Addgene-12260

lentiCRISPRv2 Sanjana et al., 2014 Addgene-52961

Software and Algorithms

ImageJ (UDS) ImageJ Software N/A

CometScore (Tail moment) CometScore Software TriTek

Image Lab (Western Blotting) Image Lab Software Bio-Rad

CellQuest (FACS analysis) Cell Quest Software BD Bioscience

Other

UV-Lamp (254 nm) VL-6.C 11-102475

Isopore membrane filters Merck TMTP04700

BD FACScan BD Biosciences N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Text

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines
MRC5VI cell line was grown in DMEM containing 10% FBS (Euroclone), 200mM L-Glutammine and Penicillin/Streptomycin solution

and held at 37�C in a humidified atmosphere (5% CO2). 48BR, XP20PV (XP-A) and XP4BE primary fibroblasts were cultured in the

same medium supplemented with 15% FBS.

Serum starvation, where indicated, was performed for 72h using DMEM supplemented with 0.5% FBS.

METHOD DETAILS

cDNA and siRNA transfection
Cells were seeded and transfected 24-48h after attachment. Cells carrying overexpression constructs were transfected with

Lipofectamine3000 (ThermoFisher) following manufacture’s instruction. Primary cells depleted for the indicated proteins by siRNA

were transfected using HiPerfect (QIAGEN).

Global and Local UV irradiation
For global UV irradiation, culturemediumwas removed and cells were washed once with PBS and irradiated with a UV-lamp (254 nm)

at a dose of 20 J/m2. Medium was then added back and cells were returned to culture conditions for the indicated times.

Local UV damage was achieved by irradiating cells through a 5 mm Isopore filter (TMTP Merck-Millipore) with a UV-BOX (254 nm

wavelength) at a rate between 0.5-0.7 J/m2/s and a final dose of 40 J/m2 or 100 J/m2 (Sertic et al., 2018).

Immunofluorescence
Cells were seeded on coverslips, transfected and irradiated as described above. Cells were washed once in PBS, fixed 20 min

with 2% paraformaldehyde in PBS and permeabilized for 5 min with ice cold PBS containing 0.5% Triton X-100. Blocking was per-

formed in 10% BSA in PBS for at least 30 min; the solution was subsequently replaced with primary Abs diluted in PBS with 0.1%

TWEEN 20 (PBST) for 2 h at room temperature. Coverslips were washed three times in PBST for 5-10 min and secondary antibodies

diluted in PBST (1:1000) were added. Cells were rinsed in PBST three times for 10 min and mounted using ProLong Gold with DAPI

(Invitrogen). Images were taken using a widefield Leica DMRA2Microscope (Leica FW4000 software) with 100X oil immersion objec-

tive (1.30 N.A.) or a Leica SPE confocal Microscope with 63X oil immersion objective. Percentage of the indicated proteins’ positive

LUDs were scored counting XPA or XPB accumulation at local damage only in the transfected cells; 1 was assigned every time
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tagged-proteins showed accumulation at local damage and 0 when it was absent. At least 30-40 LUDs were scored for each inde-

pendent experiment and at least 3 independent experiments were performed for each condition, unless otherwise specified in the

Figure legend.

EdU detection was achieved by using a Click-IT imaging kit (LifeTechnologies) AlexaFluor488.

Unscheduled DNA Synthesis (UDS)
Cells were washed with PBS, followed by irradiation with 20 J/m2 of UVC (254nm). After UV irradiation, cells were immediately incu-

bated with serum-free DMEM supplemented with 10 mM EdU. Fixation was carried out using 3.7% formaldehyde for 15 min. After

washing with 3% BSA in PBS, cells were permeabilized with 0.5% Triton X-100 in PBS for 20 min. Incorporated EdU was detected

by fluorescent azide coupling reaction according to the manufacturer instruction (Click-IT).

Cells were captured with a fluorescent microscope (Leica-DMRA2-40X objective) equipped with a CCD camera, and images were

processed and analyzed with ImageJ Software. At least 100 G0 cells were randomly selected, and the average nuclear fluorescent

intensity was calculated and normalized for the background.

FACS analysis
Cells were harvested by tripsinization and washed in PBS, fixed in 70% ice cold EtOH and stored at 4�C over night. Cells were

washed with 1% BSA/PBS and stained with propidium iodide solution (20 ug/ml-Sigma Aldrich P4864, RNaseA 10 ug/mL

Sigma-Aldrich R6513) at room temperature for 30 min. FACS analyses were performed on a BD FACScan and quantified with

Cell Quest software (BD Bioscience). 104 events were acquired and the same number is visualized in the histograms.

Neutral comet assay
Cells were harvested and processed as indicated in Trevigen Comet Assay protocol following manufacturer’s instruction (Appendix).

Briefly, 105 cells/ml were embedded 1:10 into low melting agarose and covered by lysis buffer for 30’ on ice and in the dark.

Coverslips were immersed into TBE 1X and electrophoresis was applied at 1V per cm for 15’ in a cold room, on ice and in the

dark. DNA was stained with SYBR Green dye and images were acquired under a Leica DMRA2 Fluorescence Microscope with

a 20X objective.

Tail moment was calculated using CometScore (TriTek) by measuring at least 90 events for each experiment.

Total RNA extraction and retrotranscription
Total RNA was isolated using a High Pure RNA isolation kit (Roche) and 0,5 mg of RNA was retrotranscribed using iScript Reverse

Transcription Supermix (Bio-Rad) according to manufacturer’s protocol.

Semiquantitative PCR
The cDNA product was diluted 1:5 in TE. PCR primers were designed to amplify 100-200 bp fragments. GAPDH was used as house-

keeping control. RT-PCR was performed.

Generation of MRC5VI EXO1–/– cell lines
The EXO1 knockout strategy and controls are displayed in Figure S3. Small guide RNAs (sgRNAs) targeting exon 1 of the NG_029100

(1q43) gene were selected using the Cas9 Design tool (Ma et al., 2013), with the sequences in Table S1. sgRNA sequences were

purchased as DNA oligonucleotides (Eurofins MWG) and cloned into lentiCRISPRv2 (Addgene) Sanjana et al., 2014; Shalem

et al., 2014). MRC5VI cells were infected with lentiCRISPRv2, human codon-optimized Cas9-EXO1+, -EXO1- or vector containing

sgRNA against Luciferase as control (LUC), and left to recover for 3 days before addition of selective medium containing 1 mg/ml

Puromycin. After 10 days, cells were plated to limiting dilution 1 cell per well using FACSAria sorter and allowed to form colonies

from single cells. Genomic DNA (gDNA) from clones was further analyzed by GeneArt Genomic Cleavage Detection kit (LifeTechnol-

ogies) according to Manufacturer’s indication. gDNA was extracted and purified using a NucleoSpin Tissue kit (Macherey-Nagel)

according to the manufacturer’s instructions. To amplify targeted locus for GeneArt Genomic Detection kit, primers were used,

see Table S1.

Putative off-target of both sgRNAs sequences were scored using the algorithm developed in Singh et al. (2015). Sequences were

controlled amplifying the region of interest from gDNA of positive KO clones and sent for Sanger-sequenced. Results from these

analyses are shown in Figure S3.

Immunoprecipitation
MRC5VI and MRC5VI EXO1�/� cell lines were cultured up to 80% confluence for 24 h, harvested with PBS and processed as

described in El-Shemerly et al. (2005). 1.5 mg protein, determined by the Bradford method, and F15 anti-EXO1 Ab were used for

the IPs as described in El-Shemerly et al. (2005).
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Immunoblotting
Cells were lysed in 1%SDS sample buffer (62.5mMTris-HCl, pH 6.8, 2%SDS, 10%glycerol, 50mMDTT, 0.01%bromophenol blue),

sonicated 10 s, and heated at 95�C for 5 min. Equal amounts of total protein extracts were analyzed by SDS-PAGE. Immunoblots

were acquired using BioRad ChemiDoc Touch apparatus (4X4 binning) and subsequently quantified using ImageLab software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as ± standard error of the mean (SEM) unless otherwise stated. Statistical tests were performed using the

Student’s t test.
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