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Purified translesion synthesis (TLS) DNA polymerases (Pols) replicate through DNA lesions with a low fidelity;
however, TLS operates in a predominantly error-free manner in normal human cells. To explain this incongruity,
here we determine whether Y family Pols, which play an eminent role in replication through a diversity of DNA
lesions, are incorporated into a multiprotein ensemble and whether the intrinsically high error rate of the TLS Pol is
ameliorated by the components in the ensemble. To this end, we provide evidence for an indispensable role of
Werner syndrome protein (WRN) and WRN-interacting protein 1 (WRNIP1) in Revl-dependent TLS by Y family
Poln, Poly, or Polk and show that WRN, WRNIP1, and Rev1 assemble together with Y family Pols in response to DNA
damage. Importantly, we identify a crucial role of WRN'’s 3’ — 5’ exonuclease activity in imparting high fidelity on
TLS by Y family Pols in human cells, as the Y family Pols that accomplish TLS in an error-free manner manifest high
mutagenicity in the absence of WRN’s exonuclease function. Thus, by enforcing high fidelity on TLS Pols, TLS
mechanisms have been adapted to safeguard against genome instability and tumorigenesis.
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Translesion synthesis (TLS) polymerases (Pols) promote
replication through DNA lesions. Biochemical, struc-
tural, and genetic studies have indicated a high degree of
specificity for the types of DNA lesions through which
TLS Pols can replicate. Thus, among the Y family Pols,
which play a paramount role in replication of damaged
DNA, the unique ability of Poln to accommodate the
two covalently linked pyrimidines of a cyclobutane py-
rimidine dimer (CPD) in its active site allows it to repli-
cate through the CPD by forming a Watson—Crick (W-C)
base pair with the incoming nucleotide (Johnson et al.
1999, 2005; Masutani et al. 1999; Biertimpfel et al.
2010; Silverstein et al. 2010). In striking contrast, the pro-
ficiency of Poli in pushing a template A or G purine into a
syn conformation and in forming a Hoogsteen base pair
with the incoming nucleotide enables it to insert nucleo-
tides opposite DNA adducts that impair W-C base pairing
(Nair et al. 2004, 2005, 2006a,b). Altogether, the active
sites of TLS Pols are adapted for accommodating different
types of DNA lesions and are specialized either for insert-
ing a nucleotide opposite the lesion site or for performing
extension of synthesis from the nucleotide inserted oppo-
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site the DNA lesion by another Pol (Johnson et al. 2000a;
Prakash and Prakash 2002; Prakash et al. 2005).

The high specificity of TLS Pols for replicating past par-
ticular type(s) of DNA lesions is accompanied by an
extremely low fidelity. This is because, unlike the high-fi-
delity replicative Pols that have a constrained active site
and possess a 3’ — 5 proofreading exonuclease activity,
TLS Pols have a more open active site and lack proofread-
ing activity. Despite the low fidelity of purified TLS Pols,
however, TLS that occurs during replication in normal hu-
man cells (not derived from cancers) operates in a predom-
inantly error-free manner. For example, whereas purified
human Poln misincorporates nucleotides opposite the
3'T or 5'T of a cis—syn TT dimer with a very high frequen-
cy of ~1072 (Johnson et al. 2000b), Poln conducts error-free
TLS through CPDs in human or mouse cells (Yoon et
al. 2009, 2019Db). Even more remarkably, despite the
fact that purified Poli misincorporates a C opposite the
W-C-impairing adduct 1,N%-ethenodeoxyadenosine (edA)
(which is formed by interaction of DNA with aldehydes
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derived from lipid peroxidation in cell membranes) with
only an approximately threefold reduction in catalytic ef-
ficiency than that for the incorporation of the correct nu-
cleotide T (Nair et al. 2006a), it conducts error-free TLS
opposite edA in human cells (Yoon et al. 2019a).

To explain the contradiction that intrinsically error-
prone TLS Pols perform predominantly error-free TLS in
human cells, we have previously suggested that TLS
Pols in human cells are incorporated into multiprotein en-
sembles in which the error-proneness of the TLS Pol is at-
tenuated to a large degree by the components in the
ensemble (Yoon et al. 2009, 2010a, 2014, 2017, 2018,
2019a, 2021b; Conde et al. 2015). The identification of
Revl as an indispensable scaffolding component for each
of the Y family Pols suggested that the other proteins
that function together with Poln, Poli, or Polk might be
identical, brought together by Revl’s scaffolding role
(Yoon et al. 2015). In accordance with this, in this study
we identified Werner syndrome protein (WRN) and
WRN-interacting protein 1 (WRNIP1) as the additional
components shared among Y family Pols.

WRN is a member of the RecQ family of DNA heli-
cases. It contains a RecQ-type helicase domain in the cen-
tral region and an exonuclease domain in the N-terminal
region (Chu and Hickson 2009}, and purified WRN exhib-
its a 3’ — 5 DNA helicase activity (Gray et al. 1997; Shen
et al. 1998) and a 3’ - 5" DNA exonuclease activity that
can efficiently remove 3'-terminal mispairs (Huang et al.
1998, 2000; Kamath-Loeb et al. 1998; Choudhary et al.
2004; Perry et al. 2006). Mutations in WRN are associated
with Werner syndrome (WS), characterized by premature
aging and a high predisposition for cancers (Goto et al.
2013; Lauper et al. 2013; Oshima et al. 2017). Almost all
the large numbers of mutations in WRN that have been
identified in Werner’s patients are nonsense, splicing, or
insertion/deletion mutations, and all of these mutations
result in disruption of the open reading frame and lead
to loss of WRN function by destabilizing the protein or
by the failure of WRN to localize in the nucleus (Huang
et al. 2006; Fu et al. 2017; Yokote et al. 2017; Lebel and
Monnat 2018).

WRNIP1 was initially identified as a protein that phys-
ically interacts with WRN (Kawabe et al. 2001). WRNIP1
has Walker type A and Walker type B ATPase domains and
exhibits a DNA-dependent ATPase activity; at the N ter-
minus, WRNIP1 has a ubiquitin binding zinc finger (UBZ)
domain (Kawabe et al. 2001; Tsurimoto et al. 2005).

Here we show that WRN and WRNIP1 are specifically
required for TLS mediated by Y family Poln, Pol,, or
Polk. Furthermore, we provide evidence that WRN and
WRNIP1, along with Rev1, assemble together with Y fam-
ily Pols in response to DNA damage, and most import-
antly, we identified a crucial role for WRN’s 3’ —5’
exonuclease activity in imparting high fidelity on TLS
by Y family Pols in human and mouse cells. The adapta-
tion of Y family Pols to perform predominantly error-
free TLS in human cells raises the strong possibility that
the fidelity of other highly error-prone TLS Pols would
be similarly modulated by the other protein factors.
Thus, by promoting predominantly error-free replication
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through DNA lesions, TLS mechanisms would provide
an effective barrier against genome instability and tumor-
igenesis rather than contribute to it—a deeply set percept.

Results

Indispensability of WRN for TLS by Y family
Pols opposite UV lesions

To analyze the genetic control of TLS in human cells, we
used a duplex plasmid in which bidirectional replication
initiates from an origin of replication, and the frequency
of TLS through the DNA lesion, carried on the template
for leading or lagging strand replication, is determined
by the frequency of blue colonies among Kan* colonies
(Yoon et al. 2009, 2010b). Altogether, our evidence in pre-
vious studies (Yoon et al. 2012, 2019b) as well as in this
study affirms the conclusion that the TLS mechanisms in-
ferred from this plasmid system reflect those that operate
during genomic replication.

We have shown previously that TLS through CPDs is
promoted by a Poln-dependent error-free pathway or
via an alternative Pol6-dependent error-prone pathway
(Yoon et al. 2019b). Because of the proficient ability of
Poln to insert nucleotides opposite both the 3'T and 5T
of a cis—syn TT dimer and to subsequently extend synthe-
sis, Poln alone performs TLS through the dimer. In the
Pol6 pathway, however, following nucleotide insertion
opposite the 3’ pyrimidine of the dimer by Pol® (Yoon
et al. 2019b), Polk or Pol{ would extend synthesis from
the nucleotide inserted by Pol® (Supplemental Fig. S1A;
Johnson et al. 2000a; Washington et al. 2002).

In Table 1, we provide evidence for WRN's role in TLS
opposite a cis—syn TT dimer or a (6-4) TT photoproduct
in conjunction with Y family Pols. In nucleotide excision
repair (NER)-defective XPA human fibroblasts (HFs), TLS
opposite a cis-syn TT dimer present on the leading strand
template of the plasmid occurs with a frequency of ~40%,
and in cells depleted for WRN (Supplemental Fig. S2A),
TLS is reduced to ~13% (Table 1). In cells depleted for
Revl alone or codepleted for Revl and WRN, TLS occurs
at the same frequency as in WRN-depleted cells. This ob-
served epistasis indicates a role of WRN in the Revl-de-
pendent pathway for TLS opposite the TT dimer. Since
Revl is required for TLS dependent on all Y family Pols
(Yoon et al. 2015), we next verified that WRN depletion
exhibits epistasis with TLS by the other Y family Pols.
TLS in cells depleted for Poln alone occurs at a frequency
of ~19%, and TLS in cells codepleted for WRN and Poln
declines to the same level as in cells depleted for WRN
alone, consistent with epistasis of WRN over Poln (Table
1). Because of the requirement of WRN for TLS by Poln,
or by Polk in the Pol6/Polk pathway (Supplemental Fig.
S1A), only the Pol8/Poll pathway would be functional in
WRN-depleted cells; hence, we expected that TLS would
be annulled in cells codepleted for WRN with Pol or Poli.
The drastic reduction in TLS frequency to ~4% in cells
codepleted for WRN with Polf or with the Rev3 catalytic
subunit of Pol{ confirms a role for WRN in TLS in
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Table 1. Requirement of WRN and WRNIP1 for Y family Pol-dependent TLS opposite a cis-syn TT dimer or a (6-4) TT photoproduct
carried on the leading strand DNA template in NER-defective XPA HFs

DNA lesion siRNA Number of Kan* colonies Number of blue colonies among Kan* TLS (%)

cis-syn TT dimer NC 408 164 40.2
WRN 385 52 13.5
WRNIP1 407 54 13.3
Revl 425 58 13.6
Poln 416 80 19.2
Pol6 372 69 18.5
Rev3 368 104 28.3
WRN + Revl 409 51 12.5
WRN + Poln 346 48 13.9
WRN + Pol6 369 15 4.1
WRN +Rev3 374 18 4.8
WRNIP1 + WRN 384 50 13.0
WRNIP1 + Revl 408 54 13.2
WRNIP1 + Rev3 357 12 3.4

(6-4) TT photoproduct NC 436 148 33.9
WRN 412 56 13.6
WRNIP1 376 49 13.0
Revl 394 54 14.2
Pold 368 58 15.8
Rev3 406 58 14.3
Rev7 443 62 14.0
WRN +Revl 328 48 14.6
WRN + Pol6 433 60 13.9
WRN + Rev3 415 21 5.1
WRN + Rev7 392 18 4.6
WRNIP1 + WRN 412 52 12.6
WRNIP1 + Revl 364 47 12.9
WRNIP1 + Rev3 323 13 4.0

pathways that act independently of the Pol6/Poll pathway
(Table 1).

To further add to the evidence for WRN's requirement
for TLS opposite a cis-syn TT dimer by Y family Pols,
we analyzed the effects of depletions of Y family Pols on
TLS in WRN~/~ HFs. As shown in Supplemental Table
S1, whereas TLS in WRN*/* HFs occurs at a frequency of
~25%, the TLS frequency declines to ~10% in WRN-
depleted cells. In WRN ™/~ HFs treated with control (NC)
siRNA, TLS occurs at ~8%, and the TLS frequency re-
mains nearly the same in WRN ™/~ cells depleted for either
Revl, Poln, or Polk. These epistatic effects of WRN add
further support for a role for WRN in Revl-dependent
TLS by Poln or Polk. Furthermore, the large reduction in
TLS frequency (to ~2%) in WRN™/" cells depleted for ei-
ther Polf, Rev3, or Rev7 aligns with WRN’s role in TLS
pathways that operate independently of Pol8 and Pol.

TLS through a (6-4) TT photoproduct occurs via error-
prone pathways dependent on Poln/Polf or Poli/Pol6 and
an error-free pathway dependent on Pol\/Poll (Supple-
mental Fig. S1B; Yoon et al. 2010b, 2019b, 2021a). In the
Poln/Pol6 or Poli/Polf pathways, following nucleotide in-

sertion opposite the 3'T of the photoproduct by Poln or
Poli (Johnson et al. 2000a, 2001), Pol® would extend syn-
thesis (Yoon et al. 2019b). In the Pol\/Pol{ pathway, fol-
lowing nucleotide insertion by Pol\ (Yoon et al. 2021a),
Pol{ would extend synthesis (Supplemental Fig. S1B; John-
son et al. 2000a). The requirement of WRN for TLS by Y
family Pols implies that Poln/Pol6- or Poli/Pol8-dependent
TLS would be inhibited in WRN-deficient cells and that
Pol{-dependent TLS would remain active. In addition,
because of the indispensability of Revl for TLS by Poln
or Poli, TLS by these Pols would be inhibited in Rev1-de-
ficient cells. As shown in Table 1, TLS occurs at a frequen-
cy of ~34% in control (NC) cells, whereas the TLS
frequency is reduced to a similar level (~14%) in cells de-
pleted for WRN or Rev1 or codepleted for WRN and Revl,
implicating a role of WRN in Rev1-dependent TLS by Poln
or Poli opposite a (6-4) TT photoproduct. However,
because of the requirement of Pol6 for extension of synthe-
sis pursuant to nucleotide insertion by Poln or Poli, a sim-
ilar reduction in TLS frequency occurs in cells depleted for
WRN or Polf alone or codepleted for both WRN and Pol8
(Table 1). As expected from the role of WRN in TLS via
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pathways that require Y family Pols, codepletion of WRN
with Rev3 or Rev7 leads to a large reduction in TLS fre-
quency to ~5% (Table 1). We additionally confirmed these
results in WRN™/~ HFs (Supplemental Table S1).
Furthermore, we determined whether WRN'’s helicase
activity was required for TLS. However, WRN's helicase
activity is not required for TLS, as the TLS frequency
opposite a cis—syn TT dimer or a (6-4) TT photoproduct
in WRN™/~ HFs expressing ATPase/helicase-defective
K577A WRN (Newman et al. 2021) remains the same as
in cells expressing WT WRN (Supplemental Table S2).

Role of WRN in predominantly error-free TLS opposite
UV lesions

Next, we analyzed the effect of WRN deficiency on UV-in-
duced mutations resulting from TLS opposite CPDs—the
preponderant UV lesion (80%) (Pfeifer 1997; Yoon et al.
2000; You et al. 2001)—formed at TT, TC, CT, and CC
dipyrimidine sites in the cII gene, which has been integrat-
ed into the genome of big blue mouse embryonic fibro-
blasts (BBMEFs). The spectrum of mutations induced by
UV and other DNA-damaging agents in the cII gene resem-
bles that determined from sequence analyses of endoge-
nous chromosomal genes and from whole-genome
sequence analyses (You and Pfeifer 2001; You et al. 2001;
Besaratinia and Pfeifer 2006; Alexandrov et al. 2013; Mar-

tincorena et al. 2015; Yoon et al. 2021a). To examine UV
mutations that result specifically from TLS opposite
CPDs, (6-4) PPs were selectively removed by expressing a
(6-4) PP photolyase gene in the BBMEF cell line and treat-
ment with photoreactivating light (You et al. 2001). In
this cell line, spontaneous mutations occurred at a frequen-
cy of ~15x107%, and the frequency remained about the
same in WRN-depleted cells (Table 2). In UV-irradiated
(5 J/m2) WT cells exposed to photoreactivating light, the
mutation frequency resulting from TLS through CPDs
rose to ~47 x 107°. In Poln-depleted cells, the mutation fre-
quency rose to ~90 x 107, whereas in Polk- or Rev3-deplet-
ed cells, the mutation frequency declined to ~30x107°
(Table 2). These data are consistent with the respective
roles of Poln in error-free TLS and of Polk or Pol{ in error-
prone TLS (Yoon et al. 2009). In BBMEFs depleted for
WRN, UV-induced mutations opposite CPDs occurred at
a frequency of ~70x 107°, nearly similar to the frequency
in Revl-depleted cells (Table 2). Our results showing that
in cells codepleted for WRN with either Poln, Polk, or
Revl, UV-induced mutations occur at the same frequency
(~70x 107°) as in cells depleted for WRN alone (Table 2)im-
plicate that WRN, similar to Revl, is involved in error-
free TLS by Poln and in error-prone TLS by Polk (Supple-
mental Fig. STA). Furthermore, the evidence that in cells
codepleted for WRN with Rev3, the frequency of UV-
induced mutations declines to near-spontaneous levels

Table 2. Epistatic effects of WRN on Y family Pols for UV-induced mutations in the cll gene resulting from TLS through CPDs

or (6-4) PPs

Photolyase siRNA uv? Photoreactivation® Mutation frequency® (x10~°)

(6-4) PP NC - + 15.4+0.6
WRN - + 16.2+0.7
NC + + 475+1.4
Poln + + 89.4+1.5
Polk + + 31.0+0.8
Rev3 + + 29.5+0.6
WRN + + 70.5+1.3
Revl + + 75.0£2.1
Poln+ WRN + + 68.8+1.3
Polk + WRN + + 71.5+1.7
Revl + WRN + + 702+1.3
Rev3 + WRN + + 194+1.1

CPD NC - + 17.4+0.7
WRN - + 15.3+0.6
NC + + 269+1.2
WRN + + 17.3+0.8
Revl + + 17.8+0.9
Rev3 + + 40.5+£1.2
Revl + WRN + + 183+1.3
Rev3 + WRN + + 189=+1.4

35 J/m” of UVC (254-nm) light.
PPhotoreactivation with UVA (360-nm) light for 3 h.

“Data are represented as mean = SEM. Mean mutation frequencies and standard error of the mean were calculated from four indepen-

dent experiments.
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(~19x 107%) (Table 2) affirms the conclusion that in WRN-
deficient cells, only the error-prone Pol6/Pol{ pathway re-
mains operational (Supplemental Fig. ST1A).

To examine UV mutations resulting specifically from
TLS opposite (6-4) PPs formed at the various dipyrimidine
sites, the CPDs were selectively removed from the genome
by expressing a CPD photolyase gene in BBMEFs (You et al.
2001). In this cell line, spontaneous mutations occurred at a
frequency of ~17 x 10~° and were not significantly affected
by WRN depletion (Table 2). In UV-irradiated cells (5 J/m?)
exposed to photoreactivating light to activate CPD photo-
lyase, mutation frequency rose to ~27x 107>, Depletion
of WRN or Revl1 alone or codepletion of WRN with Revl
reduced UV-induced mutation frequency to a level similar
to that in unirradiated cells (Table 2), consistent with their
requirement for error-prone TLS by the Poln/Polf or Poli/
Polf pathway (Supplemental Fig. S1B). Depletion of Rev3
raised mutation frequency to ~40x 10~°, and codepletion
of Rev3 with WRN reduced UV-induced mutation frequen-
cy nearly similarly to that in unirradiated cells (Table 2).
Altogether, these results confirm WRN’s involvement in
Revl-dependent error-prone TLS by Poln or Poli in the
Poln/Polf or Poli/Pold pathway that operates independently
of Pol{-dependent error-free TLS opposite (6-4) PPs (Supple-
mental Fig. S1B).

UV-induced C>T and CC > TT signature mutations re-
sulting from mutagenic TLS through CPDs accumulate in
the cII gene at hotspots located at 11 dipyrimidine se-
quences (#1-#11)in WT cells. In WRN-depleted cells, mu-
tational hotspots at positions #4, #5, #7, and #8 remain,
while the mutational hotspots at other positions are ablat-
ed (Supplemental Fig. S3A). We have shown previously
that error-prone TLS through CPDs by Polx versus Pol{
generates different spectra of hotspot mutations (Yoon
et al. 2009), and consistent with the requirement of
WRN for error-prone TLS by Polk (Supplemental Fig.
S1A), the spectrum of hotspot mutations generated by
WRN depletion is nearly identical to that caused by Polk
depletion (Yoon et al. 2009). In WT cells, TLS through
(6-4) PPs in the cII gene generates mutational hotspots
at positions #1-#5 (Yoon et al. 2010b, 2021a). Consistent
with the requirement of WRN for error-prone TLS by
the Poln- and Poli-dependent pathways, these mutational
hotspots are absent in WRN-depleted cells (Supplemental
Fig. S3B). Also, as expected from the similar requirement
of WRN and Rev1 for TLS by Y family Pols opposite UV
lesions, the pattern of hotspot mutations resulting from
TLS through CPDs or (6-4) PPs in WRN-deficient cells re-
sembles that in Rev1-deficient cells (Yoon et al. 2015).

WRN promotes replication fork progression through UV
Ilesions in conjunction with Y family Pols

The requirement of WRN for TLS by Y family Pols opposite
UV lesions implicated a crucial role for WRN in the repli-
cation of UV-damaged DNA. To verify this, we monitored
replication fork (RF) progression on single DNA fibers.
siRNA-treated HFs were pulse-labeled with iododeoxyuri-
dine (IdU) for 20 min and then UV-irradiated at 10 J/m?, fol-
lowed by labeling with chlorodeoxyuridine (CldU) for 20

WRN exonuclease imparts high fidelity on TLS

min. In undamaged cells, WRN depletion conferred no sig-
nificant reduction in RF progression compared with control
(NC) cells (Fig. 1A). In UV-irradiated cells, however, WRN
depletion reduced RF progression by ~45% compared with
that in control siRNA-treated HFs, and a similar reduction
occurred in Revl-depleted HFs (Fig. 1B).

Next, we examined RF progression in WRN~/~ HFs. RF
progression was not significantly affected in unirradiated
WRN/~ HFs depleted or not for TLS Pols (Fig. 1C), and
in UV-irradiated WRN~/~ HFs, RF progression was reduced
by >40% compared with that in WT HFs (Fig. 1D). To con-
firm the epistatic relationships of WRN with Revl and the
various TLS Pols, we analyzed the effects of their siRNA
depletion on RF progression in UV-irradiated WRN™/~
HFs (Fig. 1D). The lack of any effect of Revl1 or Poln deple-
tion on RF progression in WRN~/~ HFs concurs with
WRN’s role in promoting replication through UV lesions
in conjunction with Y family Pols; in contrast, the reduc-
tion in RF progression in Pol6- or Rev3-depleted WRN™/~
HFs (Fig. 1D) conforms with WRN's role in promoting rep-
lication through CPDs via pathways that operate indepen-
dently of the Pol6/Pol{ pathway (Supplemental Fig. STA).

Requirement of WRNIP1 for WRN-dependent TLS
through UV lesions

To demonstrate WRNIP1’s role in TLS in conjunction
with WRN, we first analyzed the effects of WRNIP1 deple-
tion (Supplemental Fig. S2C) on TLS through UV lesions
in XPA HFs and in WRN™/~ HFs. As shown in Table 1,
in XPA HFs depleted for WRNIP1, TLS opposite a cis—
syn TT dimer was reduced to the same level (~13%) as
in WRN- or Revl-depleted cells, and TLS frequency re-
mained the same in cells codepleted for WRNIP1 together
with WRN or Revl. The epistasis of WRNIP1 with WRN
and Revl concurs with WRNIP1’s role in TLS in conjunc-
tion with WRN and Revl (Table 1); additionally, we con-
firmed epistasis of WRNIP1 with WRN for TLS opposite a
cis-syn TT dimer in WRN~/~ HFs (Supplemental Table
S1). Furthermore, the large reduction in TLS frequency
in cells codepleted for WRNIP1 and Rev3 (Table 1) con-
forms with WRNIP1’s role in Poli-independent TLS path-
ways (Supplemental Fig. S1A).

In XPA HFs depleted for WRNIP1, TLS opposite a (6-4)
TT PP occurred at the same frequency (~13%) as in cells
depleted for WRN or Revl or codepleted for WRNIP1 to-
gether with WRN or Revl, and TLS frequency declined
to ~4% in cells codepleted for WRNIP1 and Rev3 (Table
1). These results concur with a role of WRNIP1 in Revl/
WRN-dependent TLS through (6-4) PPs that operates inde-
pendently of Pol{-mediated TLS. We also affirmed the
epistasis of WRNIP1 with WRN for TLS opposite a (6-4)
TT PP in WRN™/~ HFs (Supplemental Table S1).

WRNIP1 promotes replication fork progression through
UV lesions in conjunction with WRN

The requirement of WRNIP1 for WRN-dependent TLS
through UV lesions implicates that, similar to WRN,
WRNIP1 would affect RF progression through UV lesions.
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Our results showing that in UV-irradiated HFs, WRNIP1
depletion causes the same high level of reduction in RF
progression as that conferred by WRN or Rev1 depletion
(Fig. 1B), and that WRNIP1 depletion causes no further re-
duction in RF progression in UV-irradiated WRN~/~ HFs
(Fig. 1D) are consistent with the role of WRNIP1 in pro-
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moting RF progression through UV lesions in conjunction
with WRN and Revl.

As expected from the role of WRNIP1 in WRN/Rev1-
dependent replication through UV lesions, UV survival
is reduced to the same level in WRNIP1-depleted HFs as
in WRN- or Revl-depleted HFs (Supplemental Fig. S4A),
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and consistent with their epistatic relationship, UV sur-
vival of WRN™~ HFs is not affected by depletion of
WRNIP1 or Revl (Supplemental Fig. S4B).

UV-induced assembly of Y family Pols with WRN,
WRNIP1, and Rev1

We have previously shown that Revl is required for the
UV-induced assembly of Poln, Poly, or Polk into replication
foci and, conversely, that these Pols affect the assembly of
Revl into foci (Yoon et al. 2015). Based on these results,
we suggested that via its scaffolding role, Revl would pro-
mote the assembly of the same protein components in the
respective multiprotein ensembles of each of these Pols
(Yoon et al. 2015). Our evidence that WRN and WRNIP1
function together with Revl in TLS by Y family Pols
strongly implicate that WRN and WRNIP1 are the addi-
tional components that assemble together with Y family
Pols. To ascertain this, we analyzed the effects of WRN
and WRNIP1 depletion on the accumulation of Revl,
Poln, Pol, or Polk in UV-induced replication foci to deter-
mine whether their accumulation depends on one
another.

Whereas ~14% of unirradiated cells contain WRN foci,
UV damage induces WRN foci in >50% of cells (Fig. 2A).
Our results that the UV-induced increase in WRN foci
does not occur in Revl- or WRNIP1-depleted cells indi-
cate the requirement of Revl and WRNIP1 for WRN's as-
sembly into foci (Fig. 2A); conversely, the ablation of UV-
induced WRNIP1 foci in WRN- or Rev1-depleted cells im-
plicate the requirement of WRN and Rev1 for WRNIP]I as-
sembly into foci (Fig. 2B). Furthermore, the annulment of
UV-induced Rev1 foci in WRN- or WRNIP1-depleted cells
(Fig. 2C) conforms with the requirement of WRN and
WRNIP1 for Revl’s assembly into foci (Fig. 2C). The re-
quirement of WRN as well as WRNIP1 for the UV-in-
duced assembly of Revl into foci (Fig. 2C) and the
requirement of Revl for the UV-induced assembly of Y
family Pols into foci (Yoon et al. 2015) implicate that
WRN and WRNIP1 would be similarly required for the
UV-induced assembly of Y family Pols; accordingly, we
found that the UV-induced increase in Poln foci is abrogat-
ed in WRN- or WRNIP1-depleted cells (Fig. 2D). Similarly,
aUV-induced increase in Polk or Poli foci does not occur in
WRN- or WRNIPI-depleted cells (Supplemental Fig. S5A,
B). Additionally, as expected from the lack of WRN or
WRNIP1 involvement in the Poll-dependent TLS path-
way opposite UV lesions, their depletion had no effect
on the UV-induced assembly of the Rev7 subunit of Pol{
into foci (Supplemental Fig. S5C).

We also determined whether in chromatin extracts from
UV-irradiated HFs, Poln (which plays a predominant role in
the replication of UV-damaged DNA) coimmunoprecipi-
tates with Revl, WRN, and WRNIPI1. For these experi-
ments, HFs stably expressing FLAG-Revl were UV-
irradiated, chromatin extracts were prepared, and proteins
bound to FLAG agarose beads were eluted. In chromatin ex-
tracts from UV-irradiated cells, Poln coimmunoprecipi-
tated with Revl, WRN, and WRNIPI, but in extracts
from unirradiated cells, Poln failed to coimmunoprecipitate

WRN exonuclease imparts high fidelity on TLS

with any of these proteins (Fig. 2E). Thus, Poln assembles
with Revl, WRNIP1, and WRN in response to UV damage.

Additionally, we verified the dependency of WRN,
WRNIP1, or Revl on one another for localization into
foci induced by treatment with cisplatin and their require-
ment for accumulation of Y family Pols into cisplatin-
induced foci. In normal human cells, TLS through cisplat-
in intrastrand cross-links is promoted by Poln- or Poli-de-
pendent pathways, both of which require Rev1 (Yoon et al.
2021Db). Similar to what has been seen for UV lesions,
the accumulation of WRN or WRNIP1 in cisplatin-in-
duced foci depends on Revl, and the accumulation of
Revl in foci depends on WRN and WRNIP1. Moreover,
the accumulation of Poln or Poli in cisplatin-induced
foci depends on WRN, WRNIP1, and Rev1 (Supplemental
Fig. S6).

Requirement of WRN and WRNIP1 for TLS by Y family
Pols opposite other DNA lesions

To establish that the requirement of WRN and WRNIP1
for TLS by Y family Pols extends to other DNA lesions,
we analyzed their role in TLS opposite thymine glycol
(Tg) and 1,N°-ethenodeoxyadenosine (edA). Tg is generat-
ed from the reaction of thymine with hydroxyl radicals re-
sulting from aerobic respiration and from exposure to
chemical oxidants or ionizing radiation, and TLS through
this lesion is performed by Polk/Poll- or Polf-dependent
pathways (Supplemental Fig. SIC; Yoon et al. 2010a,
2014). As shown in Supplemental Table S3, in WT HFs,
TLS opposite Tg occurs at a frequency of ~25%, and
WRN or WRNIP1 depletion reduces TLS frequency to
~12%. In WRN~/~ HFs, TLS opposite Tg occurs at a fre-
quency of ~13%, and this frequency remains the same
in WRN~/~ HFs depleted for WRNIP1, Revl, Polk, Rev3,
or Rev7. However, TLS frequency is reduced to ~4% in
WRN™/~ HFs depleted for Polf. The epistasis of WRN
with WRNIPI1, Revl, and Polk is congruent with the re-
quirement of these proteins for TLS by Polk. The epistasis
of WRN with Rev3 or Rev7 derives from the role of Pol{in
the same pathway as Polk. In contrast, the drastic reduc-
tion in TLS frequency in WRN™/~ cells depleted for Pol®
excludes WRN's role in the alternative Polf pathway.
edA is formed in DNA through interaction with alde-
hydes derived from lipid peroxidation, a normal chain re-
action process that initiates from the oxidation of
polyunsaturated fatty acids in cell membranes and results
in the formation of a variety of highly reactive aldehydes.
TLS opposite edA is performed by two major Poli/Poll- and
Pol6-dependent pathways and by a minor pathway that re-
quires Rev1 polymerase activity (Supplemental Fig. S1D;
Yoon et al. 2019a). As shown in Supplemental Table S3,
TLS opposite edA in WT HFs occurs at a frequency of
~23%, and this frequency is reduced to ~11% in WRN-
or WRNIPI1-depleted cells. In WRN~/~ HFs, TLS opposite
edA occurs at a frequency of ~8%, and TLS frequency re-
mains the same in WRN™/~ HFs depleted for WRNIP],
Revl, Poli, or Rev3 (Poll) (Supplemental Table S3), congru-
ent with a role for WRN and WRNIP1 in TLS in conjunc-
tion with Rev1 and Poliin the Poli/Pol{ pathway. The large
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reduction in TLS frequency in WRN~/~ HFs depleted for
Pol6 aligns with WRN's role in TLS independent of Pol6
(Supplemental Table S3).

TLS analyses opposite the Tg and edA lesions clearly
demarcate a role for WRN and WRNIP1 in TLS in path-
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ways that operate independently of Pol6, and TLS analyses
opposite UV lesions have differentiated WRN’s role in
TLS in pathways that act independently of Pol¢. Altogeth-
er, TLS analyses opposite these DNA lesions add clear ev-
idence for the indispensability of WRN and WRNIP1 in
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TLS by Y family Pols in conjunction with Revl (Supple-
mental Fig. S1).

TLS by Y family Pols remains functional in the absence of
WRN 3 — 5' exonuclease activity

To determine whether WRN’s 3’ — 5’ exonuclease activi-
ty was required for TLS, we expressed exonuclease-defec-
tive E84A WRN (Huang et al. 1998) in WRN~/~ HFs
(Supplemental Fig. S2B) and analyzed its effects on TLS
opposite cis—syn TT dimer, (6-4) TT photoproduct, Tg,
or edA lesions. For each of these DNA lesions, the TLS fre-
quency in WRN~/~ HFs expressing ES4A WRN remains
the same as that in WRN~/~ HFs expressing WT WRN
(Supplemental Tables S4, S5). Thus, WRN's role in TLS re-
mains functional in the absence of its exonuclease activi-
ty, which is likely a structural role in the multiprotein
ensemble formation. Consistent with these results, we
found that E84A WRN accumulation into replication
foci in unirradiated or UV-irradiated cells is identical to
that of WT WRN (Supplemental Fig. S7). The persistence
of normal levels of TLS in cells expressing E84A WRN
gave us the opportunity to determine whether the fidelity
of TLS by Y family Pols was affected by this mutation.

Defects in the WRN exonuclease impart high error-
proneness on error-free TLS by Poly opposite CPDs

TLS through CPDs is mediated by a Poln-dependent error-
free pathway or by Polf-dependent error-prone pathways
(Supplemental Fig. S1A); hence, mutational TLS products
do not occur in Pol6-depleted cells (Yoon et al. 2019b). In
WRN~/~ HFs expressing WT WRN, ~2% of TLS products
generated from replication through a cis—syn TT dimer har-
bor a mutational change at either the 3'T or 5'T of the TT
dimer (Supplemental Fig. S8A). These mutational products
result from Pol6’s role in error-prone TLS, as they are absent
in Pol6-depleted cells (Supplemental Fig. S8A,B). In
WRN~/~ HFs expressing E84A WRN, however, the frequen-
cy of mutational TLS products increases to ~12% (Supple-
mental Fig. S8A). Since the Pol6 error-prone pathway
contributes to ~2% of these mutational TLS products,
the remaining ~10% of mutational products would be pre-
dicted to derive from Poln’s role in TLS (Supplemental Fig.
S8B). To affirm this deduction, we analyzed the frequency
of mutagenic TLS products in Pol6-depleted WRN™/~ HFs
expressing E84A WRN in which only the Poln-dependent
TLS pathway would be active. In these cells, mutational
TLS products occur at a frequency of ~9%, thus validating
the inference that in the absence of WRN’s exonuclease ac-
tivity, error-free TLS by Poln through a cis—syn TT dimer
becomes highly error-prone (Supplemental Fig. S8A,B).
Since CPDs are formed at CC, TC, CT, and TT dipyrimi-
dine sites and since error-prone TLS through CPDs induces
C>T and CC> TT signature mutations, we next analyzed
the effects of the E84A WRN mutation on UV-induced mu-
tations resulting from TLS through CPDs in the cII gene in
BBMEFs. In BBMEFs expressing (6-4) PP photolyase, sponta-
neous mutations occur at a frequency of ~18 x 107> in cells
depleted for WRN alone or codepleted for WRN and Pol6

WRN exonuclease imparts high fidelity on TLS

and expressing either the WT WRN or the E84A mutant
WRN (Fig. 3A). In UV-irradiated BBMEFs exposed to photo-
reactivating light to activate (6-4) PP removal by the (6-4) PP
photolyase, depleted for genomic WRN, and expressing WT
WRN, mutation frequency rose to ~45 x 107° (Fig. 3A). As
we have shown previously (Yoon et al. 2019b), the increase
of ~27 x 107° in mutation frequency in UV-irradiated cells
over that in unirradiated cells results from error-prone
TLS opposite CPDs by Pol6 (Fig. 3A,B). In UV-irradiated
BBMEFs depleted for WRN and expressing E84A WRN,
the mutation frequency rose to ~72 x 10~° (Fig. 3A), indicat-
ing that in the absence of WRN’s exonuclease activity, the
frequency of UV-induced mutations resulting from TLS
through CPDs increased to ~54 x 107> over that in cells ex-
pressing WT WRN ~27 x 107° (Fig. 3A) and implicating that
the additional increase in mutation frequency of ~27 x 107°
derives from error-prone TLS by Poln (Fig. 3B). To confirm
this deduction, we examined UV-induced mutation fre-
quency in BBMEFs codepleted for WRN and Polf and ex-
pressing E84A WRN. Our results showing that mutations
occur at a frequency of ~43 x 107> (Fig. 3A) indicated that
in the absence of WRN's exonuclease activity, TLS through
CPDs by Poln generates mutations at a frequency of ~26 x
107° (Fig. 3A,B). Thus, in the absence of WRN exonuclease
activity, the normally error-free TLS through CPDs by Poln
becomes as error-prone as TLS mediated by the Pol8-depen-
dent error-prone pathways (Fig. 3B).

In BBMEFs expressing the E84A WRN mutant protein,
UV-induced C>T mutations in the cII gene resulting
from TLS through CPDs are clustered at hotspots at 11
dipyrimidine sequences, similar to those observed in
BBMEFs expressing WT WRN (Fig. 4A). In E84A WRN
cells, these hotspot mutations derive from the combined
action of the Poln- and Pol8-dependent TLS pathways op-
posite CPDs. To define the spectrum of mutations gener-
ated by the Poln pathway, we next examined UV-induced
mutations in the cII gene in BBMEFs expressing E84A
WRN and depleted for Polf. Whereas no mutational hot-
spots were observed in Polf-depleted cells expressing
WT WRN (Fig. 4B), in Pol6-depleted cells expressing
E84A WRN, mutational hotspots emerged at almost all
of the 11 dipyrimidine sites (Fig. 4B). In addition, Poln-gen-
erated mutational hotspots exhibit a high prevalence of
tandem CC > TT mutations (Fig. 4B). Thus, in the absence
of WRN's exonuclease activity, Poln generates C>T mu-
tations at the same dipyrimidine sites in the cII gene as
Polf does but also generates tandem mutations.

Defects in WRN exonuclease exacerbate the
error-proneness of TLS by Poly and Poli
opposite (6-4) PPs

TLS through (6-4) PPs occurs via error-prone Poln/Pol or
Poli/Pol8 pathways in which, following nucleotide inser-
tion opposite the (6-4) PP by Poln or Pol, Pol® would
extend synthesis or by an alternative Poll-dependent er-
ror-free pathway (Supplemental Fig. SI1B). As we have
shown previously (Yoon et al. 2010b, 2021a), or as shown
here in WRN~/~ HFs expressing WT WRN, ~2% of TLS
products resulting from replication through a (6-4) TT
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PP harbor a mutational change at the 3'T or 5'T of the pho- quency resulted primarily from elevation in the frequency
toproduct (Supplemental Fig. S8A). In WRN™/~ HFs ex- of insertion of G opposite the 3'T (Supplemental Fig. S8A).
pressing E84A WRN, the frequency of mutational TLS Thus, in the absence of WRN'’s exonuclease activity, Poln-
products rose to ~11%, and the increase in mutation fre- or Poli-dependent TLS opposite (6-4) TT PP manifests an
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Figure4. UV-induced (5 J/m? mutational spectra in the cII gene in BBMEFs resulting from TLS through CPDs or (6-4) PPs. (A) Mutational
spectra resulting from TLS through CPDs in WRN-depleted BBMEFs expressing WT WRN are shown above the sequence, and those ex-
pressing E84A WRN are shown below the sequence. (B) Mutational spectra resulting from TLS through CPDs in BBMEFs codepleted for
WRN and Polf and expressing WT WRN are shown above the sequence, and those expressing E84A WRN are shown below the sequence.
(C) Mutational spectra resulting from TLS through (6-4) PPs in WRN-depleted BBMEFs expressing WT WRN are shown above the se-
quence, and those expressing E84A WRN are shown below the sequence. The designations for the other mutational changes are deletion
(X), addition (+), and tandem mutations (underlined).
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approximately fivefold increase in mutagenicity (Supple-
mental Fig. S8C).

Next, we examined the effects of the E84A WRN muta-
tion on UV-induced mutations resulting from error-prone
TLS by Poln or Poli opposite (6-4) PPs in the cII gene in
BBMEFs expressing CPD photolyase. In unirradiated cells
expressing WT WRN, spontaneous mutations occur at a
frequency of ~17x107°, and this frequency rises to ~29 x
107° upon UV irradiation (Fig. 3A). Since CPDs have been
removed by the action of CPD photolyase, the increase of
~12x107° in mutation frequency in UV-irradiated cells
over that in unirradiated cells (Fig. 3A) resulted from er-
ror-prone TLS through (6-4) PPs in WT cells (Fig. 3C). In
BBMEFs expressing E84A WRN, UV-induced mutation fre-
quency rose to ~45 x 107° (Fig. 3A). The additional increase
of ~29 x 107° in mutation frequency in these cells over the
spontaneous mutation frequency (~16 x 10~°) gives a mea-
sure of error-proneness of TLS mediated by Poln and Polt
that occurs in the absence of WRN’s exonuclease activity
(Fig. 3A,C). Thus, the lack of WRN's exonuclease activity
confers an ~2.5-fold increase in the error-proneness of
TLS mediated by Poln or Poli opposite (6-4) PPs.

In BBMEFs expressing WT WRN, C> T signature mu-
tations resulting from error-prone TLS by Poln or Poli op-
posite (6-4) PPs accumulated at hotspots #1, #2, #3, and
#5 in the cII gene (Fig. 4C; Yoon et al. 2010Db, 2021a),
and in BBMEFs expressing E84A WRN, the pattern of
hotspot mutations in the cII gene remained the same
as in WT cells (Fig. 4C). This suggests that the WRN nu-
clease keeps the error rate low by the removal of mis-
matched nucleotides and that its deficiency does not
uncover any pattern of nucleotide misinsertions by
Poln or Poli that differs from that in WRN exonuclease-
proficient cells.

Defects in WRN exonuclease confer high error-proneness
on error-free TLS by Polk opposite Tg

TLS opposite the Tg lesion occurs by a Polk/Pol{-depen-
dent error-free pathway in which, following nucleotide in-
sertion opposite Tg by Polk, Pol{ would extend synthesis.
In the alternative pathway, Pol® conducts error-prone TLS
(Supplemental Fig. S1C). Similar to that in WT HFs (Yoon
etal. 2010a, 2014), in WRN~/~ HFs expressing WT WRN,
~2% of TLS products contain a mutational change at the
site of Tg, resulting from insertion of G or T opposite it
(Fig. 5A,B). In Pol6-depleted cells expressing WT WRN,
mutational TLS products are absent (Fig. 5A,B), and we
previously have provided extensive evidence for the lack
of mutational TLS products in Pol6-depleted HFs (Yoon
et al. 2014). Thus, the Polk/Pol{ pathway conducts error-
free TLS opposite Tg. We found that in WRN~/~ HFs ex-
pressing E84A WRN, the frequency of mutational TLS
products rose to ~7 % (Fig. 5A,B), suggesting that in the ab-
sence of WRN’s exonuclease activity, ~5% of mutagenic
TLS products were generated by Polk, and the remaining
~2% were generated by Polf (Fig. 5B). Consistent with
this prediction, in Polf-depleted WRN ™/~ HFs expressing
E84A WRN, ~5% of TLS products harbor a mutational
change (Fig. 5A,B), confirming manifestation of a high de-
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gree of error-proneness by Polk, which performs error-free
TLS opposite Tg in WT cells.

In Polo-depleted WRN™/~ HFs expressing E84A WRN,
out of 16 mutational events identified among the 290
TLS products analyzed, four involve a mutational change
that would have resulted from the insertion of a G ora T op-
posite Tg, similar to that in WT cells; the other 12 muta-
tions occur at the nucleotide 5 to the Tg lesion (Fig. 5A
and its legend), and these mutations would have resulted
from the insertion of a G opposite the T residue present
next to Tg on the 5’ side, resulting in the 5TTg>5CT mu-
tational change (Fig. 5B). A similar increase in mutations
resulting from the insertion of a G opposite the next 5’ res-
idue occurs in NC siRNA-treated WRN~/~ HFs expressing
E84A WRN (Fig. 5A). The evidence that in the absence of
WRN’s exonuclease activity, TLS by Polk exhibits error-
proneness opposite the Tglesion and, to a larger extent, op-
posite the next 5’ template residue (Fig. 5A,B) implicates a
role of Polk in inserting nucleotides opposite the Tg lesion
as well as opposite the next 5 template residue in human
cells (Supplemental Fig. S1C). Thus, Pol would extend syn-
thesis from the nucleotide inserted opposite the next resi-
due on the 5 side of Tg and not from the nucleotide
placed opposite Tg.

Defects in WRN exonuclease inflict vast error-proneness
on error-free TLS by Poli opposite edA

As shown in Supplemental Figure S1D, TLS opposite edA
operates via an error-free Poli/Pol{-dependent pathway or
by an alternative error-prone Pol6-dependent pathway. A
third pathway dependent on Revl polymerase activity, al-
though minor in its overall contribution to TLS, makes a
significant contribution to error-prone TLS (Yoon et al.
2019a). In WRN ™/~ HFs expressing WT WRN, ~19% of
TLS products harbor a mutational change at edA resulting
from misincorporation of predominantly a C and, less fre-
quently, of an A or G opposite edA (Fig. 5A). In WRN~/~
HFs harboring the vector, the frequency of mutational
TLS products declines to ~10% (Fig. 5A). Since both er-
ror-free TLS by Poli and error-prone TLS by Revl polymer-
ase would be inhibited in WRN™/~ HFs (Fig. 5A), these
mutational TLS products derive from Pol6’s role in error-
prone TLS. Thus, Pol6 and Revl each contribute about
equally (~10%) to mutations generated by error-prone
TLS opposite edA in WT cells. In WRN ™/~ HFs codepleted
for Pol6 and Revl and expressing WT WRN and Rev1 pro-
tein defective in its polymerase activity (Fig. 5A,C), where
only the Poli/Pol{ pathway would be active, no mutational
TLS products were observed. This conforms with our previ-
ous evidence for Poll’s role in error-free TLS opposite edA
(Yoon et al. 2019a). Strikingly, in WRN~/~ HFs expressing
E84A WRN, the frequency of mutational TLS products is
elevated to ~62% (Fig. 5A,C). Since all the TLS pathways
are functional in these cells, and since error-prone TLS by
Pol6 would have contributed to ~10% of these mutational
TLS products, we presume that the remainder of the muta-
tional TLS products (~50%) resulted from the highly en-
hanced error-proneness of TLS by Poli and/or Revl. To
explore this further, we analyzed the frequency of
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Figure 5. Defects in WRN'’s 3’ — 5’ exonuclease activity confer high error-proneness on error-free TLS by Polk opposite Tg and on error-
free TLS by Poli opposite edA. (A) Effects of E84A WRN on mutation frequencies and nucleotides inserted opposite the Tg (top) or the edA
(bottom) lesions carried on the leading strand DNA template of a duplex plasmid in WRN ™/~ HFs. (a) In WRN ™/~ HFs treated with control
(NC) or Pol® siRNA and expressing E84A WRN, mutations occur at the 5’ template residue next to the Tg lesion and involve a change of
5'T > C. Thus, the sequence 5'-CAATTgG-3’ is changed to 5'-CAACTG-3' (the corresponding 5’ residues are underlined). (b) Numbers in
parentheses indicate the total number of mutations. (c) FLAG-DA-Revl1 refers to catalytically inactive D570A E571A Revl. (B) Diagram-
matic representation of error-proneness imposed by WRN’s exonuclease deficiency upon error-free TLS by Polk opposite Tg. In WRN ™/~
HFs depleted for Polf and expressing E84A WRN, error-free TLS by Polk exhibits a mutational pattern in which mutations generated by
Polk occur primarily by the change of 5TTg > 5'CT and less frequently by a change at the Tg lesion site. (C) Diagrammatic representation
of highly elevated error-proneness imposed by WRN's exonuclease deficiency upon error-free TLS by Poli opposite edA. In WRN~/~ HFs
expressing WT WRN, mutations (~19%) result from error-prone TLS by Revl and Pol6. In WRN~/~ HFs inactivated for both the Rev1 and
Pol# error-prone TLS pathways and expressing WT WRN, TLS by Poli operates in an error-free manner; in striking contrast, expression of
E84A WRN in these cells confers a remarkably high error-proneness on Poli (~33% mutations). Mutation frequency analyses in WRN~/~
HFs expressing E84A WRN and treated with Pol6 siRNA indicate that Rev1’s error-proneness is not significantly elevated in the absence of
WRN’s exonuclease activity.
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mutational TLS products in Pol6-depleted WRN~/~ HFs ex-
pressing E84A WRN (Fig. 5A). Our results that mutational
TLS products occur at a frequency of ~46% in these cells
(Fig. 5A,C) provide a direct measure of the increase in er-
ror-proneness that the lack of WRN exonuclease activity
confers on TLS by Poli and/or by Revl. Next, to demarcate
the contribution of Rev1 to the increase in error-prone TLS,
we analyzed the incidence of mutational TLS products in
Revl-depleted WRN™/~ HFs expressing E84A WRN and
the Revl mutant protein defective in its polymerase activ-
ity (Fig. 5A). The reduction in the frequency of mutational
TLS products to ~49% in these cells from ~62% in
WRN/~ HFs expressing E84A WRN and proficient in
Revl polymerase activity (Fig. 5A,C) indicates that in cells
lacking WRN exonuclease activity, Revl polymerase con-
tributes to ~13% of mutagenic TLS products (Fig. 5C),
which is about the same as its contribution in WT cells.
Since the error-proneness of Revl is not perceptibly elevat-
ed in the absence of WRN exonuclease function, the large
increase in mutation frequency in E84A WRN cells must
derive from Pols role in TLS. To verify this inference, we
analyzed the frequency of mutational TLS products in
WRN™/~ HFs codepleted for Pol6 and Revl and expressing
E84A WRN and Revl catalytic mutant proteins, where
only the Poli-dependent TLS would be functional (Fig.
5A). Our results that mutational TLS products occur at a
frequency of ~33% (Fig. 5A,C) show that the absence of
WRN exonuclease activity confers remarkably high
error-proneness on the normally error-free TLS by Polt op-
posite edA.

Error-prone TLS by Rev1 or Pol6 each generates ~10%
mutational products, of which ~6% result from the inser-
tion of a C opposite edA, and the other ~4% result from
the insertion of an A ora G (Fig. 5A). In WRN~/~ HFs code-
pleted for Revl and Pol6® and expressing E84A WRN and
Revl catalytic mutant proteins (Fig. 5A), Poli generates
~23% TLS products in which a C is inserted opposite
edA. In addition to a high penchant of Poli for error-prone
TLS opposite edA by misincorporating a C, Poli misincor-
porates an A at a frequency of ~9% or a G at ~2% (Fig. 5A).
Thus, the very high intrinsic error-proneness of Poli oppo-
site this adduct is annulled by the WRN exonuclease
activity.

Discussion

WRN and WRNIP1 promote Rev1-dependent replication
through DNA lesions in conjunction with Y family Pols

We found that WRN and WRNIP1 along with Revl1 are re-
quired for TLS by Y family Pols but are not required for the
alternative TLS pathways that do not use Y family Pols.
Our results showing that depletion of WRN, WRNIPI,
or Revl in UV-irradiated WT HFs confers the same level
of reduction in RF progression and that in UV-irradiated
WRN~/~ HFs, RF progression is not affected upon deple-
tion of WRNIP1, Revl, or Poln but is reduced upon deple-
tion of Pol® or Pol{ add evidence for the specificity of
WRN and WRNIP1, together with Revl, in Y family
Pol-dependent replication through DNA lesions in the ge-
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nomic context. Consistent with these results, UV survival
is reduced to the same extent upon depletion of WRN,
WRNIP1, or Revl, and UV survival of WRN~/~ HFs is
not affected upon depletion of WRNIP1 or Revl, indicat-
ing epistasis.

Previously, the role of WRN and WRNIP1 in TLS has
been examined in DT40 chicken cells, which are derived
from avian leucosis virus-induced lymphomas. In contrast
to the indispensability of WRN, WRNIP1, and Revl for
TLS by Y family Pols that we observed in human cells
(not derived from cancers), WRN'’s contribution to TLS
is minimal in DT40 cells. Thus, whereas Revl-deficient
DT40 cells exhibit a large defect in fork progression
through NQO-induced DNA lesions, WRN-deficient cells
exhibit reduction in fork progression through NQO le-
sions similar to that in WT cells. Furthermore, whereas
Revl-deficient DT40 cells suffer a large reduction in UV
survival, UV survival of WRN-deficient cells is affected
to the same degree as in WT cells (Phillips and Sale
2010). Intriguingly, in DT40 cells, the absence of WRNIP1
suppresses Poln™/~ TLS defects, and RF progression
through UV lesions and UV survival are not affected by
the absence of WRNIP1; thus, WRNIP1 plays no direct
role in TLS in DT40 cells (Yoshimura et al. 2014). TLS
mechanisms in DT40 cells also differ in other ways from
those in normal human cells (Yoon et al. 2015); likewise,
TLS processes in cells derived from human cancers oper-
ate differently than in normal cells (Yoon et al. 2021b)

WRN 8’ — 5’ exonuclease activity imparts high fidelity on
TLS by Y family Pols

The paradox that intrinsically highly error-prone Y family
Poln, Poly, or Polk conduct predominantly error-free TLS
in human cells is resolved by our finding that these Pols
function together with WRN, WRNIP1, and Revl in
TLS. Importantly, WRN’s 3’ =5’ exonuclease activity
makes a pivotal contribution to the high fidelity of TLS
by the Y family Pols, as indicated from our evidence
that the absence of WRN’s 3’ — 5’ exonuclease activity
confers high mutagenicity on the normally error-free
TLS by Y family Pols. Thus, Poln, which performs error-
free TLS through CPDs (Yoon et al. 2009, 2019b), mani-
fests high mutagenicity in cells lacking WRN's exonucle-
ase activity such that Poln-mediated TLS through CPDs
formed at the CC, TC, CT, or TT dipyrimidine sites in
the cII gene in BBMEFs becomes as error-prone as TLS
conducted by Polf8-dependent pathways. Similarly, in
the absence of WRN exonuclease activity, the error-
proneness of TLS by Poln and Polt opposite (6-4) photo-
products increases, and error-free TLS by Polk manifests
mutagenicity opposite Tg, adding further evidence for
the accentuation of the fidelity of Y family Pols that the
removal of misincorporated nucleotides by the WRN exo-
nuclease imparts.

The imposition of extremely high error-proneness on er-
ror-free TLS opposite edA by Poli in WRN E84A cells re-
veals an astounding enhancement of fidelity by the WRN
exonuclease. Our results showing that the frequency of mu-
tagenic TLS products generated by Poliin WRN E84A cells



rises to ~33% (in which Poli inserts a C in ~23% and pri-
marily an A in the remainder of mutagenic TLS products)
imply that in TLS together with WRN, WRNIP1, and
Revl, the propensity of Poli to misinsert a C by Hoogsteen
base pairing remains about the same as that indicated from
the catalytic efficiency of purified Poli for inserting a C op-
posite edA (Nair et al. 2006a). Thus, the removal of misin-
serted nucleotides by the WRN exonuclease imparts an
enormous increase in the fidelity of TLS opposite edA by
Poli in human cells such that TLS becomes error-free.

Removal of Y family Pol misinsertions by the WRN
3’ — &' exonuclease activity

The critical requirement of WRN’s 3’ — 5’ exonuclease ac-
tivity for the removal of nucleotides misincorporated op-
posite DNA lesions by the Y family Pols poses the
question of how the mismatched primer migrates from
the TLS Pol active site to the exonuclease active site in
the WRN protein. In the replicative B family DNA poly-
merases, the 3’ — 5’ exonuclease active site is located
~30-45 A away from the Pol active site, and a p hairpin
in the exonuclease domain keeps the template strand
bound to the polymerase domain, while the mismatched
primer unwinds from the template and is bound within
the exonuclease active site. Thus, the replicative Pols
can efficiently switch DNA between the polymerase and
exonuclease active sites because of their close proximity
within the same protein (Hogg et al. 2007; Darmawan
et al. 2015; Jain et al. 2019). The switching of the primer
strand from the TLS Pol active site to the exonuclease ac-
tive site in WRN will require the WRN exonuclease active
site to be positioned in close proximity to the TLS Pol ac-
tive site. Such a proximity could be attained by WRNIP1,
Revl, and/or the other proteins that function together
with Y family Pols.

Previously, in a biochemical study with purified WRN
and Y family Pols, WRN was shown to stimulate DNA
synthesis by Y family Pols on lesion-free and lesion-con-
taining DNA templates by increasing the rate of polymer-
ization; consequently, WRN elevated the extent of
nucleotide misincorporation and misextension by Poln
(Kamath-Loeb et al. 2007). In contrast, more efficient re-
moval of the misinserted nucleotide at the G:T mispair
compared with that at the G:C base pair by WRN exonu-
clease prevented mispair formation by Poln (Maddukuri
et al. 2012), and WRN stimulated error-free bypass of 8-
0x0G by Polk by promoting preferential degradation of
the A:8-0x0G mispair (Maddukuri et al. 2014). Additional-
ly, physical interaction of Poln or Polk with purified RecQ
C-terminal (RQC) and exo domains of WRN was reported
in these studies. However, in pull-down experiments with
full-length WRN and Poln, we found no evidence of direct
physical interaction between these proteins. In addition to
the above-noted studies with Y family Pols, removal of the
3’-terminal mismatch by WRN exonuclease enabled Pold
lacking its own proofreading 3’ — 5’ exonuclease activity
to extend synthesis from the 3'-terminal mispair
(Kamath-Loeb et al. 2012).

WRN exonuclease imparts high fidelity on TLS

WRN exonuclease shares a high degree of structural
conservation with the exonuclease domain of Escherichia
coli DNA Pol I (Perry et al. 2006), and biochemical studies
have indicated that WRN exonuclease removes a single 3’
mismatched nucleotide more efficiently than a nucleo-
tide from a matched base pair (Kamath-Loeb et al. 1998);
hence, the addition of WRN to a DNA polymerase reac-
tion would increase the removal of the misinserted nucle-
otide. While the proficient removal of the 3’-terminal
mismatch by WRN exonuclease would account for the ex-
tension of synthesis from the correct base pair by various
DNA polymerases in biochemical assays, the specificity
of WRN exonuclease action in modulating the fidelity of
Y family Pols in cells will be dictated by the proteins
that function together with the TLS Pol. Hence, the un-
derstanding of the mechanisms that confer high fidelity
on Y family Pols will require reconstitution of the TLS
process by the Y family Pols—comprised of WRN,
WRNIPI, and Revl together with Poln, Poly, or Polk and
possibly other proteins—and analyses of their roles in
biochemical and structural studies. It will be of much in-
terest to demarcate the means by which WRN exonucle-
ase gets positioned close to the TLS Pol active site,
providing specificity to WRN exonuclease action on the
Y family Pol.

Implications of WRN’s requirement in TLS by Y family
Pols for protection from cancers and aging

WRN has been implicated in a number of cellular process-
es (Prince et al. 2001; Chu and Hickson 2009; Mukherjee
etal. 2018), including a role in lagging strand replication of
the G-rich telomeric strand (Crabbe et al. 2004); conse-
quently, acceleration of replicative senescence caused by
telomere shortening would contribute to the manifesta-
tion of premature aging in WS patients (Chang et al.
2004; Du et al. 2004). Additionally, by promoting Y family
Pol-dependent replication through DNA lesions, WRN
would protect against replication stress-induced chromo-
somal instability and the consequent tumorigenesis
(Yoon et al. 2019b). Abrogation of Y family Pol-dependent
TLS in WRN-deficient cells would contribute to the large
variety of cancers—soft tissue sarcoma, osteosarcoma,
malignant melanoma, thyroid carcinoma, and skin,
lung, and other cancers (Goto et al. 2013)—that arise in
WS patients, all of whom lack WRN function. Moreover,
by restraining the accumulation of somatic mutations,
WRN's role in predominantly error-free TLS by Y family
Pols would help retard aging (Goodell and Rando 2015).

Role of TLS in genome stability

Our evidence that the Y family Pols Poln, Poli, or Polk
function together with Revl, WRN, and WRNIP1 in
TLS; the demonstration that the WRN 3’ — 5’ exonucleas-
e’s activity confers an enormous increase in the fidelity of
TLS by the Y family Pols opposite different types of DNA
lesions; and the possibility that the fidelity of Y family
Pols is elevated further via mechanisms that curtail nucle-
otide misincorporation by these Pols identify a means
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through which low-fidelity TLS Pols have been adapted to
perform TLS with a vastly enhanced fidelity. The evolu-
tionary adaptation of TLS Pols to act in a predominantly
error-free manner would provide a safeguard against ge-
nome instability rather than contribute to it, as is com-
monly perceived in light of the intrinsically high error-
proneness of monomeric purified TLS Pols. In addition,
the evidence that both error-free TLS by Poln and error-
prone TLS by Pol8 through UV lesions protect against rep-
lication stress-induced chromosomal instability and skin
cancer formation implicates a role of TLS mechanisms
in providing a greater measure of protection against ge-
nome instability than processes such as sister chromatid
exchange and nonhomologous end joining, which operate
in the absence of TLS (Yoon et al. 2019b). Thus, by largely
attenuating the error-proneness of TLS Pols and by avoid-
ing the formation of chromosomal aberrations, TLS mech-
anisms would account for a large measure of genome
stability and protection from tumorigenesis.

Materials and methods

Cell lines and cell culture

SV40 transformed WT human fibroblast (GM00637) and
XPA human fibroblast (GMO04429) cell lines were ob-
tained from Coriell Institute Cell Repository. A WRN-
deficient AG11395 cell line (Dhillon et al. 2007) derived
from AGO0780G fibroblasts taken from a 60-yr-old male
WS patient (Saito and Moses 1991) was obtained from Cor-
iell Institute Cell Repository. AGO0780G cells are homo-
zygous for a 1336 C > T mutation that leads to premature
translation termination (Dhillon et al. 2007). We refer to
these WRN-deficient cells as WRN™/". Big blue mouse
embryonic fibroblasts (BBMEFs) were obtained from Agi-
lent. Cells were grown on plastic culture dishes at 37°C
in a humidified incubator with 5% CO, in DMEM (Gen-
Depot) containing 10% fetal bovine serum (GenDepot)
and 1% antibiotic-antimycotic (GenDepot).

Construction of plasmid vectors containing a cis-syn TT
dimer, a (6-4) TT photoproduct, thymine glycol (Tg),
or a 1,N%-ethenodeoxyadenosine (sdA)

The heteroduplex vectors containing a cis—syn TT dimer,
a (6-4) TT photoproduct, a Tg, or an edA on the leading or
lagging strand template were constructed as described pre-
viously (Yoon et al. 2009, 2010a,b, 2019a).

Translesion synthesis assays in human cells

For siRNA knockdown of WRN or WRNIP1, HPLC-puri-
fied duplex siRNA for human genes were purchased from
Thermo Fisher Scientific. The sense sequence of the WRN
siRNA target sequence was 5-GCAAAUGUUACUUG
UUCCA-3, and the sense sequence of the WRNIP1
siRNA target sequence was 5-GAAACAUAGCAUAAG
GUUU-3'. The efficiency of siRNA knockdown was veri-
fied by Western blot analysis (Supplemental Fig. S2). The
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siRNA knockdown efficiency of other TLS Pols as well as
the detailed methods for TLS assay have been described
previously (Yoon et al. 2009, 2015).

Focus formation assay

For analyses of UV-induced foci for Poln, Pol,, Polk, Rev7,
WRN, or WRNIP1, GM00637 HFs were treated with
siRNA and cultured on a coverslip with 50% confluence.
For Revl focus analysis, GM00637 HFs stably expressing
FLAG-Revl were treated with siRNA and cultured on a
coverslip with 50% confluence. After 48 h, cells were
treated with 30 J/m? UVC. For wild-type-WRN or E84A
WRN focus analysis, AG11395 cells stably expressing
myc-wild-type-WRN or myc-E84A-WRN were cultured
on a coverslip with 70% confluence. Cells were treated
with 30 J/m> UVC. After UV irradiation, fresh growth me-
dia were added and incubated for 4 h. After washing with
PBS buffer, cells were pre-extracted in 0.2% Triton X-100
for 2 min and fixed with 4% paraformaldehyde for 20 min.
Cells were incubated in blocking buffer and 2% BSA in
PBS containing 0.2% Tween20 (PBST) for 1 h. Primary an-
tibodies (mouse anti-FLAG antibody [Sigma], rabbit anti-
Poln antibody [Bethyl Laboratories], rabbit anti-Poli anti-
body [Bethyl Laboratories|, rabbit anti-Polk antibody
[Bethyl Laboratories], mouse anti-Rev7 antibody [BD Bio-
sciences], rabbit anti-WRNIP1 antibody [Novus Biologi-
cals], and mouse anti-WRN antibody [Cell Signaling])
were diluted in blocking buffer and incubated for 1 h, fol-
lowed by a wash with PBST buffer. Secondary antibodies
(goat antimouse Alexa 488 [Invitrogen] or goat antirabbit
Alexa 488 [Invitrogen]) were applied for 30 min, and cover-
slips were mounted with antifade Gold mounting media
(Invitrogen). Nuclear staining was performed with DAPI
(Molecular Probes) in PBS buffer for 20 min. The fluores-
cent images were visualized and captured by fluorescence
microscopy (Nikon Eclipse 80i).

For analysis of cisplatin-induced foci, GM00637 HFs
were treated with siRNA and cultured on a coverslip
with 50% confluence. After 48 h, cells were treated with
60 uM cisplatin (Sigma) for 4 h. For Revl focus analysis,
we used rabbit anti-Revl antibody (Sigma).

Coimmunoprecipitation of proteins
in chromatin extracts

GMO00637 HFs stably expressing FLAG-Revl were cul-
tured in 15-cm plates with ~80% confluence. Cells were
washed with PBS buffer and irradiated with 30 J/m?>
UVC in the presence of PBS buffer. After UV irradiation,
cells were incubated in growth media for 4 h. For chroma-
tin-bound nuclear extracts, cells were lysed with CSK (cy-
toskeleton) buffer (10 mM HEPES at pH 6.8, 100 mM
NaCl, 300 mM sucrose, 3 mM MgCl,, 0.5% Triton
X-100, e-complete protease inhibitors), and chromatin ex-
tracts were treated with 1% formalin in PBS buffer for
10 min at room temperature followed by the addition of
125 mM glycine. Cell pellets were resuspended in PBS
buffer containing 30 U of Xpernase (GenDepot). Extracts
were incubated for 10 min at room temperature and
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then centrifuged to isolate the chromatin extracts. Two
milligrams of chromatin extracts was diluted with an
equal volume of immunoprecipitation (IP) buffer (150
mM NaCl, 50 mM Tris-HCI at pH 7.5, 1 mM EDTA,
0.05% NP40, 10% glycerol, protease inhibitors) and
mixed with 0.5 pg of FLAG agarose beads overnight at 4°
C. FLAG agarose beads were washed twice with IP buffer,
and bound proteins were eluted in Laemmli buffer (2%
SDS, 10% glycerol, 60 mM Tris-HCI at pH 6.8, 100 mM
DTT, 0.05% bromophenol blue). WRN antibody (Novus
Biologicals), WRNIP1 antibody (Novus Biologicals), Poln
antibody (Bethyl Laboratories), or FLAG antibody (Sigma)
was used for Western blot analysis.

Western blot analysis

Forty-eight hours after siRNA transfection, cells were
washed with PBS buffer and lysed with RIPA buffer (1x
PBS, 1% IP-40, 0.5% sodium deoxycholate, 0.1% SDS).
After 1 h of incubation on ice, the cellular mixture was
centrifuged and the supernatant was collected. Equivalent
amounts (~30 ng) of prepared cellular extracts were sepa-
rated on a 10% SDS-polyacrylamide gel and transferred to
a PVDF membrane (Bio-Rad). The membranes were
probed with rabbit anti-WRN (Novus Biologicals), anti-
WRNIP1 (Novus Biologicals), anti-Revl1 (Sigma), or anti-
Myc (Santa Cruz Biotechnology) antibodies, followed by
appropriate secondary antibodies conjugated with horse-
radish peroxidase. The signals were detected using ECL-
Plus (GenDepot). For the loading control, anti-a-tubulin
antibody (Santa Cruz Biotechnology), anti-LaminB1 anti-
body (Abcam), or anti-p tubulin antibody (Cell Signaling
Technology) was used.

Big blue transgenic mouse cell line and siRNA
knockdown

The big blue transgenic mouse embryonic fibroblast
(BBMEF) cells were grown in DMEM containing 10%
FBS (GenDepot) and antibiotics. HPLC-purified duplex
siRNA for mouse WRN was purchased from Thermo Fish-
er Scientific. The sense sequence of mMWRN siRNA was
5-GCAAAUUAAUUGCCUCAAG-3, and the efficiency
of its knockdown was verified by Western blot analysis.
For the cII mutation assay, cells were plated on 100-mm
plates at 50% confluence (~5x 10° cells), and 500 pmol
of synthetic duplex siRNAs was transfected using 50 pL
of iMfectin transfection reagent (GenDepot) following
the manufacturer’s instructions.

UV irradiation, photoreactivation, and cIl mutational
assays in siRNA-treated BBMEF cells

Forty-eight hours after siRNA knockdown, cells were
washed with HBSS buffer (Invitrogen) and irradiated at
5 J/m? with UVC light, followed by photoreactivation for
3 h at room temperature as previously described (Yoon
et al. 2009, 2010b). Fresh growth medium was then added
and cells were incubated for 24 h, after which the second
siRNA transfection was carried out to maintain the siRNA
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knockdown of the target gene(s). Cells were incubated for
an additional 4 d to allow for mutation fixation. Mouse ge-
nomic DNA was isolated using the genomic DNA isolation
kit (Qiagen). The LIZ shuttle vector was rescued from the
genomic DNA by mixing DNA aliquots and Transpack
packaging extract (Stratagene), and the cII assay was carried
out as previously described (Yoon et al. 2009, 2010b). Mu-
tation frequency was calculated by dividing the number
of mutant plaques by the number of total plaques. For mu-
tation analysis, the sequences of PCR products of the cII
gene from the mutant plaques were analyzed as described
previously (Yoon et al. 2009, 2010b).

DNA fiber assay

GMO00637 HFs or WRN~/~ HFs were transfected with 100
pmol of siRNAs, and 48 h after siRNA transfection, cells
were pulse-labeled with 25 pM IdU (Sigma) for 20 min.
Cells were then washed twice with PBS buffer and irradi-
ated with 10 J/m? UVC. After UV irradiation, cells were
labeled with 250 uM CIdU for 20 min. DNA fibers were
spread on glass slides, and slides were incubated in 2.5
M HCI for 90 min and then washed with PBS buffer.
The slides were incubated in blocking buffer and 5%
BSA in PBS for 2 h. Primary antibodies (rat anti-BrdU an-
tibody [Abcam] and mouse anti-BrdU antibody [BD Biosci-
ences]) were diluted in blocking buffer and incubated for 1
h, followed by extensive washing with PBS buffer. Second-
ary antibodies (goat antirat Alexa 594 and goat antimouse
Alexa 488) were applied for 30 min, and slides were
mounted with antifade Gold mounting media (Invitro-
gen). Fibers were analyzed using a Nikon Eclipse fluores-
cence microscope.

UV survival assay

GMO00637 HFs or WRN™/~ HFs were transfected with
siRNAs, and 48 h after siRNA transfection, cells were
treated with UV. For UV irradiation, cells were washed
with PBS buffer and irradiated with various doses (0-20
J/m?) of UVC light in the presence of PBS buffer. After ir-
radiation, fresh growth media were added and cells were
incubated for an additional 48 h. UV cytotoxicity was de-
termined by MTS assay (Promega). Briefly, 100 uL of MTS
assay solution was added to each well and incubated for 30
min. Cell viability was determined by measuring OD at
490 nm; four independent experiments were performed.

Stable expression of myc-wild-type-WRN
or myc-E84A-WRN in WRN~/~ HFs or BBMEFs

Plasmids containing myc-wild-type-WRN or myc-E84A-
WRN were obtained from the Raymond Monnat Labora-
tory (University of Washington, Seattle). The vectors
were transfected into WRN~/~ AG11395 HFs or BBMEFs
by iMfectin transfection reagent (GenDepot). After 24 h
of incubation, 2 pg of puromycin (Thermo Fisher Scien-
tific) was added to the culture media. After 3 d of incuba-
tion, cells were washed with PBS buffer and continuously
cultured with the media containing 1 ug of puromycin for
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~2 wk. Protein expression and siRNA knockdown effi-
ciency were verified by Western blot analysis (Supplemen-
tal Fig. S2).

Stable expression of FLAG-D570A E571A Revl
in WRN~/~ HFs stably expressing myc-wild type-WRN
or myc-E84A-WRN

Plasmids containing FLAG-D570A E571A Revl were
transfected into WRN~™/~ HFs stably expressing myc-
wild-type-WRN or myc-E84A-WRN by iMfectin transfec-
tion reagent (GenDepot). After 24 h of incubation, 50 ug of
zeocin (Thermo Fisher Scientific) was added to the culture
media. After 3 d of incubation, cells were washed with PBS
buffer and continuously cultured for ~2 wk with media
containing 25 pg of zeocin and 1 pg of puromycin on plas-
tic culture dishes at 37°C in a humidified incubator with
5% CO,. Protein expression was verified by Western
blot analysis.
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