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chromatin fractions from UV-irradiated HFs, both the PolA and Rev7
proteins co-IP with ub-PCNA, confirming that this protein assembly occurs
in conjunction with ub-PCNA (Fig 5C)—a prerequisite for DNA damage—
induced assembly of TLS Pols in human cells (Yoon et al, 2019b, 20715).

PolA’s BRCT domain is not required for TLS through a (6-4)
photoproduct in human cells

Our results that N-terminally deleted (245-575) PolA physically
interacts with the Rev7 subunit of Pol{ suggested that PolA's BRCT
domain may not be required for its role in TLS in human cells.
Because PolA’s DNA synthesis activity is required for TLS through (6-4)
PPs in human cells and because TLS through the (6-4) PPs would
require the sequential roles of PolA and Pol¢ in nt insertion opposite
the (6-4) PP and in the subsequent extension of synthesis, respectively,
we examined the effects of N-terminally deleted PolA on TLS opposite
(6-4) TT PP in human cells. As shown in Table 6, in WT HFs depleted for
PolA and harboring the vector plasmid, TLS occurs with a frequency of
~13%, whereas expression of WT PolA raises TLS frequency to ~27% and
expression of catalytically inactive PolA reduces TLS frequency to the
same level as in the vector control-consistent with the requirement of
PolA DNA polymerase activity. Importantly, expression of (245-575) PolA
(Fig S1C) restores TLS frequency to WT levels (Table 6), indicating that
the lack of the N-terminal domain, which includes the BRCT domain
and the proline-rich region, has no untoward effect on the capacity of
PolA to carry out its role in DNA synthesis opposite (6-4) PPs as well as
its scaffolding role with Pold.

PolA’s role in Pol-dependent TLS contributes to UV survival

The requirement of PolA for Pol¢-dependent TLS opposite UV le-
sions and for Pol¢ localization into foci predicted that the two Pols
would contribute to UV survival to the same extent. Accordingly, we
find that depletion of either PolA, Rev3, or Rev7 confers the same
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level of reduction in UV survival in HFs (Fig 6A). As expected from the
involvement of PolA and Pol¢ in the same TLS pathway, UV sensitivity
remains the same in cells co-depleted for PolA and Rev3 as in cells
depleted for PolA or Rev3 alone (Fig 6A). Depletion of Pold or Poln
results in a greater reduction in UV survival, concordant with their
relatively more significant contribution to TLS opposite UV lesions (Fig
6A). And consistent with the role of PolA/Pol{ as an alternate to Poln-
dependent TLS through CPDs and (6-4) photoproducts, depletion of
PolA, Rev3, or Rev7 reduced UV survival of XPV HFs to nearly the same
extent (Fig 6B). In PolA™/~ MEFs, we confirmed that Rev3 depletion
caused no further reduction in UV survival whereas depletion of Poln
or Pol@ reduced UV survival (Fig 6C), and as expected from their relative
contribution to TLS, Poln depletion conferred a greater reduction in UV
survival than Pol® depletion (Fig 6C).

Requirement of PolA for Pol{-dependent TLS opposite other DNA
lesions

To establish that PolA’s role in TLS as an indispensable component
of Pol¢ extends to other DNA lesions, we analyzed its role in TLS
opposite thymine glycol (Tg) and 1,N%-ethenodeoxyadenine (sdA).
Tg is generated from the reaction of thymine with hydroxyl radicals
resulting from aerobic respiration and from exposure to chemical
oxidants or ionizing radiation. €dA is formed in DNA through in-
teraction with aldehydes derived from lipid peroxidation, a normal
chain reaction process that initiates from the oxidation of poly-
unsaturated fatty acids in cell membranes and results in the
formation of a variety of highly reactive aldehydes.

We have shown previously that replication through the Tg adduct
is conducted via two alternate TLS pathways dependent upon ei-
ther Polk/Pol¢ or PolB (Yoon et al, 2010a, 2014) (see also Fig 7A). In
the Polk/Polg pathway, following nt insertion by Polk opposite the
Tgadduct, Pold would extend synthesis from the nt opposite Tg, and
this pathway promotes error-free TLS through the lesion. In the

Figure 5. Physical interaction of PolA with Rev7.

(A) Schematic representation of the PolA protein.
Linear boxes represent the amino acid primary
structure of PolA and protein residues are given on the
right. The BRCT and polymerase subdomains are
labeled and indicated by larger boxes. The position of
the catalytic residues Asp427 and Asp429 are indicted by
DVD, and the asterisk indicates that the catalytic
residues were mutated to alanines. The position of the
silent siRNA resistant mutant sequence is indicted by
Si-R. Genotypes are given on the left. (B) Physical
interaction of PolA with Rev7. Purified GST-tagged Rev7
or GST protein alone was incubated with WT PolA or
N-terminally deleted PolA-NTD and GST affinity pull
down assays were performed as described in the
Materials and Methods section. Protein aliquots from
the load (L), flow through (F), wash (W), and elution
(E) steps were resolved by 12% SDS-PAGE gel and
proteins were visualized by Coomassie blue R-250
staining. Protein identities are given on the left. (C)
Co-immunoprecipitation (co-IP) of Flag-PolA with Rev7
in chromatin fractions. GM637 cells expressing Flag-PolA
were UV irradiated and incubated for 4 h. Chromatin
extracts were prepared and immunoprecipitated with
Flag M2-agarose. Co-IP of Flag-PolA with ub-PCNA and
Rev7 was determined by Western blot analysis.
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Table 6. Effects of WT (1-575), catalytically inactive D427A, D429A, or N-terminally deleted (245-575) PolA on TLS opposite a (6-4) TT photoproduct carried

on the leading strand in WT HFs.

DNA lesion Vector expressing Number of Kan™ colonies Number of blue colonies among Kan* TLS (%)?
Vector control 346 45 13.0
WT (1-575) PolA 438 119 27.2
(6-4) TT PP
D427A, D429A PolA 418 53 127
(245-575) PolA 396 101 255

Statistical analyses of these data are shown in Table S4.

alternative pathway, Pol6 performs both steps of TLS and it acts in
an error-prone manner (Yoon et al, 2010a, 2014). As shown in Table
7, TLS opposite Tg occurs at a frequency of ~23% in WT MEFs. In
PolA™/~ MEFs, TLS is reduced to ~10% and a similar reduction in TLS
frequency occurs upon depletion of either Polk or Rev3, consistent
with a role of PolA in Pol{-dependent TLS in the Polk/Polg pathway.
In PolA™/~ MEFs depleted for Polg, or in Pol6~/~ MEFs depleted for
PolA, where both the Polk/Pol{ and Pol6 pathways would be
rendered inactive, TLS is almost completely abrogated, as only a
very low residual level of TLS (~1%) remains. From these data, we
infer a role for PolA in conjunction with Pol{ in Polk/Pol{-de-
pendent TLS pathway opposite Tg (Fig 7A).

TLS opposite €dA is performed by a major Poli/Pol¢-dependent
pathway in which after ntinsertion opposite edA by Poli, Pol{ would
extend synthesis, and this pathway operates in an error-free
manner (Yoon et al, 2019a) (see also Fig 7B). In the Poli/Pol{
pathway, Revl performs a non-catalytic role as a scaffolding
component of Poli. In another relatively minor pathway, Revl
functions in TLS opposite €dA as a DNA polymerase and acts in an
error-prone manner. Polf promotes TLS through &dA via a third
pathway and it also operates in an error-prone manner (Yoon et al,
2019a). As shown in Table 7, TLS opposite edA occurs at a frequency
of -22% in WT MEFs. TLS frequency is reduced to ~10% in PolA™/~
MEFs and TLS frequency remains the same in PolA™/~ MEFs depleted
for Poli or Rev3 (Table 7), consistent with the requirement of PolA for
Pol¢-dependent TLS in the Poli/Pol{ pathway. In PolA™/~ MEFs
depleted for Pol6 or in Polo™/~ MEFs depleted for PolA or Rev3 (Table 7),
only residual TLS (~3%) remains; it reflects the minor contribution of
Rev1 polymerase-dependent TLS that operates in the absence of the
Poli/Polg and Pol@ pathways (Yoon et al, 2019a). These data in PolA™/"
and Pol@™'~ MEFs conform with a role of PolA in conjunction with Polg
in Poli/Pol¢-dependent TLS opposite edA (Fig 7B).

PolA polymerase activity is not required for TLS opposite Tg and
&dA adducts

Our proposal that after nt insertion by Polk opposite the Tg lesion,
PolZ would extend synthesis (Yoon et al, 2010a) predicted that only
the non-catalytic scaffolding role of PolA would be required for
Pol¢-dependent TLS opposite Tg. Similarly, the role of Poli in
inserting a nt opposite edA and of Pol{ in extending subsequent
synthesis (Nair et al, 2006; Yoon et al, 2019a) predicted that only the
non-catalytic scaffolding role of PolA would be required for Pol¢-
dependent TLS opposite €dA. To verify these predictions, we
expressed WT Pold and DNA polymerase-defective D427A, D429A
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mutant PolA in PolA™~ MEFs and analyzed the frequency of TLS op-
posite the Tg or €dA lesion carried on the duplex plasmid in these
MEFs. In PolA™~ MEFs, TLS opposite Tg occurs with a frequency of ~10%
(Table 3). Our results that TLS frequency in PolA™/~ MEFs expressing WT
PolA rises to ~21% and that TLS frequency in PolA™~ MEFs expressing
catalytically inactive mutant PolA remains the same as in PolA™'~ MEFs
expressing WT PolA confirm that only the non-catalytic scaffolding role
of PolA is required for TLS opposite Tg (Table 3 and Fig 7A). And the
observation that catalytically inactive PolA supports WT levels of TLS
opposite dA indicates that only the non-catalytic scaffolding role of
PolA is required for TLS opposite this DNA lesion (Table 3 and Fig 7B).

Requirement of Pol{ DNA polymerase activity for TLS through
(6-4) TT photoproduct

The biochemical evidence that purified PolA can insert a nt opposite
both the 3'T and 5'T of the (6-4) TT PP (Fig 2B) raised the possibility
that Pold’s DNA polymerase activity may not be required for TLS
through this DNA lesion. To examine this, we expressed full-length
WT Rev3 and mutant Rev3 in which the active site residues D2781
and D2783 have both been changed to alanines. In HFs depleted for
Rev3 and expressing no Rev3 (vector control), TLS opposite (6-4) TT
PP occurs at a frequency of ~14%. TLS frequency rises to 27% in cells
expressing WT Rev3, whereas in cells expressing the D2781A and
D2783A Rev3 mutant, TLS frequency is reduced to the same level as
in cells harboring the vector control (Table 8). Thus, Rev3 DNA
polymerase activity is required for TLS through (6-4) TT PP.

Discussion

PolA promotes replication through DNA lesions in conjunction
with Pold

Genetic and biochemical studies have established an indispens-
able role of Rev1 as a scaffolding component of Pol¢ in yeast and
Rev1/Pol{-dependent TLS operates in a highly error-prone manner
(Baynton et al, 1999; Nelson et al, 2000; Haracska et al, 2001; Gibbs
et al, 2005; Acharya et al, 2006). Moreover, Rev1 functions together
with Pol{ in TLS that occurs during gap filling reactions in human or
mouse cells (Yoon et al, 2015) and the dependence of cancer cells
upon Rev1/Poll for DNA damage induced mutagenesis (Doles et al,
2010; Xie et al, 2010) suggests that during malignant transformation,
cancer cells acquire the potential of highly elevated mutability,
afforded by Rev1/Poll. In striking contrast, TLS analyses with a
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Figure 6. UV survival assays.

GM637 HFs, XPV (XP30R0) HFs, or PolA™/~ MEFs were treated with siRNAs for 48 h and irradiated with UV light in PBS buffer. Cells were incubated for additional 48 h after
UVirradiation and UV survival was determined by the MTS assay. The data represent the mean and SD of results of four independent experiments. Student’s two-tailed t

test P-values; ns, not significant; *P < 0.05; **P < 0.01; ****P < 0.0001. (A) UV cytotoxicity of GM637 HFs depleted for PolA, Pol{, or other TLS Pols. (B) UV cytotoxicity of XPV HFs
depleted for PolA or Pold. (C) UV cytotoxicity of PolA”/~ MEFs depleted for Pol¢, Poln, or Pol6.

variety of DNA lesions present on the template for leading or
lagging strand replication of a duplex plasmid carried in normal
human cells (not derived from cancers) have shown that Rev1
functions together with Y-family Pols n, 1, or k and not with ¢ (Yoon
et al, 2019a, 2018, 2017, 2015). Importantly, the TLS mechanisms
inferred from the duplex plasmid system reflect the mechanisms
that operate during cellular replication in normal cells. For example,
the reduction in the rate of RF progression through UV lesions in
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Poln™", Pol6/~, and Poln ™/~ Pol6™'~ primary MEFs conforms with the
roles deduced for these Pols from TLS analyses opposite UV lesions
in the plasmid system (Yoon et al, 2019b). Altogether, the evidence
indicates that the TLS mechanisms that operate during replication in
normal human cells differ from the mechanisms inferred from gap
repair assays or from studies in cancer cells.

The requirement of Rev1 for TLS mediated by Y-family Pols and
not for Pol{-dependent TLS suggested that some other protein
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Figure 7. TLS pathways for replication through Tg and &dA lesions.

(A) TLS pathways for replication through Tg. After nt insertion by Polk, Pol¢ extends
synthesis. PolA’s scaffolding role is required for Pol¢ function in TLS. This pathway
conducts error-free TLS through the Tg lesion. The alternative Pol0-dependent TLS
operates in an error-prone manner. (B) TLS pathways for replication through edA.
After ntinsertion by Poli, Pol¢ extends synthesis. PolA’s scaffolding role is required for
Pol¢ function in TLS. This pathway operates in an error-free manner. Pol@-dependent
TLS provides the other major TLS pathway and TLS requiring Rev1 polymerase
function contributes to a relatively minor pathway. Pol6 and Rev1
polymerase-dependent TLS operate in an error-prone manner. The thickness of the
arrows depicts the relative contribution of TLS Pols to lesion bypass.

might function in lieu of Rev1 with Pol¢. Here, we provide evidence
that PolA functions in TLS in conjunction with Pol{, which include
the following: (1) For TLS opposite a cis-syn TT dimer, PolA functions
together with Pol{ in an error-prone pathway dependent upon the
sequential action of Pol@ and PolA/Pol{. (2) For TLS opposite a (6-4)
TT photoproduct, PolA functions together with PolC in an error-free
TLS pathway that provides an alternative to the error-prone TLS
mediated by the sequential action of Poli with Pol8 or of Poln with

Pol®. (3) From analyses of UV-induced mutations opposite CPDs and
(6-4) PPs analyzed in the cll gene in BBMEFs, we established that
PolA affects mutation frequencies and mutational spectra similar to
that by Pol¢. (4) UV-induced accumulation of Pol into replication foci
requires PolA and vice versa, and PolA physically interacts with the
Rev7 subunit of PolZ. (5) In HFs, PolA depletion reduces UV survival to
the same extent as occurs upon Pol{ depletion, and co-depletion of
PolA with Pol¢ causes no further reduction in UV survival. And Pol¢
depletion causes no further reduction in UV survival in PolA™/~ MEFs.
(6) Opposite DNA lesions that include Tg and edA adducts, PolA
functions together with Pol¢ in error-free TLS pathways.

Role of PolA as a scaffolding component of Pol{

Our evidence that PolA’s DNA polymerase activity is not required for
TLS opposite CPDs, Tg, or edA indicates that only the scaffolding role of
PolA is required for Pol{ function in TLS opposite these DNA lesions.
The lack of requirement of PolA polymerase activity for TLS opposite
these DNA lesions is compatible with the roles that have been deduced
from biochemical and structural studies and assigned to other Pols.
The requirement of PolA DNA polymerase activity for TLS opposite (6-4)
TT PPs in human cells and the ability of purified PolA to insert a nt
opposite the 3'T and 5'T of the (6-4) TT PP supports a role for PolA in nt
insertion opposite the photoproduct from which Pol{ would extend
synthesis. Thus, in addition to its indispensable non-catalytic role with
PolZ, PolA polymerase activity is required for TLS opposite (6-4) PPs.

Nucleotide insertion opposite (6-4) photoproduct by PolA

The evidence that purified PolA inserts an A opposite both the 3'T
and 5'T residue of (6-4) TT conforms with the genetic evidence that
PolA/Poll-dependent TLS operates in an error-free manner in

Table 7. The effects of siRNA knockdowns of TLS Pols on replicative bypass of a thymine glycol or a 1, N®-ethenodeoxyadenosine carried on the leading

strand template in wild type, PolA=/~, or Pol6~/~ MEFs.

DNA lesion MEFs siRNA Number of Kan® colonies Number of blue colonies among Kan® colonies TLS (%)?
WT NC 317 73 23.0
NC 405 42 10.4
Polk 381 41 10.8
PolA™/
Tg Rev3 423 48 1.3
PolB 462 6 13
NC 360 42 1.7
Pole™/
PolA 428 6 1.4
WT NC 322 70 217
NC 304 32 10.5
Poli 337 38 1.3
PolA™"
Rev3 388 42 10.8
edA
Polf 334 1 33
NC 341 36 10.6
Pole/ PolA 401 13 32
Rev3 312 12 3.8
Statistical analyses of these data are shown in Table S5.
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Table 8. Effects of catalytically inactive D2781A and D2783A Rev3 on TLS opposite a (6-4) TT photoproduct carried on the leading strand in WT HFs.
DNA lesion Vector expressing Number of Kan® colonies Number of blue colonies among Kan* TLS (%)?
Vector control 408 58 142
(6-4) TT PP WT (1-3130) Rev3 318 86 27.0
D2781A and D2783A Rev3 341 47 13.8

Statistical analyses of these data are shown in Table S6.

human cells. A (6-4) TT PP induces a large structural distortion in DNA
in which it confers a 44° bend in the DNA helix and the 3'T is oriented
perpendicular to the 5'T (Kemmink et al, 1987; Kim & Choi, 1995; Kim et
al, 1995; Lee et al, 1999), impairing the ability of the 3'T to form a
normal W-C pair with the correct nt. Since PolA normally uses W-C
base pairing for DNA synthesis, PolA may not accommodate a (6-4) PP
in its active site such that the 3’ pyrimidine residue of the photo-
product forms a W-C base pair with the correct incoming nt. That
raises the possibility that purified PolA inserts an A opposite both
pyrimidines of the photoproduct, wherein the lesion adopts an
extrahelical configuration resembling an abasic lesion.

Regardless of whether purified PolA performs error-free nt in-
corporation opposite (6-4) TT photoproduct by W-C base pairing or
via an “abasic-like” mode, our genetic evidence that PolA DNA
polymerase activity is required for TLS opposite (6-4) PPs (Table 3)
and that PolA conducts error-free TLS opposite (6-4) PPs formed at
CC, TC, or TT sequences in the cll gene integrated into the genome
(Table 5 and Fig 3B) implies that in human and mouse cells, PolA
incorporates a correct nt opposite the (6-4) photoproducts formed
at dipyrimidine sequences from which Pol{ extends synthesis.

Implications of PolA requirement for Pol{ function in TLS in
human cells

Our TLS analyses have indicated that, overall, PolA/Pol{-dependent
TLS operates in an error-free fashion in human cells. Thus, of the four
DNA lesions examined here, PolA/PolZ contributes to error-free TLS
opposite (6-4) PPs, Tg, and €dA, whereas it functions in an error-
prone TLS pathway opposite CPDs. The ability of PolA/Pol{ to perform
error-free TLS through (6-4) PPs stands in stark contrast to the role of
Rev1/Pol{ in error-prone TLS opposite (6-4) PPs in yeast cells (Gibbs
et al, 2005) and the role of Rev1/Pol{ in error-prone TLS opposite (6-
4) TT PP that occurs during gap filling reaction in human or mouse
cells (Yoon et al, 2015). The requirement of PolA/Pol for error-free
TLS through the Tg and &dA lesions further suggests that after the
insertion of a nt by Polk opposite Tg, or the insertion of a nt by Poli
opposite €dA, Pol{ in combination with PolA performs error-free
synthesis during the extension phase of TLS. In the PolA/Pol en-
semble, Pol¢ may be inhibited from extending synthesis from the
wrong nts inserted opposite DNA lesions by the other Pols, promoting
thereby a more error-free mode of TLS. In this regard, PolA’s effect on
TLS by Pol¢ would be diametrically opposite to the enhancement in
the proficiency of extension of synthesis from the wrong nts that
occurs in TLS mediated by Rev1/Pol{ (Acharya et al, 2006).

How might PolA affect Pol¢ function in TLS? Our evidence that UV-
induced accumulation of Pol¢ or PolA into replication foci depends
upon each other suggests that the assembly of PolA together with
Pol into foci requires both Pols. In addition to its association with Pol,
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PolA may promote the assembly of additional proteins which serve to
increase the fidelity and efficiency of the PolA/Pol{ ensemble in TLS. In
the PolA/Pold multi-protein ensemble, PolA may acquire the ability to
form W-C base pair with the correct nt opposite the (6-4) PPs formed at
the TT, TC, or CC dipyrimidine sites. In thymine glycol, because of the
addition of hydroxyl groups at C5 and C6, the C5 methyl group pro-
trudes in the axial direction and that prevents the base 5’ to Tg from
stacking above it. Hence, the insertion of a correct nt opposite this
extra-helical base would require Pol{ to accommodate this base in its
active site such that it engages in W-C pairing with the correct nt. In the
multi-protein ensemble of Pol¢ with PolA and other proteins, the extra-
helical base may be pushed into a normal helical configuration in the
Pol¢ active site enabling Pol¢ to carry out nt insertion opposite the
base 5’ to Tg with a high fidelity. Similarly, any structural distortions in
the DNA helix imposed by the €dA lesion at the extension step of TLS
could be minimized in the Pol{ active site in the PolA/Pol{ ensemble.
Altogether, the adoption of PolA as an integral component of Pol{ may
have evolved to provide human cells a strategy for imposing a pre-
dominantly error-free mode of TLS upon Pol¢.

Conclusions

Our evidence that PolA functions as an indispensable scaffolding
component of Pol¢ for TLS that occurs during replication in normal
human cells depicts an entirely new and unexpected role for PolA.
Although similar to Rev1 in its scaffolding role, PolA affects Polc-
dependent TLS differently than Rev1. Thus, unlike the role of Rev1/
Pol in error-prone TLS opposite (6-4) photoproduct, PolA, by in-
corporating a correct nt opposite the photoproduct by W-C base
pairing, would enable PolA/Pol{-dependent TLS to operate in an
error-free manner in human cells. This role of PolA in TLS opposite (6-
4) photoproduct strongly suggests that opposite many other such
distorting DNA lesions, PolA would similarly insert a correct nt from
which Polg would extend synthesis. Similar to the role of PolA/Pol{ in
error-free TLS opposite the Tg and edA lesion, complex formation with
PolA may enable Pol¢ to operate in an error-free manner opposite
other DNA lesions where only its scaffolding role is required.

Materials and Methods

Expression and purification of PolA

The cDNA's encoding the WT PolA (residues 1-575) or the N-terminally
truncated PolA (residues 245-575) were each cloned in frame with a
PreScission Protease cleavable GST tag in pBJ842 (Johnson et al, 2006)
generating plasmids pBJ2043 and pBJ1431, respectively. Plasmids were
transformed into yeast strain YRP654 and protein expression was induced
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by the addition of 2% galactose. Proteins were purified using a standard GST
purification protocol (Johnson et al, 2006). Briefly, frozen yeast cells were
resuspended in cell breakage buffer (50 mM Tris-HCl, pH 7.5, 20% sucrose,
500 mM NacCl, T mM EDTA, 10 mM B-mercaptoethanol, T mM benzamidine
HCl, and complete-EDTA-free protease inhibitors [Roche]) and disrupted on
a French press. Clarified protein extract was treated with 0208 g/ml am-
monium sulfate, and precipitated proteins were resuspended and dialyzed
overnight in glutathione binding buffer (GBB, 50 mM Tris-HCl, pH 75, 10%
glycerol, 500 mM NaCl, T mM benzamidine HC|, and Roche complete
protease inhibitors). Proteins were incubated with glutathione sepharose
for several hours before washing with GBB containing 1 M NaCl. Sepahrose
was then equilibrated in GBB containing 150 mM NaCl without PI's, and
proteins were eluted by treatment with PreScission Protease (GE Health-
care) overnight at 4°C. Proteins were harvested and residual PreScission
Protease was removed by incubation with fresh Glutathione Sepharose.
Proteins were concentrated and aliquots frozen at -70°C.

DNA polymerase assays

The standard DNA polymerase reaction (5 ul) contained 25 mm
Tris—HCL (pH 7.5), 5 mM MgCl,, 1 mM DTT, 10% glycerol, 100 pg/m!l BSA,
and 5 nM DNA substrate. Reactions contained 100 uM of either a
single deoxynucleotide triphosphate (dGTP, dATP, dTTP, or dCTP) or 100
uM each of all four. The DNA substrate was generated by annealing a 5
¥p |abeled oligonucleotide primer to a 75-nucleotide oligonucleotide
template of the sequence 5'-AGCAAGTCAC CAATGTCTAA GAGTT CGTAT-
TATGC CTACACTGGA GTACCGGAGC TACGTCGTGA CTGGGAAAAC-3', which
was either unmodified or contained a (6-4) TT photoproduct or a cis-syn
TT dimer (CPD) at the underlined position. The cis-syn TT dimer and the
(6-4) TT photoproducts were introduced into the 10mer 5'-CGTATTATGC-
3’ by UV treatment, and following HPLC purification, ligated to flanking
25-mer and 40-mer oligonucleotides as described (Johnson et al, 2001)
to generate the 75-mer. For standing start reactions, the 44 nucleotide
primer 5'-GTTTTCCCAG TCACGACGAT GCTCCGGTAC TCCAGTGTAG GCAT-3’
was annealed to the template, and for running start reactions, the 40-
mer5’-GTTTTCCCAG TCACGACGAT GCTCCGGTAC TCCAGTGTAG-3" was used.
All oligonucleotides were PAGE-purified. Reactions contained 5 nM DNA
polymerase A and were carried out at 37° C for 20 min. The reactions were
stopped by addition of 30 ul of loading buffer (95% formamide, 20 mM
EDTA, 0.3% bromophenol blue, and 0.3% xylene cyanol), and the reaction
products were resolved on a 10% TBE-polyacrylamide gel containing 8M
urea. Gels were dried and products were visualized by phoshorimaging
on a Typhoon FLA 7000 (GE Healthcare Life Sciences).

GST pull down experiments

The physical interaction between GST-Rev7 and PolA was carried out by
using a protocol described before (Haracska et al, 2002) with minor
modifications. Briefly, ~2 ug of either GST tagged Rev7 or GST protein each
bound to 20 uL glutathione sepharose beads was incubated with an equal
amount of either full-length PolA or N-terminally deleted PolA-NTD in 50 ul
buffer I (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 5 mM dithiothreitol, 0.01%
Nonidet P-40, and 10% Glycerol). Protein-glutathione Sepharose mixtures
were incubated at 25° C for 15 min, followed by incubation at 4° C overnight
with constant rocking The beads were harvested by centrifugation at
1,000g and the unbound protein flow through (F) fraction was collected.
The beads were then washed three times each with 10 vol of buffer I. The
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bound proteins were then eluted with 20 ul of 1x SDS-PAGE loading
buffer. Aliquots of the protein mixture load (L), the flow through (F), the
last washing fraction (W), and the eluted protein fraction (E) were re-
solved on a 12% denaturing polyacrylamide gel, followed by Coomassie
Blue R-250 staining.

Construction of plasmid vectors containing a cis-syn TT dimer or a
(6-4) TT photoproduct

The heteroduplex vectors containing a cis-syn TT dimer or a (6-4) TT
photoproduct on the leading or lagging strand template were
constructed as described previously (Yoon et al, 2009, 2010a).

Cell lines and cell culture

Normal human fibroblasts (Coriell Institute Cell Repository,
GM00637), XPA-deficient fibroblasts (Coriell Institute Cell Reposi-
tory, GM04429), XPV-deficient fibroblasts (Coriell Institute Cell Re-
pository, GM03617), SV40-transformed PolA™/~ MEFs, and big blue
mouse embryonic fibroblasts (Agilent) were grown in DMEM me-
dium (GenDEPQT) containing 10% fetal bovine serum (GenDEPOT)
and 1% antibiotic-antimycotic (GenDEPQOT). Cells were grown on
plastic culture dishes at 37°Cin a humidified incubator with 5% CO,

Translesion synthesis assays in HFs and PolA~/~ MEFs

For siRNA knockdown of PolA, HPLC-purified duplex siRNA for human
and mouse genes were purchased from Ambion. The siRNA se-
quences were human PolA: 5'-GCUGGACCAUAUCAGUGAG-3'; mouse
PolA: 5-GCACUACGAUGACUUCCUG-3'. The efficiency of PolA knock-
down was verified by Western blot analysis (Fig S1A). The SiRNA
knockdown efficiency of other TLS Pols as well as the detailed
methods for TLS assay and for mutational analyses have been de-
scribed previously (Yoon et al, 2015, 2010b, 2009).

Western blot analysis

48 h after siRNA transfection, the cells were washed with PBS buffer
and lysed with RIPA buffer (1x PBS, 1% IP-40, 0.5% sodium deoxy-
cholate, and 0.1% SDS). After 1 h incubation on ice, the cellular
mixture was centrifuged, and the supernatant was collected. Equiv-
alentamounts (~30 ug) of prepared cellular extracts were separated on
a 10% SDS—-polyacrylamide gel and transferred to a PVYDF membrane
(Bio-Rad). The membranes were probed with antibodies against hu-
man PolA (Bethyl Lab) or Flag (Sigma-Aldrich), followed by appropriate
secondary antibodies conjugated with horseradish peroxidase. The
signals were detected using ECL-Plus (GenDEPOT). For the loading
control, anti-B-tubulin antibody (Santa Cruz Biotechnology) or anti-
lamin B1 antibody (Abcam) was used.

Stable expression of wild type and mutant PolA in HFs and
PolA~/~ MEFs

SiRNA-resistant wild-type human PolA, or catalytic mutant (D427A
D429A) PolA, or N-terminally deleted (245-575) PolA cDNAs were
cloned into the pCMV7-3xFlag-zeo vector (Sigma-Aldrich). The vectors
were each transfected into SV40-transformed GM637 HFs or PolA™/~ MEFs
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by lipofectamine 2000 reagent (Invitrogen). After 24 h incubation, 05 pg
of zeocin (GenDEPOT) was added to the culture media. After an addi-
tional 3 d of incubation, the cells were washed with PBS buffer and were
continuously cultured in media containing 250 ng of zeocin for ~2 wk.
Protein expression and siRNA knockdown efficiency were verified by
Western blot analysis (Fig S1A-C).

Stable expression of wild-type and mutant Rev3 in HFs

siRNA-resistant wild-type human Rev3, or catalytic mutant (D2781A D2783A)
Rev3 cDNAs were cloned into the pCMV7-3xFlag-zeo vector (Sigma-Aldrich).
The vectors were each transfected into SV40 transformed GM637 HFs by
lipofectamine 2000 reagent (Invitrogen). After 24 h incubation, 05 pg of
zeocin (GenDEPOT) was added to the culture media. After an additional 3 d
of incubation, the cells were washed with PBS buffer and were contin-
uously cultured in media containing 250 ng of zeocin for ~2 wk. Protein
expression was verified by Western blot analysis (Fig S1D).

UV survival assays

GM637 HFs, XPV (XP30R0) HFs, or PolA™/~ MEFs were transfected with
siRNAs and 48 h after siRNA transfection, the cells were treated with UV.
For UV irradiation, the 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 irradiation, the cells were incubated in fresh growth medium for an
additional 48 h. UV cytotoxicity was determined by the 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, and four independent experiments were carried out.

Big blue mouse cell line and siRNA knockdown

BBMEFs were grown in DMEM medium containing 10% FBS (Gen-
DEPOT) and antibiotics. For the cll mutation assay, the cells were
plated on 100-mm plates at 50% confluence (~5 x 10° cells) and 500
pmoles of synthetic duplex siRNAs were transfected using 50 ul of
Lipofectamine 2000 reagent (Invitrogen) following the manufac-
turer’s instructions.

UV irradiation, photoreactivation, and cll mutational assays in
SiRNA treated BBMEFs

48 h after siRNA knockdown, the cells were washed with HBSS buffer
(Invitrogen) and irradiated at 5 J/m? with UVC light, followed by pho-
toreactivation for 3 h at room temperature as previously described
(Yoon etal, 2009, 2010b). Fresh growth medium was added, and the cells
were incubated for 24 h. After that, the second siRNA transfection was
carried out to maintain the siRNA knockdown of the target gene(s). Cells
were incubated for an additional 4 d to allow for mutation fixation.
Mouse genomic 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 cll assay was carried out as previously described (Yoon et al, 2009,
2010b). The mutation frequency was calculated by dividing the number
of mutant plaques by the number of total plagues. For mutation
analysis, the sequence of PCR products of the cll gene from the mutant
plaques were analyzed as described previously (Yoon et al, 2009, 2010b).
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UV-induced foci formation of PolA, Rev7, and Poln

Full-length human Poln or PolA ORFs were cloned into the pCMV7-
3xFlag-zeo vector (Sigma-Aldrich) and stably expressed into XPV HFs
or GM637 HFs, respectively. For Rev7 foci formation, Rev7 antibody (BD
Biosciences) was used for immunofluorescence in GM637 HFs. Cells
were suspended and treated with siRNA and cultured on a coverslip
in six-well plate with 50% confluence. After 48 h, cells were treated
with UVC (30 J/m?). For UV irradiation, cells were washed with PBS
buffer and irradiated with UVC light in the presence of PBS buffer.
After irradiation, fresh growth medium was added to cells and the
cells were incubated for 6 h. After washing with PBS buffer, cells were
fixed with 4% paraformaldehyde for 30 min. Fixed cells were per-
meabilized with 0.2% Triton x-100 in PBS buffer. Primary FLAG an-
tibody (Sigma-Aldrich) or Rev7 antibody (BD Biosciences) were added
to cells in PBST (0.1% Tween 20 in PBS) containing 3% BSA. Nuclear
staining was performed with DAPI (Molecular Probe) in PBS buffer for
20 min. The fluorescent images were visualized and captured by
fluorescence microscopy (Nikon fluorescence microscope).

Co-immunoprecipitation of proteins in chromatin extracts

GM637 HFs stably expressing Flag-PolA were cultured in 15 cm plates
with ~80% confluence. Cells were washed with PBS buffer and ir-
radiated with UVC (30 J/m?) in the presence of PBS buffer. After UV
irradiation, cells were incubated in growth media for 4 h. For
chromatin bound nuclear extracts, cells were lysed with CSK (Cy-
toskeleton) buffer (10 mM Hepes, pH 6.8, 100 mM NaCl, 300 mM
sucrose, 3 mM MgCl,, 0.5% Triton X-100, and e-complete protease
inhibitors), and chromatin extracts were treated with 1% formalin in
PBS buffer for 10 min at room temperature followed by 125 mM
glycine addition. Cell pellets were resuspended in PBS buffer con-
taining 30 units of Xpernase (GenDEPQT). Extracts were incubated at
room temperature for 10 min and then centrifuged to isolate the
chromatin extracts. 2 mg of chromatin extracts were diluted with an
equal volume of immunoprecipitation (IP) buffer (150 mM Nacl,
Tris=HCl, pH 7.5, 1 mM EDTA, 0.05% NP40, 10% glycerol, and pro-
tease inhibitors) and mixed with 0.5 ug of FLAG agarose beads
overnight at 4°C. Flag agarose beads were washed with IP buffer
twice, and bound proteins were eluted in Laemmli buffer (2% SDS,
10% glycerol, 60 mM Tris-HCl, pH 6.8, 100 mM DTT, and 0.05%
bromophenol blue). PCNA ab (Santa Cruz Biotechnology), Rev 7ab
(BD biosciences), or Flag ab (Sigma-Aldrich) were used for Western
blot analysis.
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Supplementary Information is available at https:/ /doi.org/10.26508/1sa.202000900.
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