
SUMOylation of PCNA by PIAS1 and PIAS4 promotes
template switch in the chicken and human B cell lines
Mohiuddin Mohiuddina,1, Terry John Evansa,2, Md Maminur Rahmana, Islam Shamima Kekaa,1, Masataka Tsudaa,
Hiroyuki Sasanumaa, and Shunichi Takedaa,3

aDepartment of Radiation Genetics, Graduate School of Medicine, Kyoto University, 606-8501 Kyoto, Japan

Edited by James E. Haber, Brandeis University, Waltham, MA, and approved November 1, 2018 (received for review September 25, 2017)

DNA damage tolerance (DDT) releases replication blockage caused
by damaged nucleotides on template strands employing two alter-
native pathways, error-prone translesion DNA synthesis (TLS) and
error-free template switch (TS). Lys164 of proliferating cell nuclear
antigen (PCNA) is SUMOylated during the physiological cell cycle.
To explore the role for SUMOylation of PCNA in DDT, we character-
ized chicken DT40 and human TK6 B cells deficient in the PIAS1 and
PIAS4 small ubiquitin-like modifier (SUMO) E3 ligases. DT40 cells have
a unique advantage in the phenotypic analysis of DDT as they con-
tinuously diversify their immunoglobulin (Ig) variable genes by TLS
and TS [Ig gene conversion (GC)], both relieving replication blocks at
abasic sites without accompanying by DNA breakage. Remarkably,
PIAS1−/−/PIAS4−/− cells displayed amultifold decrease in SUMOylation
of PCNA at Lys164 and over a 90% decrease in the rate of TS. Like-
wise, PIAS1−/−/PIAS4−/− TK6 cells showed a shift of DDT from TS to
TLS at a chemosynthetic UV lesion inserted into the genomic DNA.
The PCNAK164R/K164R mutation caused a ∼90% decrease in the rate of
Ig GC and no additional impact on PIAS1−/−/PIAS4−/− cells. This epi-
static relationship between the PCNAK164R/K164R and the PIAS1−/−/
PIAS4−/− mutations suggests that PIAS1 and PIAS4 promote TS mainly
through SUMOylation of PCNA at Lys164. This idea is further supported
by the data that overexpression of a PCNA-SUMO1 chimeric protein
restores defects in TS in PIAS1−/−/PIAS4−/− cells. In conclusion, SUMOyla-
tion of PCNA at Lys164 promoted by PIAS1 and PIAS4 ensures the error-
free release of replication blockage during physiological DNA replication
in metazoan cells.
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Homologous recombination (HR) plays an essential role in
DNA replication by repairing double-strand breaks (DSBs)

and mediating the bypass of lesions following replication fork
stalling (1, 2). HR repairs DSBs induced during DNA replication
by anticancer agents, camptothecin (topoisomerase I inhibitor) and
olaparib, the poly[ADP ribose]polymerase inhibitor (3, 4). In addi-
tion, HR contributes to a DNA-damage-tolerance (DDT) pathway,
reactivation of stalled replication forks, and filling in of discontinuities
remaining in the replicating DNA without actually repairing DNA
lesions that cause replication blockage (5, 6). In this context, HR
facilitates transient switching of replication primers from the dam-
aged template strand to the newly synthesized sister chromatid (7–12)
via a mechanism that remains very poorly understood even in Sac-
charomyces cerevisiae (13). Template switch (TS) by HR as well as
HR-mediated DSB repair occasionally involves a crossover between
the two sisters, leading to sister chromatid exchange (SCE) (14–16). In
addition to TS by HR, replication blockage is released by translesion
DNA synthesis (TLS), a process by which DNA damage is bypassed
by employing error-prone TLS DNA polymerases. TLS and TS seem
to be compensatory for each other in DDT because of synthetic le-
thality of cells deficient in both the Polζ TLS polymerase and the
Rad54 HR factor (17, 18). The loss of the Polη TLS polymerase
causes increases in the number of UV-induced SCEs, suggesting that
TS partially compensates for TLS over UV lesions (19, 20).
The two major DDT pathways, error-free TS and error-prone

TLS, are controlled by ubiquitylation and SUMOylation of PCNA.
Molecular mechanisms for this control have been established in

S. cerevisiae, whereas it remains elusive whether the same control
mechanisms operate in metazoan cells. Activation of TLS depends on
monoubiquitylation by the Rad18 ubiquitylation enzyme at a highly
conserved lysine (K) residue of PCNA, a DNA clamp that acts as a
processivity factor for replicative DNA polymerase δ in S. cerevisiae
(21, 22). Error-free TS is facilitated by polyubiquitylation of PCNA by
Ubc13 ubiquitin-conjugating enzyme and Rad5 ubiquitin ligase in S.
cerevisiae (11, 21, 23, 24). It remains unclear whether the poly-
ubiquitylation activates TS also in metazoan cells as the poly-
ubiquitylation of PCNA by Ubc13 activates TLS rather than TS in
Schizosaccharomyces pombe (25). A recent report suggests that pol-
yubiquitylation is not required for efficient TS in mammalian cells
(26). SUMOylation of PCNA suppresses abnormal recombination in
S. cerevisiae (27, 28). Human cell lines and the chicken DT40 cell line
show SUMOylation of PCNA (29–31). Thus, an important unsolved
question is the role of PCNA SUMOylation in metazoan cells.
Although the phenotypic assay for accurately evaluating TS in

S. cerevisiae has been well established (11), there is no standard
phenotypic assay for evaluating TS in mammalian cells, the ab-
sence of which has hampered analysis of this DDT pathway. A
recently developed bioassay, the piggyBlock assay, now allows for
accurately measuring the relative ratio between TS and TLS
events at chemically generated lesions, such as thymine-thymine
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(TT)-cyclobutane-pyrimidine-dimer (TT-CPD) UV damage, in the
context of chromosomal DNA (32, 33). In addition to the piggy-
Block assay, the chicken DT40 B lymphocyte cell line provides a
unique opportunity to accurately measure the usage of the two
major DDT events: release of replication blockage by TS and TLS
(figure S1 in ref. 34). The DT40 cell line offers this unique op-
portunity as it diversifies its Ig variable (Ig V) genes during in vitro
culture (35) by releasing replication blockage at sites of activation-
induced deaminase- (AID-) induced abasic sites. This release occurs
via TS and TLS leading to templated Ig gene conversion (GC) and
nontemplated single base substitutions (Ig V hypermutation), re-
spectively (34, 36, 37). Ig GC dominates over the nontemplated
mutagenesis during diversification of Ig V in DT40 cells, however,
defects in HR factors BRCA1, BRCA2, and XRCC2/3 cause a
marked shift from Ig GC to TLS-dependent Ig V hypermutation
(38–40). Thus, Ig GC and TLS share the same substrate—replica-
tion forks stalled at abasic sites without accompanying DNA
breakage. To summarize, one can accurately examine the actual
usage of TS and TLS at stalled replication forks by counting the
number of individual Ig V diversification events during in vitro
culture of DT40 cells.
We here investigated the role of the PIAS1 and PIAS4 small

ubiquitin-like modifier (SUMO) E3 ligase enzymes in TS by
generating PIAS1−/−/PIAS4−/− cells from the chicken DT40 and
human TK6 B lymphocyte lines. The piggyBlock assay indicates
that PIAS1−/−/PIAS4−/− mutation decreased the usage of TS
relative to TLS in TK6 cells. The PIAS1−/−/PIAS4−/− mutation
increased UV sensitivity in TK6 cells deficient in Polη (POLH−/−

cells), the major TLS polymerase of bypassing UV damage but
not in wild-type cells. These observations suggest that PIAS1 and
PIAS4 promote TS and thereby compensate for a defect in TLS.
Moreover, both the PIAS1−/−/PIAS4−/− and the PCNAK164R/K164R

mutations result in approximately 10-fold decreases in the rate of Ig
GC with the PIAS1−/−/PIAS4−/− mutation showing an epistatic re-
lationship with PCNAK164R/K164R mutations, suggesting that the
SUMOylation of PCNA at the K164 residue by PIAS1 and PIAS4
promotes TS. This idea is supported by the data that PIAS1−/−/
PIAS4−/− cells are deficient in SUMOylation of PCNA at the K164
residue. Furthermore, ectopic expression of a PCNA-SUMO1 chi-
meric protein significantly reversed defects in TS in PIAS1−/−/PIAS4−/−

DT40 cells, including UV-induced SCE and Ig GC. In conclusion,
SUMOylation of PCNA at Lys164 ensures the release of replication
blockage by an error-free DDT pathway and prevents mutagenesis
caused by error-prone TLS polymerases during the cell cycle.

Results
PIAS1−/−/PIAS4−/− Chicken DT40 and Human TK6 Cells Are Capable of
Performing HR-Dependent DSB Repair.HR plays two major roles in
the maintenance of DNA replication, repair of DSBs formed at
single-strand breaks (SSBs) in the template strand and TS fol-
lowing replication stalling at damaged bases. To evaluate the
former role, we generated PIAS1−/−, PIAS4−/− and PIAS1−/−/
PIAS4−/− DT40 cells (SI Appendix, Fig. S1) and measured the
sensitivity of these cell lines to killing by camptothecin, which
generates one-end breaks during DNA replication. The three
mutant clones showed no prominent sensitivity to camptothecin
(Fig. 1A). We also generated XPA−/−, POLH−/−, and PIAS1−/−/
PIAS4−/− cell lines from the human TK6 B cell line (SI Appendix,
Fig. S2). The PIAS1−/−/PIAS4−/− TK6 cells showed the same
tolerance to camptothecin as did the wild-type cells (Fig. 1B).
Likewise, the PIAS1−/−/PIAS4−/− TK6 cells were tolerant to
olaparib, the poly[ADP ribose]polymerase inhibitor that strongly
inhibits SSB repair (Fig. 1C). Considering the dominant role
played by HR in repairing DSBs induced by camptothecin and
olaparib (3, 4), neither PIAS1 nor PIAS4 may be required for
efficiently performing HR-dependent DSB repair. We conclude
that the PIAS1−/−/PIAS4−/− mutation does not compromise the
capability of general HR.

Significant Decreases in the Rate of SCE in PIAS1−/−/PIAS4−/− Cells.
We addressed whether or not SUMOylation by PIAS1 and
PIAS4 contributed to HR in the context of DDT. To this end, we
measured SCE induced by UV and cisdiamminedichloroplatinum
(II) (cisplatin). Cisplatin generates a considerably larger number
of intrastrand cross-links than interstrand cross-links and effec-
tively stalls the progression of large numbers of replication forks as
does UV-induced lesions. Spontaneously arising SCE events ten-
ded to occur less frequently in PIAS1−/−/PIAS4−/− DT40 cells
than in wild-type cells (Fig. 1 D and E and SI Appendix, Fig. S3).
SCE events induced by UV and cisplatin were a few times less in
PIAS1−/−/PIAS4−/− DT40 cells than in the wild-type control.
Likewise, PIAS1−/−/PIAS4−/− TK6 cells showed a three times
decrease in the induced SCEs compared with wild-type cells (Fig. 1
F and G and SI Appendix, Fig. S3). These data support the hy-
pothesis that PIAS1 and PIAS4 facilitate TS by HR to release
replication blockage.

PIAS1−/−/PIAS4−/− and POLH−/− Mutations Cause a Synergistic Increase
in Sensitivity to Cisplatin and UV in TK6 Cells. If PIAS1 and PIAS4
control the usage of TS without affecting the capability of HR,
PIAS1−/−/PIAS4−/− cells might show sensitivity to UV and cisplatin
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Fig. 1. SUMO E3 ligase mutants displayed a reduced number of SCE events.
(A) Sensitivity of DT40 mutants to camptothecin. The viability of cells was
measured at 48 h. (B and C) Sensitivity of TK6 mutants to camptothecin (B)
and olaparib (C). The viability of cells was measured by colony formation in
the methylcellulose. (D–G) SCE induced by 0.25 J/m2 UV (D) and 10 μM cis-
platin (E) in the chicken DT40 cells and 0.25 J/m2 UV (F) and 2 μM cisplatin (G)
in the human TK6 cells. At least 50 mitotic cells were analyzed per condition
in each experiment. The histogram shows subtracted numbers of mean
values for SCEs before the exposure from SCEs after the exposure. The error
bars indicate SEM. Statistical analyses were performed by Student’s t test
(*P < 0.01).
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when TLS is not fully functional. PIAS1−/−/PIAS4−/− cells showed
no detectable sensitivity to UV or cisplatin, whereas POLH−/−

cells showed modest sensitivity to both UV and cisplatin (Fig. 2).
Remarkably, PIAS1−/−/PIAS4−/−/POLH−/− cells showed consider-
ably higher sensitivity to UV and cisplatin than POLH−/− cells
(Fig. 2). Likewise, disruption of PIAS1−/−/PIAS4−/− in POLH−/−/
XPA−/− cells further increased their sensitivity to cisplatin and UV
(Fig. 2). These observations indicate that PIAS1 and PIAS4 can
contribute to cellular tolerance to cisplatin and UV when the
capability of TLS is reduced as seen in the increase in the number
of UV-induced SCE in Polη-deficient cells (19, 20). Collectively,
PIAS1 and PIAS4 may substitute for the loss of Polη by enhancing
the usage of TS.

Significant Decrease in TS Relative to TLS in PIAS1−/−/PIAS4−/− TK6 Cells.
We next investigated whether PIAS1 and PIAS4 altered the ratio of
TS versus TLS at UV damage CPD using the piggyBlock assay. To
this end, we inserted a CPD into the piggyBlock transposon-based
vector (32), transfected the CPD-carrying vector into the TK6 cells,
immediately performed limiting dilution, and selected clones having
randomly integrated vector DNA with puromycin (SI Appendix, Fig.
S4A). To avoid elimination of the integrated CPD by nucleotide
excision repair, we performed experiments in the XPA−/−/POLH−/−

background (41).
We analyzed individual clones having randomly integrated the

CPD-carrying vector. These clones were mosaics as the cells
within the clone inherit either the Watson or the Crick strand of
the parental integrant (SI Appendix, Fig. S4 A and B). Thus, in
this assay, release of the replication block at the CPD site by
error-free TS and by TLS can be distinguished as the CPD-
containing TpT is placed opposite a GpC. TS would result in
GpC at the CPD site, whereas TLS would insert ApA (accurate
TLS) or other bases (inaccurate TLS) at the site [note, insertion
of GpC opposite the T-T CPD would be unusual (42)]. Using this
approach, we also observed a decrease in the ratio of TS relative
to TLS by more than 50% in PIAS1−/−/PIAS4−/−/ POLH−/−/
XPA−/− cells in comparison with POLH−/−/XPA−/− cells (SI Ap-
pendix, Fig. S4C). To summarize, the significant decreases in
both the frequency of the SCE (Fig. 1) and the ratio of TS rel-
ative to TLS (SI Appendix, Fig. S4) indicate that PIAS1 and
PIAS4 regulate the two DDT pathways by enhancing the relative
usage of error-free TS.

Significant Decreases in the Rate of Ig Gene Conversion in the PIAS1
and PIAS4 Mutants. TS and TLS are responsible for Ig V di-
versification by Ig GC and nontemplated single base substitu-
tions in chicken B lymphocytes (figure S1 in ref. 34). The rate of
Ig GC was measured using two methods: by measuring the ex-
pression of surface IgM (sIgM) in DT40 subclones (Fig. 3 A and

B) and by examining Ig V sequences (Fig. 3C and SI Appendix,
Fig. S6). In the first method, we disrupted the PIAS1 and PIAS4
genes in the DT40 cells that carry a defined frameshift mutation
in the light-chain Vλ gene (35). GC occurring at the frameshift
mutation eliminates the mutation, leading to reexpression of
sIgM (Fig. 3A). The fraction of sIgM-positive cells in 36 sub-
clones from each genotype was measured after 3-wk clonal ex-
pansion. The median value of the fraction of sIgM-positive cells
was 1.6% for wild-type, 0.61% for PIAS1−/−, 0.47% for PIAS4−/−,
and 0.34% for PIAS1−/−/PIAS4−/− cells (Fig. 3B). We conclude
that Ig GC was greatly compromised in the PIAS1 and PIAS4
mutant cells.
To evaluate the role of PIAS1 and PIAS4 in Ig GC on a nu-

cleotide sequence level, we ectopically expressed AID in DT40
clones, expanded subclones for 2 wk, and examined the nucle-
otide sequences of the Ig V region in individual subclones (SI
Appendix, Fig. S6). The ectopic expression of AID generated an
excess amount of AID-mediated lesions, and induced Ig V
nontemplated single base substitutions [point mutations (PMs)
in Fig. 3C and SI Appendix, Fig. S6] in addition to Ig GC events
(GC in Fig. 3C and SI Appendix, Fig. S6). PIAS1−/−/PIAS4−/−

cells displayed a decrease of more than 10 times in the rate of Ig
GC compared with wild-type cells (Fig. 3C and SI Appendix, Fig.
S6); this great decrease is in agreement with the data of sIgM
reexpression (Fig. 3B). An approximately three times decrease in
the rate of TLS-dependent Ig V diversification in PIAS1−/−/
PIAS4−/− cells indicates the potential role of the PCNA
SUMOylation in TLS by DNA polymerases other than Polη (43)
(Fig. 3C and SI Appendix, Fig. S6). The ratio of TS-dependent Ig V
diversification relative to the TLS-dependent one was decreased by
four times in PIAS1−/−/PIAS4−/− cells in comparison with wild-type
cells. The degree of this decrease was in the same order of
magnitude as the two times decrease in the ratio of TS relative to
TLS evaluated by the piggyBlock assay (SI Appendix, Fig. S4).
Taken together, PIAS1 and PIAS4 are required for efficient TS-
mediated Ig V diversification.

An Epistatic Relationship Between PIAS1−/−/PIAS4−/− and PCNAK164R/K164R

Mutations in Ig GC.Unlike Ubc13 of S. cerevisiae, Ubc13 of metazoan
cells plays an important role in HR-mediated DSB repair (44, 45).
Remarkably, UBC13−/− DT40 cells displayed defective gap filling
following UV irradiation (44) as seen in Polη-deficient cells. More-
over, they displayed a more than 10 times decrease in the rate of
TLS-mediated Ig V hypermutation (PMs in Fig. 3C and SI Appendix,
Fig. S6) in comparison with the wild-type cells. These observations
suggest that TS might be controlled by a mechanism other than
polyubiquitylation of PCNA. Unexpectedly, DT40 cells carrying the
Lysine164 to Arginine mutation of PCNA (PCNAK164R/K164Rmutation)
(46) showed a 90% decrease in Ig GC in addition to a decrease in
TLS-dependent hypermutation at the Ig Vλ gene (Fig. 3C and SI
Appendix, Fig. S6) as reported previously (46). This observation
led us to hypothesize that SUMOylation at K164 of PCNA by PIAS1
and PIAS4 might be required for efficient Ig GC.
To test the hypothesis, we explored a genetic interaction be-

tween the PCNAK164R/K164R and the PIAS1−/−/PIAS4−/− muta-
tions. To this end, the K164R mutation was inserted in the
PCNA gene of PIAS1−/−/PIAS4−/− cells (SI Appendix, Fig. S5 A
and B). The resulting PIAS1−/−/PIAS4−/−/PCNAK164R/K164R cells
were then examined for the rate of Ig GC. The frequency of Ig
gene conversion was very similar between the PIAS1−/−/
PIAS4−/− and the PIAS1−/−/PIAS4−/−/PCNAK164R/K164R clones
with these clones showing a two times lower rate of Ig GC in
comparison with the PCNAK164R/K164R clone (Fig. 3C and SI
Appendix, Fig. S6). Thus, the PIAS1−/−/PIAS4−/− mutation has
an epistatic relationship with the PCNAK164R/K164R mutation in
terms of Ig GC. The epistatic relationship supports the idea that
the SUMOylation at K164 of PCNA is promoted by PIAS1 and
PIAS4 in the up-regulation of TS by HR.
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Fig. 2. PIAS1−/−/PIAS4−/− and POLH−/− mutations cause a synergistic increase
in the sensitivity of TK6 cells to cisplatin and UV. (A and B) Clonogenic cell
survival assay following exposure of indicated cell lines to UV (A) and cis-
platin (B). Lethal dose 50% (LD50) is the dose of DNA-damaging agents that
reduces cellular survival to 50% relative to cells nontreated with DNA-
damaging agents. The error bars show the SD of the mean of, at least,
three independent experiments. Statistical analyses were performed by
Student’s t test (*P < 0.01).
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SUMOylation of PCNA by PIAS1 and PIAS4.We investigated whether
PIAS1 and PIAS4 performed SUMOylation at the K164 residue
of PCNA. To detect the SUMOylation of PCNA, we transfected
an expression construct encoding 6His-tagged human SUMO1
into cells by retroviral infection (SI Appendix, Fig. S7) (47),
isolated cellular extracts in the denaturing condition, and pulled
down his-tagged SUMOylated proteins by the nickel column. To
enhance SUMOylation, we also ectopically expressed the human
Ubc9 E2 conjugating enzyme (48). We confirmed the identity of
bands corresponding to SUMOylated PCNA at the K164 residue
by comparing theWestern blot analysis ofwild-type and PCNAK164R/K164R

cells (Fig. 4). We analyzed cells having no exogenous genotoxic
stress since previous studies reported that treatment of wild-type
cells with an alkylating agent or UV has no detectable impact on
the SUMOylation of PCNA (30, 31). We also confirmed that the
SUMOylation of PCNA is damage independent (SI Appendix,
Fig. S5C) and the signal for SUMOylated PCNA was seen in
wild-type but not PCNAK164R/K164R cells (Fig. 4). This signal was
significantly reduced in PIAS1−/−/PIAS4−/− cells in comparison
with wild-type cells, indicating the role played by PIAS1 and PIAS4
in the SUMOylation of PCNA (Fig. 4). We then investigated
whether SUMOylation of PCNA by PIAS1 and PIAS4 has any
effect on the ubiquitylation of PCNA. The extent of PCNA ubiq-
uitylation is very similar between the wild-type and the PIAS1−/−/
PIAS4−/− cells (SI Appendix, Fig. S5D).

The PCNA-SUMO1 Hybrid Protein Restores TS of PIAS1−/−/PIAS4−/−

Cells. We tested whether or not the SUMOylation of PCNA facili-
tates TS. To this end, we employed a PCNA-SUMO1 chimeric
protein, C-terminal fusion of SUMO1 (SI Appendix, Figs. S8 and S9).
The ectopic expression of PCNA-SUMO1 inhibits DSB formation in
the cells during a treatment with replication-blocking alkylating
agents (31). We tested the effect of PCNA-SUMO1 on TS by using
the following three phenotypic assays: Ig GC, UV-induced SCE in
DT40 cells, and UV sensitivity of TK6 cells. Ectopic expression of
PCNA-SUMO1 or PCNA had no detectable impact on the rate of Ig
GC in wild-type cells evaluated by measuring the reexpression of sIgM

(Fig. 5A and SI Appendix, Fig. S8C). Remarkably, the expression of
PCNA-SUMO1 but not PCNA restored the rate of Ig GC in
PIAS1−/−/PIAS4−/− DT40 cells to a nearly normal level. Likewise,
the expression of PCNA-SUMO1 but not PCNA restored the fre-
quency of UV-induced SCE in PIAS1−/−/PIAS4−/− DT40 cells (Fig.
5B and SI Appendix, Fig. S8D). We assessed the effect of PCNA-
SUMO1 expression on UV sensitivity of TK6 cells. The presence of
PCNA-SUMO1 significantly increased cellular tolerance to UV in
PIAS1−/−/PIAS4−/−/POLΗ−/−/XPA−/− cells but not in POLH−/−/
XPA−/− cells (Fig. 5C). To explore the involvement of interactions
between SUMO1 and SUMO-interacting motifs (SIMs) of potential
downstream molecules in DDT, we introduced mutations in the
SUMO1 part of the fusion protein which mutations compromise
interactions of SUMO1 with SIMs (49). The mutated SUMO-PCNA
chimeric proteins failed to increase cellular tolerance to UV in
PIAS1−/−/PIAS4−/−/POLΗ−/−/XPA−/− cells (SI Appendix, Fig.
S10). Collectively, PCNA-SUMO1 is capable of suppressing a
defect in TS in both chicken DT40 and human TK6 cells. To
summarize, our current paper revealed the critical role for the
SUMOylation of PCNA by PIAS1 and PIAS4 in the promotion
of TS by HR.

Discussion
We here show that PIAS1 and PIAS4 facilitate TS by HR in
human TK6 and chicken DT40 B cell lines. We evaluated TS by
employing four phenotypic assays, (i) SCE-induced by cisplatin
and UV (Fig. 1), (ii) UV sensitivity of PIAS1−/−/PIAS4−/−,
POLH−/−, and PIAS1−/−/PIAS4−/−/POLH−/− cells (Fig. 2A), (iii)
a transposon-based TS substrate carrying GpC opposite the T-T
CPD (SI Appendix, Fig. S4), and (iv) Ig GC (Fig. 3). These four
phenotypic assays consistently showed that the loss of PIAS1 and
PIAS4 caused decreases in the frequency of TS. Observed lack of
SUMOylation at K164 of PCNA in vivo in the absence of PIAS1
and PIAS4 (Fig. 4) indicates that these two enzymes promote the
SUMOylation event. We also show that PIAS1 and PIAS4 fa-
cilitate TS in DT40 cells, most likely through SUMOylation of
PCNA at the K164 residue. An epistatic relationship between the
PCNAK164R and the PIAS1−/−/PIAS4−/− mutations in Ig GC sug-
gests a functional relationship between the PCNA SUMOylation
and the TS-dependent Ig diversification. This idea is further
supported by the data that the ectopic expression of PCNA-
SUMO1 reversed the defective TS of PIAS1−/−/PIAS4−/− cells
(Fig. 5 and SI Appendix, Fig. S8). We conclude that the SUMOylation
at K164 of PCNA by PIAS1 and PIAS4 ensures the preferential
usage of TS over TLS in DDT, preventing mutagenesis by TLS
during physiological DNA replication.
Yeast genetic studies have indicated that HR facilitates TS

(11, 50). We propose that PIAS1 and PIAS4 promote TS but not
HR-dependent DSB repair during DNA replication. First,
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PIAS1−/−/PIAS4−/− DT40 and TK6 cells underwent significant
decreases in SCEs induced by UV and cisplatin (Fig. 1). More-
over, PIAS1−/−/PIAS4−/− cells displayed over 90% decreases in
the rate of TS-mediated Ig V diversification (Fig. 3). Second,
although HR-deficient cells are sensitive to UV and cisplatin (51,
52), the PIAS1−/−/PIAS4−/− mutation increases the sensitivity to
cisplatin and UV only in the POLH−/− TK6 cells but not in the
wild-type cells (Fig. 2). Considering a substantial functional
overlap between TLS and TS, these sensitivity data also support
the role of PIAS1 and PIAS4 in the promotion of TS. Collec-
tively, we propose that PIAS1 and PIAS4 shift the usage of the
two DDT pathways from TLS to TS without affecting the effi-
ciency of general HR.
The molecular mechanism for activation of TS by PCNA

polyubiquitylation is poorly understood in S. cerevisiae (6). Likewise,
it is unclear how PCNA SUMOylation affects TS in DT40 cells.
SUMOylated PCNA might provide a platform for HR factors in-
cluding the Rad51 recombinase since purified mammalian RAD51
interacts noncovalently with SUMO (53). SUMOylated PCNA may
also recruit poly[ADP ribose]polymerase 1 (PARP1) and ELG1/
ATAD5, and thereby activate TS. PARP1 is required for efficient Ig
gene conversion in DT40 cells (54). Polymers formed by SUMOy-
lation and PARylation cooperate to achieve robust responses (55).
ELG1/ATAD5 has a SIM and physically interacts with both
ubiquitin-specific protease 1 and PCNAs that are localized at rep-
lication forks stalled at damaged template strands (56, 57). ELG1
stably associating with SUMOylated PCNA may increase the

relative usage of TS by decreasing the level of PCNA ubiquitination.
PIAS1 and PIAS4 can activate TS by SUMOylating molecules other
than the K164 residue of PCNA because PIAS1−/−/PIAS4−/− cells
showed a more severe phenotype in Ig gene conversion than did
PCNAK164R/K164R DT40 cells (Fig. 3C and SI Appendix, Fig. S6).
PIAS1 and PIAS4 might SUMOylate PARP1 since SUMOylated
PARP-1 is constitutively associated with chromatin (58). Another
question is the role for PIAS1 and PIAS4 in PCNA SUMOylation,
as they are dispensable for in vitro SUMOylation of PCNA as
previously reported (31). Unidentified molecules might facilitate an
interaction between PCNA and these E3 ligases in vivo, which is
supported by a recent finding indicating a noncatalytic role of
Rad18 in SUMOylation of Polη (59).
The role of PCNA polyubiquitylation at the K164 residue

seems to be distinctly different among S. cerevisiae, S. pombe, and
metazoan cells since Ubc13 significantly promotes TLS in S.
pombe (25) and DT40 cells (Fig. 3C and SI Appendix, Fig. S6) but
not in S. cerevisiae (6). This is supported by the data that RNF8, a
ubiquitin ligase, play a role with Ubc13 in PCNA polyubiquitylation
(60) and are required for efficient TLS-mediated Ig V di-
versification in DT40 cells (34). The role of PCNA SUMOylation at
the K164 residue might also differ between S. cerevisiae and meta-
zoan cells. The PCNA SUMOylation suppresses crossover-type HR
by recruiting the Srs2 DNA helicase, an antirecombinase, at the site
of stalled replication forks in S. cerevisiae (27, 61). Likewise, mam-
malian C12orf48/PARI (PARPBP), a potential Srs2 functional
ortholog, suppresses HR-mediated DSB repair during DNA repli-
cation in both human and chicken cell lines (62). The data suggest
an important role played by interactions between SUMOylated
PCNA and PARI in suppressing TS as well as HR-mediated
DSB repair. Nonetheless, a recent report indicated that inter-
actions of Srs2 with Rad51 and PCNA-SUMO promote
noncrossover-type HR in S. cerevisiae (63). We show that the
primary role of PCNA SUMOylation at the K164 residue is to
facilitate TS by HR. Considering the potential role of the
PCNA SUMOylation in TLS as well as TS in DT40 cells (Fig.
3C and SI Appendix, Fig. S6), the regulation of DDT by PCNA
SUMOylation is more complex in metazoan cells in comparison
with S. cerevisiae.
Our paper sheds light on the distinct roles played by TS and

TLS in DDT. PIAS1−/−/PIAS4−/− mutation increases the sensi-
tivity to cisplatin and UV only in a TLS-deficient background but
not in a wild-type one (Fig. 2). Moreover, RAD18−/− but not
PIAS1−/−/PIAS4−/− cells show sensitivity to cisplatin or UV. These
observations suggest that TLS is preferentially used over TS in
DDT to repair excess amounts of DNA lesions caused by envi-
ronmental factors. This idea agrees with the data that treatment of
cells with DNA-damaging agents trigger the monoubiquitylation
of PCNA (64, 65) but do not enhance the SUMOylation of PCNA
(SI Appendix, Fig. S5C) (30, 31). Taken together, we propose that
the SUMOylation contributes to a dominant usage of TS in DDT
during the normal cell cycle. By contrast, the monoubiquitylation
of PCNA by Rad18 (64, 65) is to counteract against excess num-
bers of DNA lesions induced by environmental mutagens, in-
cluding UV and chemotherapeutic agents by up-regulating TLS.

Materials and Methods
Measurement of SCE Levels. SCE levels were measured as described previously
(14, 66).

Colony-Survival Assay. Cell sensitivity to DNA-damaging agents was evaluated
by counting colony formation in methylcellulose plates as described
previously (67).

Nucleotide Sequence Analysis of AID-Induced Ig V Diversification. Ectopic ex-
pression of AID by retroviral infection and analysis of Ig V diversification was
carried out as described previously (29, 41, 34).
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