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Polymerase iota (Pol ι) prevents PrimPol-mediated
nascent DNA synthesis and chromosome instability
Sabrina F. Mansilla1†, Agostina P. Bertolin1,2†, Sofía Venerus Arbilla1†, Bryan A. Castaño3,
Tiya Jahjah4,5, Jenny K. Singh4,5, Sebastián O. Siri1, María Victoria Castro1,
María Belén de la Vega1, Annabel Quinet4,5, Lisa Wiesmüller3*, Vanesa Gottifredi1*

Recent studies have described a DNA damage tolerance pathway choice that involves a competition between
PrimPol-mediated repriming and fork reversal. Screening different translesion DNA synthesis (TLS) polymerases
by the use of tools for their depletion, we identified a unique role of Pol ι in regulating such a pathway choice. Pol
ι deficiency unleashes PrimPol-dependent repriming, which accelerates DNA replication in a pathway that is
epistatic with ZRANB3 knockdown. In Pol ι–depleted cells, the excess participation of PrimPol in nascent DNA
elongation reduces replication stress signals, but thereby also checkpoint activation in S phase, triggering chro-
mosome instability in M phase. This TLS-independent function of Pol ι requires its PCNA-interacting but not its
polymerase domain. Our findings unravel an unanticipated role of Pol ι in protecting the genome stability of
cells from detrimental changes in DNA replication dynamics caused by PrimPol.
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INTRODUCTION
DNA damage is frequent in cells, and DNA repair mechanisms are
not efficient enough to prevent the encounter of replication forks
with damaged DNA (1). The highly processive replicative DNA po-
lymerases stall at these locations as they cannot accommodate
damaged DNA in their active sites (2). Then, specialized DNA po-
lymerases, capable of using damaged DNA as replication templates,
are recruited to the replisome to perform translesion DNA synthesis
(TLS) across damaged DNA, safeguarding DNA replication conti-
nuity (2). Different specialized DNA polymerases are critical for
TLS across specific DNA lesions. For example, polymerase (Pol)
eta (η) from the Y family of DNA polymerases is essential for
TLS across cyclobutane pyrimidine dimers (CPDs) (2), while Pol
kappa (κ) is required for TLS across benzo[a]pyrenediol-epoxide
(BPDE)–induced DNA lesions (3), and it promotes DNA synthesis
and replication stress recovery at stalled forks under conditions of
nucleotide deprivation (4). Pol zeta (ζ), from the B family of DNA
polymerases, can bypass and extend tracks initiated by other spe-
cialized polymerases (3). REV1 is central for switching from repli-
cative DNA polymerases to TLS polymerases at forks that encounter
DNA lesions (3) and may have a role as a platform during TLS (3).
On the other hand, PrimPol promotes DNA replication-restart
downstream of DNA lesions (5–7), including replication traverse
of DNA interstrand cross-links (8).While a crucial role for each spe-
cialized DNA polymerase during DNA replication events across at
least one type of DNA lesion has been identified, Pol iota (ι) is con-
sidered a backup enzyme with no essential role in TLS (9).

During the past years, the role of specialized polymerases in TLS-
independent DNA replication events has emerged. For example, we
have recently proposed a role of Pol ι in fork reversal (10). Pol κ was
reported to increase the abundance of single-stranded DNA/
double-stranded DNA (ssDNA/dsDNA) hybrids at replication
forks to promote checkpoint activation (11). Specialized polymer-
ases also participate in DNA repair, as is the case for Pol η and Pol κ
in nucleotide excision repair (12–15), Pol ζ in DNA interstrand
cross-link repair (16), or Pol ι in base excision repair, yet the
latter to a very limited extent (17). They also contribute to DNA rep-
lication under unperturbed conditions, for example, Pol η is re-
quired to duplicate DNA at hard-to-replicate regions (18). These
results indicate that the role of specialized DNA polymerases in
the DDR (DNA damage response) exceeds their involvement in
TLS. Given their positive contribution to different aspects of
DDR, it is expected that the loss of any specialized DNA polymerase
should cause a similar increment of the levels of DNA damage–
induced replication stress (4, 19).

We reasoned that a side-by-side comparison, based on the levels
of a DNA damage–induced global DDR marker, such as is the case
for γH2AX, would indicate the extent of augmentation of replica-
tion stress that results from the loss of each specialized DNA poly-
merase. Hence, γH2AX accumulation was assessed in cancer cells
depleted from each of the abovementioned DNA polymerases and
treated with the widely used chemotherapeutic agent cisplatin
(CDDP) (16). γH2AX increased in cells depleted of most DNA po-
lymerases tested, with the notable exception of Pol ι, whose deple-
tion caused an unexpected reduction in γH2AX and other stress
markers. Such alterations depended on the excess participation of
PrimPol in DNA replication. In the absence of Pol ι, PrimPol pro-
moted repriming during nascent DNA elongation and consequent
accumulation of postreplicative ssDNA gaps. Such a change in the
DNA damage tolerance pathway favored a premature and check-
point-blind S phase finalization, followed by augmented levels of
under-replicated DNA in the M phase, aberrant anaphases, and mi-
cronuclei. Together, these results unraveled the role of Pol ι in cou-
pling DNA elongation rates and checkpoint activation, which
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prevents rapid Sphase progression and untimely M phase progres-
sion to prevent the accumulation of genomically unstable cells.

RESULTS
γH2AX up-regulation after DNA damage is impaired in Pol
ι–depleted cells
To explore the level of redundancy between different specialized
DNA polymerases, we transiently down-regulated the ones with a
reported role in DNA damage tolerance: η (2), ι (10), REV1 (3), κ
(3), REV3 (3), and PrimPol (8) in U2OS cells using small interfering
RNA (siRNA) technology. Down-regulations were validated using
antibodies against the indicated endogenously expressed DNA po-
lymerases (Fig. 1A) or quantitative reverse transcription polymerase
chain reaction (qRT-PCR) and also verified after transfecting green
fluorescent protein (GFP)–tagged versions of the indicated DNA
polymerases (fig. S1A). We focused our analysis on CDDP as it is
broadly used for cancer treatment and is a well-known trigger for
TLS activation. In agreement with a previous report (20), CDDP
causes a steep up-regulation of γH2AX in the vast majority of the
cells, and the accumulation of massive replication stress revealed as
pan-nuclear γH2AX in a portion of the cells (fig. S1B). We focused
our initial analysis on the levels of pan-nuclear γH2AX, and
samples were evaluated 24 hours after CDDP treatment. As previ-
ously reported (20), in control samples (Luc-siRNA transfection),
CDDP treatment caused a notable accumulation of pan-nuclear
and focal γH2AX (fig. S1B). In agreement with the known contri-
bution of these polymerases to the DDR, single or combined deple-
tions of most polymerases increased the percentage of cells with
pan-nuclear accumulation of γH2AX, albeit to different extents
(fig. S1C and representative images in Fig. 1B). These results
imply that replication stress increases when these specialized
DNA polymerases are missing, suggesting a contribution to the
DDR post-CDDP. Notably, however, Pol ι depletion caused the op-
posite effect on the levels of pan-nuclear γH2AX (fig. S1C and rep-
resentative images in Fig. 1B), which was more clearly evidenced
when the effect of Pol ι knockdown was expressed relative to the
induction of pan-nuclear γH2AX in control samples (siLuc) or
double knockdown relative to single DNA polymerase knockdown
(Fig. 1C). This means that Pol ι, opposite to other specialized DNA
polymerases, augments (rather than prevents) replication stress
post-CDDP. Notably, such a stimulatory effect of Pol ι on pan-
nuclear γH2AX accumulation is also revealed under conditions of
concomitant depletion of other specialized polymerases (Fig. 1C
and fig. S1C), implying that the effect of Pol ι on pan-nuclear
γH2AX accumulation is independent of other specialized polymer-
ases. These observations were verified using a second siRNA (fig.
S1D), Pol ι knockout (KO) clones generated in U2OS cells using
CRISPR-Cas9 technology (Fig. 1, D to F, and fig. S1E), and Pol ι
depletion in HCT116 and RPE-1 cells [fig. S1, F and G; note that
in RPE-1 cells (fig. S1G), pan-nuclear γH2AXwas barely detectable,
which is why γH2AX intensity was analyzed]. Impaired accumula-
tion of γH2AX in two independent Pol ι KO clones was rescued
when transiently introducing exogenous Pol ι and a polymerase-
dead (PD) mutant but not a mutant that cannot interact with pro-
liferating cell nuclear antigen (PCNA) (Fig. 1, G to I). These
mutants were previously described in (21) and (22), respectively,
were similarly expressed after transfection (percentages of transfec-
tion of 30 to 40%), and were validated in their capacity to form

nuclear foci after ultraviolet (UV) treatment (fig. S2, A and B).
These data confirmed the requirement of Pol ι for optimal
γH2AX accumulation and indicated that such a role of Pol ι is as-
sociated with its loading to PCNA but not its ability to synthesize
DNA. The focal organization of 53BP1, another replication stress
marker, was also impaired in Pol ι knockdown cells (fig. S2, C
and D). In conclusion, Pol ι depletion mitigated the accumulation
of pan-nuclear γH2AX and 53BP1 foci after CDDP treatment.

Different checkpoint-associated markers are down-
regulated in Pol ι–depleted cells
To test whether the positive contribution of Pol ι to the accumula-
tion of pan-nuclear γH2AX and 53BP1 nuclear foci was restricted to
CDDP treatment, we transiently silenced Pol ι or used the KO clones
and applied treatments that activate DDR via distinct lesions such as
after exposure to hydroxyurea or UV irradiation. Again, Pol ι deple-
tion caused a reduction in pan-nuclear γH2AX and 53BP1 nuclear
foci accumulation after those treatments (fig. S3).

The DDR markers assessed above accumulate due to the activa-
tion of checkpoint sensors and effectors (23). Therefore, we won-
dered if Pol ι depletion affects other DDR proteins
phosphorylated by checkpoint sensors and effector kinases. The
phosphorylation of different marker proteins after CDDP treatment
was reduced in Pol ι–depleted cells when compared to control
samples, including the phosphorylation of Chk1 at Ser345, which re-
vealed ATR activation (24), and the phosphorylation of KAP1 at
Ser824 and RPA at Ser4/8, which are markers of double-strand
break (DSB)–triggered signaling (Fig. 2A) (25, 26). Results obtained
with the KO clones were in agreement with those generated using
siPol ι (fig. S4A). We also detected similar defects in other cell lines
subjected to Pol ι depletion (Fig. 2B and fig. S4, B to E). Together,
these results demonstrate that Pol ι depletion or elimination causes a
global down-regulation of DDR markers and suggest a common
cause for the down-regulation of such DDRmarkers. We, therefore,
evaluated whether Pol ι knockdown or KO ruled over the levels of
CDDP-induced RPA foci in U2OS cells (Fig. 2, C and D, and fig. S4,
F and G). This result suggests that Pol ι promotes the accumulation
of ssDNA. To more directly test this possibility, we performed a 36-
hour 5-chloro-2′-deoxyuridine (CldU) or 5-bromo-2′-deoxyuri-
dine (BrdU) incorporation followed by a nondenaturing detection
of the thymidine analog (Fig. 2E) (20), which revealed the accumu-
lation of stretches of ssDNA in Pol ι–depleted (Fig. 2, F and G) or
KO cells (fig. S4H). Together, these results suggest that the focal ac-
cumulation of RPA and its downstream signals are reduced at an
early stage in Pol ι–deficient cells, implying a requirement of Pol ι
for the accumulation of ssDNA during DNA replication.

Pol ι depletion promotes nascent DNA synthesis in a
manner that is independent of the up-regulation of TLS or
NER events
To understand the mechanism by which Pol ι contributes to check-
point activation, we first analyzed the DNA replication dynamics in
control and Pol ι–depleted samples. As a consequence of the stalling
of replication forks, the accumulation of DNA damage is expected
to cause the shortening of nascent replication tracks and the spread-
ing of undamaged/damaged track ratios obtained from dual-
colored DNA molecules (27). Accumulated evidence indicates
that the ratios between a first track reflecting unperturbed replica-
tion and a second track reflecting replication of damaged DNA
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Fig. 1. Depletion of Pol ι mitigates pan-nuclear γH2AX accumulation after CDDP treatment. (A) Western blot showing the down-regulation of the indicated DNA
polymerases in U2OS samples. Ku70 and tubulin were used as loading controls. (B) Representative fields showing pan-nuclear γH2AX in U2OS cells treated with CDDP (6
μg/ml). (C) Fold change in the number of U2OS nuclei with pan-nuclear γH2AX; at least 450 nuclei per condition were quantified in two or three independent exper-
iments. Statistical analysis for this and all experiments in this article: values labeled with the same letter are not significantly different. Significant differences have a
P < 0.05 or lower; see Materials and Methods for a detailed explanation (statistics: Student’s t test was performed for each pair of samples). (D) Western blot of
samples from Pol ι wild-type control (wt) and Pol ι KO U2OS clones developed with a Pol ι antibody and actin was used as a loading control. (E) Representative
images showing pan-nuclear γH2AX staining in control (wt) and Pol ι KO U2OS clones KO13 and KO24 treated with CDDP (12 μg/ml). (F) Fold changes in pan-nuclear
γH2AX–positive cells in control (wt) and Pol ι KO U2OS cells treated with CDDP (12 μg/ml). More than 300 nuclei per sample were analyzed. Dots represent the individual
values of two independent experiments [statistics: one-way analysis of variance (ANOVA) and Tukey post-test]. (G) Schematic representations of GFP–Pol ιwild-type (WT)
and point mutations that disrupt the polymerase and the PCNA-binding domains. PD, polymerase dead; PIPD, PCNA-interacting domain dead. (H) Fold changes in pan-
nuclear γH2AX in control (wt) and Pol ι KO U2OS cells transfected with GFP-EV (empty vector), GFP–Pol ιWT, PD, and PIPD, treated with CDDP (12 μg/ml). More than 200
GFP-positive cells per sample were analyzed. Dots represent the individual values of two independent experiments (statistics: one-way ANOVA and Tukey post-test). (I)
Representative images from the experiment shown in (H).
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Fig. 2. Pol ι depletion impairs checkpoint activation. (A) Western blot analysis of U2OS cells transfectedwith the indicated siRNAs treated with CDDP (6 μg/ml) or mock
treatment (NT). Checkpoint effectors (γH2AX, pChk1S345, pKapS894, and pRPAS4S8) were detected with specific antibodies. Ku70 was used as a loading control. (B) Western
blot analysis of HCT116 cells treated and processed as in (A). (C) Representative fields of U2OS cells treated with CDDP (6 μg/ml) and subjected to RPA immunodetection.
(D) Average number of RPA foci (mean ± SD) from the experiments shown in (C). More than 250 cells per sample were analyzed in three independent experiments
(statistics: one-way ANOVA and Tukey post-test). (E) Schematic representation of the protocol used to quantify ssDNA under nondenaturing conditions. (F) Representative
fields of cells treated as described in (E). (G) Percentages (mean ± SD) of CldU-positive U2OS cells transfected with control siRNA (siLuc) or siPol ι and treated with CDDP (6
μg/ml). More than 400 nuclei per sample were analyzed in three independent experiments (statistics: Student’s t test).
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should increase and spread when TLS polymerases are lost (27, 28).
Accordingly, we performed the fiber assay using 10-min CldU fol-
lowed by 30-min 5-iodo-2′-deoxyuridine (IdU) (Fig. 3A). As antic-
ipated, in control samples, in which the replication speed for CldU
and IdU is unaltered, the CldU/IdU ratio was ≅0.33, revealing a
constant speed during incorporation times of 10 and 30 min
(Fig. 3B and fig. S5A). As expected, in siLuc control samples,
CDDP treatment reduced the length of the second track, increasing
the ratios with the additional spreading of the values as compared to
the mock treatment (Fig. 3B and fig. S5B). While it could be

speculated that shortening of the second track is the consequence
of augmented template DNA breakage at DNA damage sites, previ-
ous work from our laboratory indicates that DNA shortening after
DNA damage is not due to fork breakage, as DNA counterstaining
revealed that only a small fraction (less than 10%) of forks localized
on discontinuous DNA after DNA damage (28). Also, the DNA
track length was insignificantly modified when excluding the
broken fibers from the quantification (28). Notably, in Pol ι–deplet-
ed samples, the ratio was maintained at 0.33 even after CDDP treat-
ment (fig. S5C) without spreading the track ratios in treated versus

Fig. 3. Pol ι depletion facilitates nascent DNA synthesis across replication barriers. (A) Top: Labeling protocol used for the fiber assay in this and all figures that
follow, if not indicated otherwise. Bottom: Representative DNA fiber spread fields of U2OS cells transfected with siLuc or siPol ι with or without CDDP (1 μM) exposure.
White arrows indicate single DNA fibers that were quantified. (B) Distribution of CldU/IdU ratios (frequency) of U2OS cells transfected with siLuc or siPol ιwith or without
CDDP (1 μM) treatment. At least 180 fibers per condition were quantified in total in two independent experiments. (C) Representative images of U2OS nuclei transfected
with GFP–Pol η or GFP-REV1 with or without focal organization of the indicated DNA polymerases. (D) Percentage (mean) of U2OS cells with nuclear foci of GFP–Pol η and
GFP-REV1. Samples were transfected with siLuc and siPol ι, treated with CDDP (6 μg/ml). Two hundred GFP-positive nuclei were quantified. Dots represent individual
values of two independent experiments (statistics: one-way ANOVA and Tukey post-test). (E) Western blot analysis of samples from control and Pol ι–depleted U2OS either
mock-treated (NT) or treated with CDDP or UV irradiation. PCNA ubiquitination (Ubi) and PCNA-specific antibodies were used. Ku70 was used as a loading control. Pol ι
levels from the same samples were developed on a separate membrane. (F) Quantification of PCNA ubiquitination from four independent Western blot gels (statistics:
one-way ANOVA and Tukey post-test).
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untreated cells (Fig. 3B). Notably, these results suggest that replica-
tion barriers do not cause fork stalling or DNA breaks in Pol ι–de-
pleted samples.

Another way to evaluate TLS efficiency is to study the focal or-
ganization of TLS polymerases. After DNA damage formation, spe-
cialized polymerases accumulate into nuclear foci that colocalize
with replication factories (29); such relocation of specialized poly-
merases to sites of DNA synthesis indicates TLS activation (19).
When a specialized TLS polymerase is lost, other TLS polymerases
attempt to compensate for their functional loss (30, 31). However,
Pol ι depletion did not change the efficiency of other specialized po-
lymerases’ recruitment to such nuclear locations after exposure to
CDDP (Fig. 3, C and D), UV irradiation (fig. S5D), or hydroxyurea
(fig. S5E), suggesting that the contribution of Pol ι to the replication
dynamics is not because of a role of Pol ι in TLS. Another marker of
TLS activation is PCNA monoubiquitination (32), but Pol ι deple-
tion did not cause an up-regulation of this TLS parameter (Fig. 3, E
and F). Hence, Pol ι depletion was not compensated by the accumu-
lation of TLS markers.

Another possibility that could explain faster replication speed is
the more efficient removal of DNA lesions by nucleotide excision
repair (NER) (12), which is the DNA replication mechanism that
removes most CDDP- and UV-induced DNA lesions (33). We,
therefore, analyzed the repair kinetics of the UV-induced DNA
damage CPDs in control versus Pol ι–depleted samples. CPD
removal was not affected by the levels of Pol ι (fig. S5, F and G).
Hence, Pol ι knockdown disfavors the stalling of forks at DNA
lesions in a manner independent of its participation in TLS or
NER events.

Pol ι depletion leads to faster replication and decreased
replication stress markers under untreated conditions
We thenmoved forward to analyze the replication program of Pol ι–
depleted cells under unperturbed conditions and noticed longer
DNA tracks when Pol ι was depleted or knocked out (approximately
25% increase in track length; see Fig. 4, A and B, and fig. S6, A and
B). Accelerated nascent DNA elongation in Pol ι KO cells was re-
verted by transfection of exogenous Pol ι, demonstrating the specif-
icity for Pol ι (fig. S6C). These data suggest that Pol ι depletion
unleashes nascent DNA elongation in a manner that is independent
of exogenous DNA damage. Furthermore, we found an epistatic
effect of simultaneous depletion of Pol ι and p53 on restricting ex-
cessive DNA elongation (fig. S7, A and B). This result suggests that
Pol ι activity at replication forks is linked to functions of the p53
tumor suppressor, in agreement with our previous reports (10, 34).

In addition to altering fork speed, Pol ι depletion also dysregu-
lated origin firing (Fig. 4C). Given that we observed longer tracks
and increased origin firing, we evaluated if the concomitant aug-
mentation of both parameters modulated the length of the S
phase (35). To do so, we applied two pulses of thymidine analogs
with increasing interval lengths between pulses. The faster the tran-
sition through the S phase, the higher the proportion of cells
marked with the first analog only (CldU only %). Using this ap-
proach, we observed that Pol ι–depleted cells were at least 1.2-fold
faster at transiting S phase than control samples (Fig. 4, D to F). In
agreement with these results, the global rate of DNA synthesis, as
measured by total BrdU incorporation (Fig. 4, G and H), was
higher in Pol ι–depleted samples. While the up-regulation of fork
elongation speed was reported to correlate with increased

replication stress in other settings (36), replication stress markers
were lower in Pol ι–depleted samples than in control samples.
This was the case when analyzing γH2AX intensity (Fig. 4, I and
J), RPA foci (Fig. 4, K and L), and checkpoint activation markers
(fig. S4, C to E), implying that the modulation of the replication dy-
namics and RPA-derived signaling observed after Pol ι depletion is
triggered under unperturbed conditions andmaintained after DNA
damage. Hence, Pol ι depletion increases global DNA replication
rates impairing basal replication stress signaling.

Unleashed DNA replication speed after Pol ι depletion
causes chromosome instability
We speculated that the peculiar combination of changes that follow
Pol ι depletion (i.e., ranging from DNA replication parameters in-
cluding increases of both nascent DNA track lengths and origin
firing frequency to the defective accumulation of checkpoint and
other DDR signals) could prompt a premature entrance to G2 and
M phase with unfinished DNA duplication. A way to test this hy-
pothesis is to measure mitotic DNA synthesis (MiDAS), which
should increase if DNA replication is not completed in S phase
(37). RAD52-mediated MiDAS levels increased in Pol ι–depleted
cells (fig. S8, A to C). We also found increased levels of other
mitotic defects, such as accumulation of anaphase aberrations
(Fig. 5, A to C) and micronuclei (38) in different cell lines depleted
or knocked out for Pol ι (Fig. 5, D and E). When testing the effect of
exogenous Pol ι, the wild-type and PD but not the PCNA-binding
[PCNA-interacting domain dead (PIPD)] mutant were able to
rescue Pol ι KO, thus implying that the up-regulation of chromo-
some instability and replication stress (Figs. 1H and 5F) are trig-
gered by a common mechanism promoted by Pol ι depletion.
Also, the proportion of G1 cells with 53BP1 nuclear bodies, which
are associated with DNA regions with under-replicated DNA in G1
(39), increased in Pol ι–depleted cells (fig. S8, D to F). In contrast to
MiDAS, anaphase aberrations, micronuclei, and 53BP1 nuclear
bodies observed after Pol ι depletion were up-regulated indepen-
dently of RAD52 expression (fig. S8, G to I), implying that chromo-
some instability induced by Pol ι depletion may result from
unresolved S-phase intermediates, which are not processed by
MiDAS in M phase.

PrimPol causes unleashed elongation of DNA replication
and chromosome instability in Pol ι–depleted cells
We reasoned that the RAD52-independent chromosome instability
in Pol ι–depleted cells was triggered by unleashed replication elon-
gation and/or origin firing. To determine whether these alterations
in the replication program could trigger chromosome instability, we
first tested if Pol ι affected both replication parameters independent-
ly. Therefore, we prevented changes in origin firing and tested if Pol
ι depletion could still augment the length of replication tracks. To do
so, we depleted different regulators of origin firing in the context of
Pol ι down-regulation. Specifically, we down-modulated factors in-
volved in the licensing or firing of origins (siCDC45, siCDT1, or
siCDC7) (40) or their regulators (siChk1) (Fig. 6, A and B) (24).
As expected, siPol ι failed to modulate origin firing in the context
of the abovementioned siRNAs (Fig. 6C and fig. S9). Notably, in all
backgrounds tested, Pol ι depletion caused nascent track lengthen-
ing (Fig. 6D). We concluded that fork elongation is directly regulat-
ed by Pol ι in a manner that is not dependent on the changes in
origin firing frequency.
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Fig. 4. Pol ι depletion speeds up S phase and reduces replication stress. (A) Representative DNA fibers fromU2OS cells. (B) IdU track length quantification. At least 280
fibers per condition were analyzed in three independent experiments. Median is shown in black (statistics: Mann-Whitney U test). (C) Percentage of origin firing
(mean ± SD) analyzed in (B) [(red-green-red + red only fibers)/total fibers]. At least 500 fibers per condition were analyzed in three independent experiments (statistics:
Student’s t test). (D) Schematic representation of experiments in (F). Cells were labeled with CldU (15′, green boxes), incubated with fresh medium (gray boxes), and
labeled with IdU (15′, red boxes). (E) Representative field analyzed in (F). Green arrows: Cells transiting S phase during the CldU but not the IdU pulse. Red arrows: Cells
entering S phase during the incorporation of the IdU pulse. Yellow arrows: Cells incorporating both analogs. (F) Quantification of cells incorporating CldU only (green
arrows) in two (for 0.75 mM HU) or three (for siLuc and siPol ι) independent experiments. At least 300 cells per sample were analyzed per condition. Number above each
bar indicates their fold difference (statistics: each time point was compared using a one-way ANOVA and Tukey post-test). (G) Representative fields of U2OS cells pulse-
labeled with BrdU for 15 min before fixation. (H) Quantification of BrdU intensity (box and whiskers plot with 5 to 95% confidence interval). At least 350 positive BrdU
nuclei per condition were analyzed in three independent experiments (statistics: Mann-Whitney U test). (I) Representative fields of γH2AX intensity in U2OS cells. (J)
Quantification of γH2AX intensity (box and whiskers plot with 5 to 95% confidence interval). At least 500 nuclei per condition were analyzed in two independent ex-
periments (statistics: Mann-Whitney U test). (K) Representative fields revealing RPA foci in U2OS cells. (L) Quantification (mean ± SD) of RPA foci per cell. At least 80 nuclei
per sample were analyzed in three independent experiments (statistics: Student’s t test).
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Fig. 5. Pol ι depletion causes the accumulation of chromosomal instability. (A) Representative images of normal and aberrant anaphases showing, e.g., lagging
chromosomes, anaphase bridges, and atypical anaphases. (B) Percentage (mean ± SD) of aberrant anaphases in U2OS cells transfected with siLuc and siPol ι. At least
40 anaphases per sample were analyzed in three independent experiments (statistics: Student’s t test). (C) Percentage (mean ± SD) of aberrant anaphases in U2OS cells
transfected with siLuc and siPol ι #2. At least 50 anaphases per sample were analyzed in three independent experiments (statistics: Student’s t test). (D) Representative
images of binucleated cells without (teal frame) and with (red frame) increasing number of micronuclei. (E) Percentage (mean ± SD) of binucleated cells with micronuclei
in U2OS, RPE-1, and HCT116 cells transfected with the indicated siRNAs, and in U2OS control (wt) and Pol ι KO clones. At least 150 binucleated cells per sample were
analyzed in three independent experiments (statistics: Student’s t test for U2OS, HCT116, and RPE-1 and one-way ANOVA with Tukey post-test for U2OS KO). (F) Left:
Percentage of binucleated cells with micronuclei in control (wt) and Pol ι KO U2OS cells transfected with GFP-EV, GFP–Pol ι WT, PD, and PIPD mutants. At least 200
binucleated cells per sample were analyzed. Dots represent the individual values of two independent experiments (statistics: one-way ANOVA and Tukey post-test).
Right: Representative images of transfected binucleated cells without (teal frame) and with (red frame) micronuclei.
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By carefully looking at our initial screening results (Fig. 1C), we
found that Pol ι depletion reduced the pan-nuclear γH2AX accu-
mulation in all backgrounds tested except for PrimPol-depleted
samples. Given that PrimPol promotes DNA replication elongation
(5, 7, 41), we hypothesized that PrimPol could trigger excess nascent
DNA elongation in Pol ι–depleted samples. We combined siPol ι
and siPrimPol and observed that PrimPol depletion abrogated un-
leashed nascent DNA synthesis by Pol ι knockdown (Fig. 7A). Con-
firming the functional association between p53 and Pol ι, PrimPol
depletion also reverted long nascent tracks in p53-depleted samples
(fig. S10A). Increased origin firing resulting from Pol ι depletion

was also attenuated by PrimPol depletion (Fig. 7B and fig. S10B),
suggesting that enhanced origin firing could result from reduced
replication stress signaling.

Given the crucial role of PrimPol in repriming (5–7), we won-
dered if the lengthening in track lengths after Pol ι depletion is
the result of discontinuous nascent DNA elongation. To assess for
the presence of postreplicative ssDNA gaps, we treated samples with
the ssDNA-specific S1 nuclease before DNA fiber spreading as pre-
viously described by us (42, 43). We found that S1 treatment leads to
shorter tracts upon Pol ι depletion, indicating the presence of gaps
(Fig. 7C and fig. S10C). Moreover, in PrimPol KO cells, in

Fig. 6. Pol ι depletion accelerates nascent DNA replication independently of excess origin firing. (A) Western blot of Pol ι, CDC7, CDC45, and Chk1 levels in U2OS
samples transfected with the indicated siRNAs. Actin was used as a loading control. (B) qRT-PCR revealing CDT1 mRNA levels normalized to GAPDH in U2OS samples
transfected with siLuc and siCDT1. Error bars represent the SD of two technical replicates of one representative experiment out of two independent ones (statistics:
Student’s t test). (C) Fold changes (mean ± SD) in origin firing in samples from U2OS cells transfected with the indicated siRNAs. The frequency of origin firing was
calculated as the relative number of origins [(red-green-red + red only fibers)/total fibers]. At least 300 fibers per condition were analyzed in three independent exper-
iments (statistics: Student’s t test). (D) IdU track length quantification from the same samples used in (C). At least a total of 240 fibers were analyzed in three independent
experiments. Median is shown in black as in all track length quantifications in this article (statistics: Kruskal-Wallis and Dunn post-test).

Mansilla et al., Sci. Adv. 9, eade7997 (2023) 14 April 2023 9 of 18

SC I ENCE ADVANCES | R E S EARCH ART I C L E
D

ow
nloaded from

 https://w
w

w
.science.org on June 05, 2023



Fig. 7. DNA damage tolerance after Pol ι depletion depends on PrimPol-dependent repriming. (A) IdU track lengths from U2OS cells transfected with the indicated
siRNAs. At least 180 fibers per condition were analyzed in two independent experiments (statistics: Kruskal-Wallis and Dunn post-test). (B) Fold changes of origin firing
from samples in (A). At least 200 fibers per condition were analyzed. Dots represent the individual values in two independent experiments (statistics: one-way ANOVA and
Tukey post-test). (C) Top: Representation of the fiber protocol used when adding the S1 nuclease. Bottom: IdU track length quantification fromU2OS cells transfectedwith
the indicated siRNAs, with (gray background) and without S1 treatment. Three hundred fibers per condition were analyzed in three independent experiments (statistics:
Kruskal-Wallis and Dunn post-test). (D) IdU track length from U2OS PrimPol KO cells transfected with the indicated siRNAs, with (gray background) and without S1 treat-
ment. At least 300 fibers per condition were analyzed in three independent experiments (statistics: Kruskal-Wallis and Dunn post-test). (E) IdU track length fromU2OS cells
transfected with the indicated siRNAs (#3 for Pol ι) and treated with 1 μM CDDP for the last 30 min. At least 240 fibers were analyzed per condition in two experiments
(statistics: Kruskal-Wallis and Dunn post-test). (F) Average (mean ± SD) CldU/IdU ratios of U2OS cells from samples in (E) (statistics: one-way ANOVA and Tukey post-test).
(G) Western blots of whole-cell extracts and insoluble fractions from control (wt) and Pol ι KO U2OS cells transfected with V5-PP. Tubulin was used to validate the ex-
traction protocol and actin as a loading control. V5 and actin were developed on the samemembrane, while two independentmembranes were used for Pol ι and tubulin.
(H) Western blots of whole-cell extracts and insoluble fractions of control (wt) and Pol ι KO U2OS cells transfected with V5-PP, after 4 hours of UV irradiation (40 J/m2)
processed as in (G).
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agreement with our data using siRNA, Pol ι depletion failed to
unleash DNA replication forks (Fig. 7D and fig. S10D). In addition,
S1 treatment in this background did not cause any tract shortening
(Fig. 7D). Together, these data point to PrimPol-dependent reprim-
ing after Pol ι depletion and consequent accumulation of postrepli-
cative ssDNA gaps.

Several recent studies (43–47) reported a competition between
PrimPol-mediated repriming and fork reversal. The depletion of
the fork reversal promoting factor ZRANB3 (zinc finger
RANBP2-type containing 3) (48) and of Pol ι have a similar and ep-
istatic impact on the length of nascent DNA tracks (Fig. 7, E and F,
and fig. S10E), suggesting that both Pol ι and ZRANB3 oppose
PrimPol-driven events. In agreement with this notion, we observed
that the levels of PrimPol in the triton-insoluble fraction are higher
in Pol ι–depleted samples than in samples expressing Pol ι (Fig. 7, G
and H).

We then tested if the choice of PrimPol-dependent repriming
tolerance events is the cause of the reduced replication stress signal-
ing and the augmented MiDAS and chromosome instability ob-
served after Pol ι depletion. The percentage of cells with a high
number of RPA foci after CDDP treatment was restored to
similar levels as in control samples when treated with a combination
of siPol ι/siPrimPol (fig. S11, A and B). This result suggests that rep-
riming and checkpoint activation are associated in Pol ι–depleted
cells, and they are simultaneously restored to control levels when
PrimPol is depleted. In line with a restoration of the DNA replica-
tion program in siPol ι/siPrimPol–transfected samples, the excess of
MiDAS events was lost in these samples (Fig. 8A). Moreover, chro-
mosome instability, detected by anaphase aberrations, micronuclei,
and 53BP1 nuclear bodies in G1, was impaired in Pol ι /PrimPol–
depleted samples (Fig. 8, B to D, and fig. S11C). Together, these
results demonstrate that, in the absence of Pol ι, the dysregulated
participation of PrimPol in nascent DNA elongation uncouples
DNA replication and checkpoint activation, triggering chromo-
some instability in M and in the following G1 phase. Pol ι and
PrimPol knockdown shows only mild effects on cell survival (fig.
S11, D and E), compared with Pol η knockdown as a reference. To-
gether, these data indicate that Pol ι and PrimPol might have a more
prominent role in the maintenance of genomic stability than in cell
survival.

DISCUSSION
The existence of a DNA damage tolerance pathway choice that in-
volves a competition between PrimPol-mediated repriming and
fork reversal has been proposed in several recent studies (43, 44,
46, 47), although the underlying mechanism remains elusive.
Here, we show that Pol ι regulates such a pathway choice, as it de-
celerates DNA replication epistatically with ZRANB3 and antago-
nizes PrimPol-dependent repriming. This mechanism
discriminates Pol ι from other TLS polymerases, as it enhances rep-
lication stress for optimal checkpoint activation, ultimately prevent-
ing chromosome instability. Our findings unravel opposed roles of
Pol ι and PrimPol in maintaining the genomic stability of cells.

The replication program is regulated by Pol ι in a TLS-
independent manner
Pol ι is a polymerase from the Y family so far mostly considered to
serve a backup role in TLS (30). However, this study demonstrates a

prominent contribution of Pol ι to DNA replication, which is unre-
lated to the canonical TLS program. Classically, TLS impairment is
associated with reduced and more spread out replication track
lengths [summarized in table 1 of (19)]. Pol ι loss causes the oppo-
site effect. Specifically, in untreated Pol ι–depleted samples, tracks
are longer than those of control samples, and after CDDP treatment,
there is no detectable fork stalling. Moreover, the recruitment of
other Y family polymerases to replication factories as well as
PCNA ubiquitination were unaltered in Pol ι–depleted samples.
Collectively and together with our previous analysis of DNA fiber
dynamics (10), these observations indicate that canonical TLS is not
the primary function of Pol ι, at least in cells expressing the tumor
suppressor p53. Such conclusions, however, cannot be generalized,
as we have recently observed that Pol ι may differentially affect track
lengths depending on the differentiation status of primary human
and ovarian cancer cells, suggesting context dependency (12).

While the contribution of Pol ι to TLS may be minor, this does
not discard a TLS-independent contribution of Pol ι to DNA repli-
cation. Pol ι modulates DNA replication dynamics on both undam-
aged and damaged DNA templates. Specifically, our results indicate
that the role of Pol ι is to ensure the slowdown of replication forks at
replication barriers of different origins, ensuring optimal levels of
checkpoint activation. Our initial screening revealed that Pol ι is a
specialized DNA polymerase with the ability to augment, rather
than reduce, γH2AX phosphorylation, implying that replication
stress is not prevented but amplified when Pol ι participates in
DNA replication. Such a Pol ι–induced signaling contributes to
the completion of DNA replication within S phase. Our results
suggest that, counterintuitively, optimal checkpoint activation ob-
served in control samples (fig. S4, C and D) requires a certain
degree of fork slowdown, which is granted by Pol ι.

Pol ι promotes checkpoint activation
We have previously reported an interaction between Pol ι, p53, and
PCNA at sites of nascent DNA synthesis that positions the exonu-
clease activity of p53 at these sites (10, 12). On the basis of these and
further findings involving a transcription-independent and exonu-
clease-dependent function of p53 (49), we suggested that by com-
bining its DNA polymerase activity with the exonuclease activity of
p53, Pol ι promotes idling events at ongoing replication forks (10).
Such cycles of incorporation and removal of nucleotides (50, 51)
keep the enzyme at a fixed position, preventing the progression of
the replisome. Our work presented here demonstrates that the
PCNA-binding domain of Pol ι, but not its polymerase domain, is
required to prevent aberrant DNA elongation. While such a finding
does not rule out the need for idling events by Pol ι (or perhaps
other DNA polymerases), they suggest that the primary role of
Pol ι at replication forks is to promote the recruitment of p53
(and perhaps other factors) to PCNA. The regulation of the
PCNA interactome by Pol ι may influence different aspects of the
DNA damage tolerance pathway choice, including transient reversal
of forks and the extent of ssDNA accumulation before tolerance
occurs. Such events synergize to maximize ATR-Chk1 and down-
stream target activation. In the absence of Pol ι, the reduced
speed of nascent DNA synthesis at replication barriers may underlie
reduced RPA accumulation at replication forks, which prevents
optimal checkpoint activation (model in Fig. 8E). ATR and Chk1
activation defects were previously shown to unleash origin firing
(24). Hence, the combined acceleration of the replication program
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Fig. 8. Elimination of PrimPol-mediated repriming prevents the increase in chromosome instability in Pol ι–depleted samples. (A) Percentage (mean ± SD) of
mitotic cells actively synthesizing DNA by MiDAS. At least 100 mitotic cells per sample were analyzed in three independent experiments (statistics: one-way ANOVA and
Tukey post-test). (B) Percentage (mean ± SD) of aberrant anaphases/total anaphases in U2OS cells transfected with the indicated siRNAs. 30 to 60 anaphases per sample
were analyzed in three independent experiments (statistics: one-way ANOVA and Tukey post-test). (C) Percentage (mean ± SD) of binucleated cells with micronuclei (MN).
At least 150 binucleated cells per samplewere analyzed in three independent experiments (statistics: one-way ANOVA and Tukey post-test). (D) Percentage (mean ± SD) of
EdU− nuclei with one to five 53BP1 nuclear bodies (NB). Three hundred EdU− nuclei per sample were analyzed in three independent experiments (statistics: one-way
ANOVA and Tukey post-test). (E) Top: When Pol ι is expressed, a PrimPol-independent nascent DNA synthesis promotes the accumulation of optimal checkpoint-initiating
RPA-coated ssDNA and the ZRANB3-mediated reversion of forks. In that context, checkpoint activation, nascent DNA elongation, and origin firing are coordinated so that
cells fully duplicate DNA before chromosome separation in anaphase. In that way, Pol ι contributes to the maintenance of genomic stability. Bottom: When Pol ι is
depleted or knocked out, the accumulation of RPA-coated ssDNA is low. The limited basal levels of checkpoint activation are accompanied by a more rapid PrimPol-
dependent nascent DNA synthesis and increased frequency of origin firing. The execution of such a faster replication program fails to accomplish complete duplication of
DNA, impairing the separation of DNA in daughter cells and giving rise to chromosome instability.
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and the defective checkpoint activation may favor a premature S to
G2 transition, very likely triggering the M phase defects that follow
Pol ι depletion. Together, these observations unravel an unantici-
pated contribution of Pol ι to the successful completion of the rep-
lication program, which is needed for a timely S-G2-M transition.

Pol ι cooperates with p53 and ZRANB3 and prevents
PrimPol participation in nascent DNA synthesis
PrimPol is a primase in human cells with the ability to start DNA
chains with deoxynucleotide triphosphates (dNTPs) (7). In vitro,
PrimPol has both primase and TLS activity (5–7). However, it is
unclear whether the TLS activity of PrimPol has any physiologically
relevant function in vivo (41). PrimPol’s active site cannot accom-
modate bulky DNA adducts (52). Moreover, a recent report sug-
gests that PrimPol can perform DNA strand displacement, which
is not associated with TLS events (53). Such observations support
the notion that PrimPol mostly acts as a repriming enzyme (5). Ac-
cordingly, PrimPol-mediated repriming is required to transverse in-
terstrand cross-links in the leading strand template (54) and can
circumvent transcriptional conflicts caused by DNA:RNA hybrids
or R-loops, as demonstrated in avian DT40 cells (55). In agreement
with this notion, our data demonstrate that the role of PrimPol in a
replication adaptation program after Pol ι loss is related to reprim-
ing rather than TLS (19, 56). Our findings that PrimPol promotes
nascent DNA elongation after depletion of Pol ι or p53 imply that it
compensates for a defect in a bypass mechanism other than TLS,
albeit at the expense of accumulating postreplicative gaps.

Multiple pieces of evidence demonstrated that template switch-
ing and fork reversal events are pathways alternative to PrimPol-de-
pendent DNA synthesis. For example, we have shown that cells
depleted of RAD51 and exposed to UVC display excessive fork elon-
gation dependent on PrimPol (28). Moreover, both SMARCAL1
down-regulation and PrimPol overexpression promote DNA elon-
gation mediated by PrimPol (46). In our hands, limiting nascent
DNA elongation by Pol ι is epistatic with p53 and ZRANB3. More-
over, the loss of Pol ι or p53 promotes PrimPol-mediated nascent
DNA elongation. This result suggests that PrimPol-mediated
DNA replication is facilitated by the loss of the concerted actions
of Pol ι, p53, and ZRANB3. We, therefore, propose that Pol ι, in
concert with p53, plays a central role in the pathway choice
between fork reversal and repriming.

In agreement with Pol ι promoting DNA damage tolerance
events that antagonize repriming, we also found that Pol ι depletion
facilitates PrimPol recruitment to chromatin. PrimPol loading
seems primarily mediated by its interaction with the ssDNA
binding protein RPA (5, 57, 58) and occurs only when RPA levels
on ssDNA are not high, at least in vitro (59, 60). As PrimPol cannot
displace RPA from ssDNA (59, 61), it is possible that the reduced
RPA levels observed in Pol ι–depleted cells [this report and (10)]
may facilitate PrimPol loading to replicating DNA, which in turn
causes a DNA replication program entailing M phase aberrations.
Perhaps less anticipated is the inverse association between
PrimPol activity and checkpoint activation observed by others
after UV irradiation in PrimPol knockdown samples (6) and
herein by us (in the context of Pol ι–depleted conditions). Such
results may suggest that the location (at forks and behind) and/or
the size of ssDNA tracks may be relevant to the efficiency of check-
point activation.

Pol ι–mediated suppression of PrimPol-dependent nascent
DNA synthesis protects the genomic stability of cells
While several reports have explored the association of nascent DNA
gap formation and cell death (62), here, we report that the changes
in replication dynamics caused by the excess participation of
PrimPol in DNA synthesis in S phase cause an accumulation of
under-replicated DNA in M phase and trigger chromosome insta-
bility. The under-replicated DNA that accumulates after Pol ι KO or
knockdown can be processed by RAD52-dependent MiDAS. DNA
substrates for MiDAS were reported to be either stalled or progress-
ing replication forks that aberrantly entered the M phase before the
completion of DNA synthesis (37, 39). The accumulation of such
aberrant replication intermediates is compatible with the concept
of an impaired checkpoint after Pol ι depletion. While MiDAS is
up-regulated after Pol ι knockdown in a PrimPol-dependent
manner, MiDAS impairment via RAD52 depletion does not affect
the accumulation of chromosome aberrations andmicronuclei, sug-
gesting that chromosome instability affects DNA regions that are
not engaged in MiDAS. MiDAS was reported to be inefficient in
other scenarios [e.g., after Chk1 depletion (63)], and it might as
well be inefficient after Pol ι knockdown. Therefore, in the
context of Pol ι knockdown, regions of the genome that failed to
initiate replication or properly complete replication in the S phase
and do not enter MiDAS in M phase may trigger the formation of
anaphase bridges, micronuclei, and 53BP1-labeled scars in the next
G1. These results highlight that the changes in the replication
program caused by Pol ι loss and PrimPol-dependent gap formation
do not induce replication stress markers in S phase but trigger dev-
astating consequences in M phase that MiDAS cannot prevent. G1-
specific 53BP1 nuclear bodies were previously observed in genetic
backgrounds that accumulate PrimPol-dependent gaps, but only
when the repair of these gaps by gap-filling mechanisms was im-
paired (46). The difference between these results and the findings
reported here opens the possibility that Pol ι might also be involved
in gap filling.

While the pathways leading to cell death and chromosome insta-
bility are conceived as mechanistically entangled (38), the PrimPol-
dependent chromosome instability observed after Pol ι depletion
correlates with only a modest augmentation in cell death. Such
results are very intriguing as Pol ι and PrimPol may be part of a
limited set of factors that selectively regulate only one of these
variables.

MATERIALS AND METHODS
Cell culture and reagents
U2OS [American Type Culture Collection (ATCC)] (RRID:
CVCL_0042), U2OS PrimPol KO (43), RPE-1-hTERT (ATCC),
and HCT116 (gifts from B. Vogelstein, Johns Hopkins University,
Baltimore, MD) were grown in Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen) with 10% fetal bovine serum
(Natocor). UVC irradiation was performed as described previously
(27). CDDP and hydroxyurea (HU) were purchased from Sigma-
Aldrich (#P4394 and #127-07-1, respectively). All cell lines were
maintained in a humidified, 5% CO2 incubator and passaged as
needed. Cell lines were regularly checked for mycoplasma contam-
ination. The p53 and p21 status of all cell lines was checked, and
none of the cell lines used are in the list of commonly misidentified
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cell lines maintained by the International Cell Line Authentication
Committee.

CRISPR-Cas9 KO U2OS cell lines
The single-guide RNAs (sgRNAs) used to KO DNA polymerase ι
were designed using Benchling [Biology Software, 2017, retrieved
from (64)]. The oligos used to clone Pol ι sgRNA into pX459
(Addgene) were the following: forward: CACCGATCCAGAGTCA
TAGTACATG; reverse: aaacCATGTACTATGACTCTGGATC.

U2OS cells were then transfected with pX459-IOTA-sgRNA
using Lipofectamine 3000 (Thermo Fisher Scientific) and selected
with puromycin (1 μg/ml) for 48 hours to enrich for positive trans-
fectants. Live cells were sorted by flow cytometry (FACSAria Fusion
C, BD Biosciences), and single cells were seeded into 96-well plates
and allowed to grow for 2 weeks. Individually expanded clones were
screened for loss of protein expression by immunoblotting with Pol
ι–specific antibody (Abcam, catalog no. ab228783).

siRNAs and vector expression plasmids
Transfections of siRNAs and plasmid expression vectors were per-
formed using jetPRIME (Polyplus) following themanufacturer’s in-
structions. Except for survival assays, cells were harvested 48 or 72
hours after transfection. GFP–Pol η was a gift from A. Lehmann
(Genome Damage and Stability Centre, School of Life Sciences,
University of Sussex, Falmer, Brighton, UK) (29); GFP–Pol ι was
provided by R. Woodgate [Laboratory of Genomic Integrity, Na-
tional Institute of Child Health and Human Development, National
Institutes of Health (NIH), Bethesda, MD, USA]; and GFP-REV1
was donated by E. Friedberg (Department of Pathology, UT South-
western Medical Center, Dallas, TX, USA). V5-PP was a gift from
J. Méndez (Spanish National Cancer Research Centre,
Madrid, Spain).

GFP–Pol ι point mutations that eliminate its catalytic function
(PD: D34A/D126A/E127A) and its ability to bind PCNA (PIPD:
Y426A/Y427A) were obtained by site-directed mutagenesis by
Gene Universal and cloned into the original GFP–Pol ι vector
(backbone pEGFP-C3) using restriction enzymes XhoI and
EcoRI. The sequences of these mutants are described in the Supple-
mentary Materials.

siRNAs were purchased from Dharmacon, Eurofins Genomics,
and Qiagen: siLuc: 5′-CGUACGCGGAAUACUUCGA-3′ (65);
siPol ι: 5′-AACAGUCUUAUUACCUGAAAGUU-3′; siPol ι #2:
5′-GAAGUAAAUUCUGGCACAA-3′; siPol ι #3 Smart Pool: 5′-
AAGCCUCAUACAGUGAGAUUA-3′, 5′-UUCGGAUUAGCG
GUUUAUUAA-3′, 5′-GCGGUUUAUUAAGCUCUUCUA-3′,
and 5′-ACCGGGAACAUCAGGCUUUAA-3′; siPP: 5′-GAG
GAAACCGUUGUCCUCAGUGUAU-3′ (28); siPol κ: 5′-AA
GAUUAUGAAGCCCAUCCAA-3′; siPol η: 5′-CUGGUUGUGAG
CAUUCGUGUA-3′; siREV3 Smart Pool: 5′-GAGAGUACCUCCA
GAUUUA-3′, 5′-GCUAAUCCCUCUAUAGUUA-3′, and 5′-
CAAAGAUGCUGCUACAUUA-3′; siREV1: 5′-AAAAGCAU
CAAAGCUGGACGACU-3′; siCDC45: 5′-GCAAGACAAGAUCA
CUCAA-3′; siCDT1: 5′-GCGCAAGUUGGCCAGAUC-3′ (66);
siCDC7: 5′-GCAGUCAAAGACUGUGGAU-3′ (67); siChk1: 5′-
GAAGCAGUCGCAGUGAAGA-3′ (65); siZRANB3 Smart Pool:
5′-CCGGAUUCACAUCUAUACUAA-3′, 5′-UGCCAGUGUAU
GACACCUUAA-3′, 5′-CAGACUCGCAAUUAUGUUUCA-3′,
and 5′-CCCACUUGCCAGACUAAGCAA-3′; sip53: 5′-GACUC

CAGUGGUAAUCUA-3′; siRAD52: 5′-GGAGUGACUCAA
GAAUUA-3′ (63).

Immunostaining and fluorescence detection
For the quantification and immunodetection of specialized Y family
polymerases, 53BP1 and γH2AX, cells were fixed in 2 to 4% para-
formaldehyde (PFA)/2% sucrose and permeabilized with 0.1%
Triton X-100 in phosphate-buffered saline (PBS) as described pre-
viously (27, 68). For the detection of the chromatin-bound fraction
of RPA, a pre-extraction with ice-cold 0.5% Triton X-100 in CSK
buffer [10 mM Pipes (pH 7.5), 100 mM NaCl, 300 mM sucrose,
and 3 mM MgCl2] was performed for 5 min before fixation with
2 to 4% PFA/2% sucrose. When detecting CPDs, a denaturing
step with 0.07 M NaOH for 4 min was performed after fixation.
When using BrdU (10 μM; Sigma-Aldrich, catalog no. B9285),
cells were fixed with methanol-acetone and subjected to a denatur-
ing step involving a 30-min incubation with 1.5 N HCl, which
exposes the BrdU epitopes enabling their detection with specific an-
tibodies. For the detection of ssDNA under nondenaturing condi-
tions, cells were pulsed and labeled with CldU (10 μM) or BrdU (10
μM) for 36 hours, treated with CDDP (6 μg/ml) for 4 hours, washed
and left to recover in cell culture medium for 24 hours, and later
fixed with 2 to 4% PFA/2% sucrose. After fixation, samples were
not subjected to treatment with denaturing agent. Samples were
permeabilized, and regular immunofluorescence was performed.
For the visualization of 53BP1 nuclear bodies in 5-ethynyl-2′-deox-
yuridine (EdU)–negative cells, cells were pulsed with EdU (10 μM)
for 15 min before fixation with 2% PFA/2% sucrose. Samples were
permeabilized, EdU staining was carried out using EdU detection
kit following the manufacturer’s instructions (Click-iT EdU kit, In-
vitrogen, catalog no. C10338), and later a regular immunofluores-
cence was performed for 53BP1 staining. In all cases, blocking was
performed overnight in PBS–2% donkey serum (Sigma-Aldrich)
before incubation with primary antibodies. Coverslips were then in-
cubated for 1 hour with primary antibodies. Primary antibodies
used in this study were the following: anti-53BP1 (Santa Cruz Bio-
technology, catalog no. sc-22760, RRID: AB_2256326), anti-
γH2AX (Millipore, catalog no. 05-636, RRID: AB_309864), anti–
α-BrdU (GE HealthCare, catalog no. RPN 202, RRID:
AB_2314032), anti-RPA (Millipore, catalog no. NA18-100UG,
RRID: AB_213121), anti-BrdU (Accurate Chemical and Scientific
Corporation, catalog no. OBT-0030, RRID: AB_2341179 to detect
CldU), anti-BrdU (BD Biosciences, catalog no. 347580, RRID:
AB_400326 to detect IdU), and anti-CPDs (MBL International Cor-
poration, D194-1). Secondary anti-mouse/rabbit–conjugated Alexa
Fluor 488/546 antibodies were purchased from Invitrogen. GFP-
tagged specialized Y polymerases were visualized by GFP autofluor-
escence. Nuclei were stained with 4′,6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich). Images were obtained with a Zeiss Axio-
plan microscope, a Zeiss Axio Observer 3 microscope, a Zeiss LSM
510META confocal microscope, or a Zeiss LSMPascal confocal mi-
croscope. For the quantification of 53BP1 nuclear bodies in EdU-
negative cells, since they are described as 2- to 3-μm structures ac-
cording to (69), small foci (<1.5 μm), with a size typical of S phase,
were not counted. For the quantification of RPA foci, the nuclei foci
average number was determined for each condition.
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Micronuclei assay
Transfected cells and U2OS KO cells were replated at low density.
Twenty-four hours after replating, cytochalasin B (4.5 μg/ml;
Sigma-Aldrich) was added to the medium, and 40 hours later,
cells were fixed with 2 to 4% PFA/2% sucrose for 20 min. DAPI
(Sigma-Aldrich) staining served to visualize cellular nuclei. Three
hundred binucleated cells per sample were analyzed.

Anaphase aberration assay
Forty-eight hours after siRNA transfection, asynchronous samples
were fixed with 2% PFA/2% sucrose for 20 min. DAPI (Sigma-
Aldrich) staining was used to visualize anaphases. At least 50 ana-
phases were measured per sample in each experiment. Z-stacks were
acquired with a Zeiss LSM 510 META confocal microscope.
Maximum intensity projections were generated using ImageJ soft-
ware (ImageJ 1.52a).

DNA fiber spreading
DNA fiber spreading was performed exactly as previously described
(27, 68, 70).

S1 nuclease DNA fiber assay
DNA fiber spreading with the ssDNA-specific S1 nuclease was per-
formed as previously described (42, 71) with minor modifications.
Briefly, exponentially growing transfected U2OS and PRIMPOLKO
U2OS cells (43) were pulse-labeled with 30 μM CldU (Millipore
Sigma) for 20 min, washed twice with PBS, then pulse-labeled
with 250 μM IdU (Millipore Sigma). Cells were then permeabilized
with CSK100 [100 mM NaCl, 10 mM Mops (pH 7.2), 3 mM MgCl2,
300 mM sucrose, and 0.5% Triton X-100] for 3 min at room tem-
perature (RT) and incubated in S1 buffer [30 mM sodium acetate,
10 mM zinc acetate, 5% glycerol, and 50mMNaCl (pH 4.6)] with or
without S1 nuclease (20 U/ml; Thermo Fisher Scientific, catalog no.
18001016) for 30 min at 37°C. Next, nuclei were scraped in
PBS + 0.1% bovine serum albumin (BSA), pelleted at 4600g for 5
min at 4°C, and resuspended in PBS for a final concentration of
1500 cells/μl. Three microliters of nuclei suspension were lysed
with 7 μl of lysis buffer [200 mM tris-HCl (pH 7.5), 50 mM
EDTA, and 0.5% SDS] on a positively charged glass slide for 4
min at RT. Slides were then tilted at a 20° to 40° angle to spread
DNA. After air drying, DNAwas fixed with freshly prepared meth-
anol:acetic acid (3:1) for 5 min and stored at 4°C for at least over-
night. For immunostaining of DNA fibers, DNA was denatured
with 2.5 M HCl for 1 hour at RT. Slides were then blocked with
5% BSA at 37°C for 1 hour and incubated with mouse anti-BrdU
(1:250, BD Biosciences, catalog no. 347580) and rat anti-BrdU
(1:100; Abcam, catalog no. ab6326) for 1 hour at 37°C followed
by washes with PBS–0.1% Tween 20 and incubation with anti-
mouse Alexa Fluor 594 (1:500; Thermo Fisher Scientific, catalog
no. A21125) and anti-rat Alexa Fluor 488 (1:300; Thermo Fisher
Scientific, catalog no. A11006) for 1 hour at RT. After three
washes with PBS, DNA was fixed with 4% PFA for 10 min at RT
and washed three times with PBS and three times with PBS–0.1%
Tween 20. Last, slides were mounted with ProLong Gold Antifade
Reagent (Thermo Fisher Scientific, catalog no. P36930). Images
were acquired with the Leica Application Suite X software using
SP8 confocal microscope (Leica) with a 63× oil immersion objec-
tive. At least 125 to 150 individual fibers were scored per dataset

using ImageJ (NIH). Experiments were performed three times
independently.

EdU labeling and detection in mitotic cells
Asynchronously growing cells were treated with 10 μM RO-3306
(CDK1i, Merck, catalog no. 217699) for 16 hours to enrich the
samples with cells at the G2 phase of the cell cycle. Cells were re-
leased from G2 by washing samples three times with PBS.
Samples were pulse-labeled with 20 μM EdU for 45 min immediate-
ly after CDKi release. EdU was detected using the Click-iT EdU
Alexa Fluor 555 Imaging Kit from Life Technologies following
the manufacturer’s instructions. DAPI (Sigma-Aldrich) staining
served to identify cells that were transiting mitosis. In every single
experiment, over 100 metaphases per sample were analyzed. Z-
stacks were acquired with a Zeiss LSM 510 Meta confocal micro-
scope. Maximum intensity projections were generated using
ImageJ software (ImageJ 1.52a).

Quantitative real-time PCR
Quantitative PCR was conducted exactly as previously described
(28, 70). Primer sequences were as follows: GAPDH: 5′-
AGCCTCCCGCTTCGCTCTCT-3′ (forward) and 5′-GAGC
GATGTGGCTCGGCTGG-3′ (reverse) (63); beta-ACTIN: 5′-
CTCGCCTTTGCCGATCC-3′ (forward) and 5′-ATGCCG
GAGCCGTTGTC-3′ (reverse); Pol ι: 5′-GTCGTGAGAGTCGT
CAGTGC-3′ (forward) and 5′-GCTTGCCAGAGCGTGAAGTA-
3′ (reverse); RAD52: 5′-ACAGCGTTTGCCACCAGAA-3′
(forward) and 5′-ATGAGATTCCCAGTTTCCTGT-3′ (reverse);
CDT1: 5′-GAACGGCTGCCTGAGCT-3′ (forward) and 5′-
CCATTTCCCCAGGGCTCA-3′ (reverse); PrimPol: 5′-
TGTGGCTTTGGAGGTTACTGA-3′ (forward) and 5′-TTCTACT
GAAGTGCCGATACTGT-3′ (reverse); REV3L: 5′-GACTTAT
GACCGGCGCTCTG-3′ (forward) and 5′-
CCTTTCCGCCCTTCAGGTTC-3′ (reverse).

Protein analysis
For Western blot analysis, samples were lysed in Laemmli buffer.
When analyzing insoluble protein fraction, samples were treated
with ice-cold PBS–0.5% Triton X-100 for 45 s. The soluble fraction
was discarded, and the triton-resistant fraction was lysed in
Laemmli buffer. Antibodies used were the following: anti-actin
(Sigma-Aldrich, catalog no. A2066, RRID: AB_476693), anti-
Ku70 (Santa Cruz Biotechnology, catalog no. sc-5309, RRID:
AB_628453), anti-GFP (Santa Cruz Biotechnology, catalog no. sc-
9996, RRID: AB_627695), anti–Pol ι (Abcam, catalog no.
ab228783), anti–phospho-RPAS4/S8 (Bethyl Laboratories, catalog
no. A300-245A, RRID: AB_210547), anti–phospho-KAP-1S824
(Bethyl Laboratories, catalog no. A300-767A, RRID: AB_669740),
anti–phospho-H2AXS139 (Millipore, catalog no. 05-636, RRID:
AB_309864), anti–phospho-ATMS1981(Millipore, catalog no. 05-
740, RRID: AB_11214302), anti–phospho-Chk1S345 (Cell Signaling
Technology, catalog no. 2348, RRID: AB_331212), anti-CDC7
SPM171 (Santa Cruz Biotechnology, catalog no. sc-56275, RRID:
AB_831150), anti-p53 DO-1 (supernatant solution from hybrid-
oma culture) and PAb 1801 (supernatant solution from hybridoma
culture), anti–β-tubulin (Cell Signaling Technology, catalog no.
5346, RRID: AB_1950376), anti-PCNA (Santa Cruz Biotechnology,
catalog no. sc-56, RRID: AB_628110), anti–ubiquitin-PCNA (Cell
Signaling Technology, catalog no. 13439, RRID: AB_2798219),
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anti-REV1 (Santa Cruz Biotechnology, catalog no. sc-393022,
RRID: AB_2885169), anti-REV3L (Abnova, catalog no.
H00005980-A01, RRID: AB_875819), anti–Pol κ (Bethyl Laborato-
ries, catalog no. A301-977A, RRID: AB_1548020), anti-PrimPol
(rabbit, homemade from J. Méndez laboratory) (5), anti-V5
(Bethyl Laboratories, catalog no. A190-120A, RRID: AB_67586),
and anti-ZRANB3 (Thermo Fisher Scientific, catalog no. PA5-
97227, RRID: AB_2809029). HRP-conjugated secondary antibodies
were from Sigma-Aldrich, and detection was performed with ECL
according to the manufacturers’ instructions (Amersham GE
HealthCare). Fluorescent secondary antibodies: Invitrogen, anti-
rabbit (Thermo Fisher Scientific, catalog no. A32808, RRID:
AB_2762837), anti-mouse (Thermo Fisher Scientific, catalog no.
A32789, RRID: AB_2762832). Western blot images were acquired
with ImageQuant LAS4000 (GE HealthCare ImageQuant, LAS
4000 v 1.0) and Odyssey CLx Imager and processed with ImageJ
software (ImageJ 1.52a). Raw Western blot data can be found in
figs. S12 and S13.

S-phase exit protocol
Forty-eight hours after siRNA transfection, cells were labeled for 15
min with 20 μMCldU (Fig. 4D, green boxes), washed with PBS, and
incubated in fresh medium (DMEM + 10% fetal bovine serum) for
different times (2, 4, 6, or 8 hours) (Fig. 4D, gray boxes), before a
subsequent incubation with 100 μM IdU (Fig. 4D, red boxes). Cells
were washed with PBS and fixed with ice-cold methanol (−20°C)
for 20 min and acetone for 40 s. Cells were then denatured with
1.5 N HCl for 30 min, permeabilized with 0.1% Triton X-100 in
PBS at 4°C for 15 min, and blocked with donkey serum for 1
hour in a humid chamber. CldU and IdU were detected by immu-
nofluorescence using a rat anti-BrdU antibody (to detect CldU,
1:200) and mouse anti-BrdU antibody (to detect IdU, 1:50) for
1 hour. The secondary antibodies used were Alexa 488 anti-rat
and Alexa 546 anti-mouse (diluted 1:200), respectively. DAPI
(Sigma-Aldrich) was used to detect nuclei, and images were ob-
tained using a Zeiss Axio Observer 3 microscope. HU (0.75 mM)
was used as a control that prevented S-phase exit for the experi-
ment’s total (8 hours) length.

Cell survival assays
Twenty-four hours after transfection, 1500 cells per well were re-
plated in 96-well plates. Twenty-four hours later, cells were
treated with either CDDP (1 μg/ml) or UV (7 J/m2), and 48 hours
after treatments, cells were fixed with 4% PFA/2% sucrose for 20
min. DAPI staining served to visualize nuclei. INCell 2200 and
INCell Analyzer WorkStation were used to image and count
nuclei, respectively.

Statistical analysis
All the statistical analysis was performed using GraphPad Prism 8
software and Infostat software. Frequency distributions of DNA
track length and ratios were determined with GraphPad Prism 8
software. In non-Gaussian distributions, Mann-Whitney and
Kruskal-Wallis tests were used for statistical analyses when compar-
ing two and more than two variables, respectively. In all graphs, dif-
ferent letters indicate groups that are significantly different. Thus, if
two samples share the same letter, they are not significantly differ-
ent, while if two samples do not share any letter, they are signifi-
cantly different. P < 0.001 or P < 0.05 was considered significant

for frequency distribution, and data were shown as the mean of in-
dependent experiments, respectively.

Source data
All Western blot membranes used to assemble figures in this article
are shown in figs. S12 and S13. Source data from all datasets ana-
lyzed during the current study are listed in the Excel file called
“ade7997 Source data” in the Supplementary Materials.

Supplementary Materials
This PDF file includes:
Figs. S1 to S13
Legend for GFP-Pol ι mutants sequences
Legend for Source data

Other Supplementary Material for this
manuscript includes the following:
GFP-Pol ι mutants sequences
Source data

View/request a protocol for this paper from Bio-protocol.
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