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POLO prevents MRE11-NBS1-CtIP-dependent fork
breakage in the absence of BRCA2/RAD51 by filling

lagging-strand gaps
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In brief

In this study, Mann et al. discover that
POLO protects the vertebrate genome
from the accumulation of DNA gaps,
which can lead to chromosome breakage
in the absence of BRCA2/RAD51. This
novel function of POLO promotes BRCA2-
defective cancer cell survival and can be
targeted with a specific inhibitor.
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SUMMARY

POLO promotes repair of DNA double-strand breaks (DSBs) resulting from collapsed forks in homologous
recombination (HR) defective tumors. Inactivation of POLO results in synthetic lethality with the loss of HR
genes BRCA1/2, which induces under-replicated DNA accumulation. However, it is unclear whether
POLO-dependent DNA replication prevents HR-deficiency-associated lethality. Here, we isolated Xenopus
laevis POLO and showed that it processes stalled Okazaki fragments, directly visualized by electron
microscopy, thereby suppressing ssDNA gaps accumulating on lagging strands in the absence of RAD51
and preventing fork reversal. Inhibition of POLO DNA polymerase activity leaves fork gaps unprotected,
enabling their cleavage by the MRE11-NBS1-CtIP endonuclease, which produces broken forks with
asymmetric single-ended DSBs, hampering BRCA2-defective cell survival. These results reveal a POL0O-de-
pendent genome protection function preventing stalled forks rupture and highlight possible resistance

mechanisms to POLO inhibitors.

INTRODUCTION

Maintenance of replication fork integrity is essential for cell survival
and genome stability. Numerous DNA repair factors participate in
DNA replication under normal and stressful conditions. Among
these, homologous recombination (HR) proteins RAD51, BRCA1,
and BRCA2 play a major role in preventing the accumulation of sin-
gle-stranded (ss) DNA gaps during DNA replication (Cantor, 2021;
Chen et al., 2018; Cong et al., 2021; Feng and Jasin, 2017; Hashi-
moto et al., 2010; Kolinjivadi et al., 2017a, 2017b; Taglialatela et al.,
2017, 2021). Mechanisms underlying ssDNA accumulation in the
absence of HR proteins in part rely on the degradation of nascent
DNA at stalled forks initiated by MRE11 (Hashimoto et al., 2010).
Such processing can lead to the formation of small ssDNA gaps
behind replication forks and extensive nascent DNA degradation
triggered by SMARCAL1 and other SNF2-like translocases in the
context of fork reversal (Quinet et al., 2017b). Nuclease-indepen-
dent ssDNA gaps at replication fork junctions have also been
described in the absence of HR proteins bound to chromatin (Ha-
shimoto et al., 2010; Kolinjivadi et al., 2017b).

The function of HR proteins in DNA replication has been shown
to be essential for cell survival and has been linked to PARP
inhibitor sensitivity (Cantor, 2021; Cong and Cantor, 2022; Pan-
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zarino et al., 2021). These roles are distinct from the classical HR-
mediated metabolism of DSBs, which can also be repaired
through covalent joining of DNA ends by other highly efficient
pathways, including classical nonhomologous end-joining
(C-NHEJ) and alternative-NHEJ (alt-NHEJ) (Chang et al., 2017;
Schrempf et al., 2021). Genome sequence analysis of HR-defec-
tive tumors has revealed DNA rearrangements in part due to po-
lymerase 6 (POL6)-dependent alt-NHEJ (Schrempf et al., 2021).
Consistent with this, inactivation of POL6-encoding gene POLQ
is synthetically lethal with defects in genes controling HR
(Brambati et al., 2020; Ceccaldi et al., 2015; Mateos-Gomez
et al., 2015).

POLO is a large protein containing a low fidelity A-family poly-
merase (POL) domain at the C terminus and a helicase domain at
the N terminus joined by a nonstructured central region. The role
of POL6 in alt-NHEJ is well established (Wood and Doublié,
2016). POLO has also been shown to promote symmetric fork
progression, suggesting an additional function during DNA repli-
cation (Ceccaldi et al., 2015). However, apart from DSB repair,
POL6’s function remains poorly characterized. In particular, it
is not known whether the ability of POL6 to support HR-defective
cell survival is linked to its replicative role, which might not leave
any detectable genomic scar.
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Figure 1. Xenopus POLO is recruited to
stalled replication forks

(A) Human and Xenopus POLS.

(B) Representative western blot (WB) of chromatin-
binding time course of mock and POL6-depleted
extracts treated with DMSO or APH (1.5 mM).
Chromatin isolation time points following nuclei
addition to egg extracts are indicated. Chromatin-
bound RPA quantification was determined by
relative optical density (ROD) compared with
histone H2B.

(C) POL6 chromatin-binding ratio with histone
H2B. Columns indicate mean + SD; n = 3; unpaired
t test; **p < 0.001; ***p < 0.0001.

(D) Representative WB of the indicated proteins
from DMSO or APH-treated extracts supple-
mented with buffer or geminin. ROD for the POL6
band compared with H2B is indicated.

(E) Representative iPOND experiment showing
nascent chromatin isolated from extracts treated
with DMSO or APH 60 min after nuclei addition in
the presence or absence of biotin-dUTP added
10 min earlier.

See also Figure S1.
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The investigation of BRCA-defective tumor sensitivity caused
by replicative defects is emerging as a key area to identify
possible targets that induce synthetic lethality when inactivated
(Cantor, 2021; Cong et al., 2021; Quinet et al., 2020; Taglialatela
et al.,, 2021; Tirman et al., 2021). However, the molecular mech-
anisms underlying synthetic lethality remain poorly understood.
This is in part due to the lethality of BRCA1 and BRCA2 deletion
in normal cells, which limits in-depth molecular analysis. This
obstacle can be overcome by cell-free extracts from Xenopus
laevis eggs that allow for the manipulation of large protein com-
plexes in their physiological context, thus recapitulating DNA
repair proteins function during chromosomal DNA replication
(Aze et al., 2016). Over the years, the use of this system has high-
lighted unexpected functions of HR proteins in DNA replication
that have been extensively validated in mammalian cells
(Costanzo and Gautier, 2004; Hashimoto and Costanzo, 2011;
Raspelli et al., 2017; Sannino et al., 2016, 2017).

(OKFs), directly visualized here. Consis-
tent with these findings, POL6 polymer-
ase inhibition leads to the accumulation
of ssDNA gaps that predispose to the formation of MRE11-
dependent DSBs in HR-defective cells mainly during the
S-phase. These results provide unexpected molecular and
DNA structural mechanisms underlying POL6’s function in DNA
replication in the absence of functional HR proteins.

RESULTS

Isolation and characterization of Xenopus laevis POL0O
Using maternal Xenopus laevis cDNA, we isolated Xenopus lae-
vis POL6 (Figure S1A), which has highly conserved helicase and
polymerase domains (Figures 1A and S1B). POLO full length
(POL6-FL), polymerase (POLO-POL), and helicase containing
(POL6-HEL) polypeptides were cloned, expressed, and purified
(Figure S1C). A large POL6 C terminus domain served as antigen
to produce rabbit polyclonal antibodies that recognized a band
of the predicted size in egg extracts (Figure S1D).
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Using anti-Xenopus POLS antibodies, we showed that POL6
binds to chromatin during DNA replication (Figure 1B). Recombi-
nant POL6-FL was also able to bind replicating chromatin
(Figure S1E). Remarkably, chromatin recruitment of POL6
was strongly increased by stalled forks induced by replicative
DNA polymerase inhibitor aphidicolin (APH) (Wist and Prydz,
1979) (Figures 1B-1D) similar to other APH-responding proteins
such as ATR, polymerase alpha (POLa), polymerase delta
(POLY), and replication protein A (RPA) (Figures 1B and 1C).
POL6 depletion (Figure 1B) did not impair the loading of general
replication factors or stalled forks responding proteins. However,
the absence of POLS led to increased and persistent chromatin
binding of RPA even in the absence of APH, suggesting the accu-
mulation of ssDNA (Figure 1B). Importantly, POLS increased chro-
matin binding was inhibited by geminin, an inhibitor of replication
origin assembly (McGarry and Kirschner, 1998), which prevents
chromatin loading of replisome components (Figure 1D). The
binding of POL6 to APH-induced stalled forks was confirmed by
the isolation of nascent proteins bound to DNA (iPOND) (Dungra-
wala and Cortez, 2015; Sirbu et al., 2013) (Figure 1E).

Defective replication intermediates recruiting POLO
Studying the effects of APH on POL6 DNA POL activity, we found
that although POL6-FL and POL6-POL were able to elongate a
synthetic DNA primer containing a 3/-OH end annealed to a
ssDNA template (Figure S2A), increasing APH amounts did not
inhibit their DNA polymerase activity (Figure S2B), similar to other
APH-insensitive A-family polymerases (Seki et al., 2003). There-
fore, increased binding of POLS to stalled forks was not due to
the inhibition of its DNA polymerase activity in contrast to
APH-inhibited B-family POLS and POLa (Wist and Prydz, 1979)
(Figures 1B-1D). Consistent with the ability of POL6 helicase
domain to displace oligos annealed to ssDNA in vitro (Ozdemir
et al., 2018), POLO-FL was able to synthesize DNA past an an-
nealed oligo, although with low efficiency. In contrast, T4 POL,
which lacks helicase activity (Challberg and Englund, 1980),
was completely blocked by the annealed oligo (Figure S2C).

To identify the DNA structures inducing POL6 chromatin
recruitment, we analyzed replication intermediates (Rls) isolated
from interphase extracts using DNA EM (Hashimoto and
Costanzo, 2011; Sannino et al., 2017), which provides snapshot
images of psoralen-cross-linked DNA molecules (Kolinjivadi
et al., 2017b; Taglialatela et al., 2017, 2021). For the analysis,
we considered replication bubbles and Y-shaped Rls obtained
by restriction digestion, which produces two replicated
branches of similar lengths allowing to distinguish them from
the parental strand (Sannino et al., 2017).

Rls isolated from untreated extracts showed minimal amounts
of ssDNA, usually below 150 nucleotides (nt) in length, present at
fork junctions and mostly localized on one of the daughter
strands (Figure 2A), when visible, as previously reported (Kolinji-
vadi et al., 2017b).

Instead, high doses of APH added to extracts during DNA
replication 60 min after sperm nuclei supplementation, followed
by 45-min incubation, induced the formation of Rls bearing long
tracts of ssDNA at replication fork junctions. ssDNA was present
only on one of the daughter strands (Figure 2B), conferring an
asymmetric configuration to stalled forks.
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To confirm that the structures observed were present endog-
enously and were not artifacts of the EM procedure, we per-
formed denaturing EM in which psoralen-cross-linked DNA is
heat denatured before spreading. This procedure reveals DNA
packaged with nucleosomes (nucleosomal DNA) resistant to
psoralen-cross-linking and therefore more prone to denaturation
(Cech et al., 1978). Limited amount of ssDNA was present on
daughter strands at fork junctions adjacent to nucleosomal
DNA in unchallenged conditions (Figure S3A). APH, instead,
induced long asymmetric ssDNA segments adjacent to the
denatured nucleosomal DNA (Figure S3B). These results indicate
that RIs observed in nondenaturing conditions reflect endoge-
nous replicating chromatin structures.

In addition to Rls with ssDNA, we detected reversed forks
(Kolinjivadi et al., 2017b) (Figure S3C), which were also made
of nucleosomal DNA (Figure S3D).

To better understand the mechanisms leading to the formation
of asymmetric ssDNA gaps, we tested the possible role of nucle-
ases MRE11 and DNAZ2 in generating them. We observed that
most of the ssDNA gaps were insensitive to nuclease inhibition
although rare large gaps above 2,000 nt in length could be
reduced by MRE11 or DNA2 exonuclease inhibitors (Mirin and
DNAZ2i, respectively) (Figure S4A). These results indicate that
the observed gaps were largely independent of these nucleases
when using sperm nuclei as templates.

As APH also induces reversed forks containing DNA ends to
which POL6 could bind, we tested the impact of inhibiting
reversed fork formation on POL® chromatin loading. We
depleted SMARCAL1, the removal of which strongly inhibits
reversed fork formation in egg extracts. However, SMARCALA1
depletion (Kolinjivadi et al., 2017b) did not affect POL6 chromatin
binding (Figure S4B) although it inhibited the formation of more
than ~70% of APH-induced reversed forks (Figure S4C). These
results indicate that structures containing DNA ends such as
reversed forks are not responsible for enhanced POL6 recruit-
ment to chromatin promoted by APH-induced fork stalling.

Accumulation of ssDNA gaps is induced by stalled OKFs

To better understand the process leading to ssDNA formation
and the potential effect of POL6 on this substrate, we developed
a method to distinguish continuous leading-strand polymeriza-
tion from discontinuous lagging-strand DNA synthesis at fork
junctions. Moderate amounts of APH (20 uM, M-APH) added
to egg extract 60 min after sperm nuclei and incubated for
45 min yielded Rls with one discontinuous daughter strand in
which ssDNA gaps alternated with double-stranded DNA
(dsDNA) fragments (Figures 2C-2F and S4D-S4G). In contrast
to uninterrupted fork junction gaps induced by high doses of
APH, the length of which was ~1,200 nt, reaching 3,000-4,000
in some cases (Figures 2B and 2F), we could detect from 1 up
to 4 ssDNA gaps measuring ~400 nt on average (Figures 2C-
2F). These gaps were separated by dsDNA ranging from 100
to 350 nt in size, which likely correspond to stalled OKFs synthe-
sized by POLa and POLS (Pellegrini, 2012) (Figure 2G). These re-
sults are compatible with discontinuous DNA synthesis taking
place on the lagging strand. Similar to higher doses of APH,
M-APH levels did not induce the accumulation of ssDNA gaps
on the opposite strand (Figures 2C-2F and S4D-S4G). Given



Molecular Cell

¢? CellPress

OPEN ACCESS

Figure 2. Replicative polymerases inhibition
induces stalled OKFs detected by EM

(A and B) (A) Representative EM images of Rls
isolated from an extract treated with DMSO-con-
taining buffer or (B) 1.5 mM aphidicolin (APH)
added 60 min after nuclei addition to extracts and
incubated for additional 45 min. Letters indicate
daughter (D) and parental (P) strands. Outlined
windows show the magnified section highlighted in
dotted rectangle. Schematic drawings represent
dsDNA (continuous line) and ssDNA (dotted line)
thickness, respectively. Bar lengths in nucleotides
(nt) are indicated. Red arrows highlight ssDNA.

(C and D) Representative replication forks isolated
following 20 uM APH (M-APH) added to the extract
as in (B) showing OKFs separated by ssDNA.

(E) Scheme showing asymmetric ssDNA gap dis-
tribution.

(F) Gap quantification of DNA molecules repre-

sented in (A), (B), (C), and (D). Each dot represents
the gap length for each Rl isolated from extracts
treated as indicated. Horizontal axis numbers
indicate gap position from fork junction as in (E) for
the same RI containing 1, 2, 3, or 4 gaps. Mea-
surements were conducted on 300 Rls pooled
from three independent experiments (n = 300); 100
Rls were counted for each treatment; horizontal
bars indicate mean + SD; unpaired t test;
**p < 0.01;"***p < 0.0001. Percentage of Rls with
APH- and M-APH-induced-gaps is indicated in
parentheses.

(G) OKF length detected on Rls isolated from ex-
tracts treated with M-APH as in (C) and (D). Mea-
surements were conducted on Rls pooled from
independent experiments (n 100). Horizontal
bars indicate mean + SD.

See also Figure S1.
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these results, it is likely that the long uninterrupted ssDNA gaps
observed with higher doses of APH are due to more effective in-
hibition of OKF formation and elongation, yielding dsDNA frag-
ments too short to be cross-linked or visualized by EM, which
has a resolution limit of ~40 nt. Asymmetric ssDNA accumulation
induced by APH, which inhibits all replicative POLs, is likely ex-
plained by the fact that leading-strand synthesis by a single repli-
some proceeds for significantly longer tracts compared with the
lagging strand (Graham et al., 2017). This configuration could be
crystallized by APH-induced sudden arrest of all replicative
POLs on individual molecules producing the Rls with asymmetric
gaps observed by EM.

from J. Loizou synthesized based on

the structure of a recently published
POL6i family (Blencowe et al., 2020a, 2020b) (Figure 3A) (see
also accompanying manuscript). POL6i strongly inhibited Xen-
opus POLS polymerase activity in vitro (Figure 3B). As POLS6i
did not impact on the overall levels of genomic DNA replication
in egg extracts measured by bulk incorporation of a->2PdCTP
(Figure 3C), we verified whether it induced more subtle defects
not detectable by this assay. To this end, we isolated Rls from
interphase extracts treated with 5 uM POLS6i and analyzed them
by EM. Intriguingly, a significant fraction of Rls isolated from
POL6i-treated extracts showed fork junction ssDNA gaps wider
than the ones normally found on control Rls (Figures 3D and
3E). Accumulation of gaps of similar size was obtained by
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Figure 3. POLO polymerase inhibition im-
pacts on replication fork ssDNA accumula-
tion
(A) Chemical structure of POL6i.
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for 60 min following sperm nuclei addition. Red
arrow indicates ssDNA.
(E) Quantification of total ssDNA gap length for
each replication fork represented in (D), (G), and
(H) isolated from extracts treated with POLGOI,
M-APH, or both added 60 min after sperm nuclei
addition and incubated for 45 min before DNA
isolation. Rls were pooled from three independent
experiments (n = 280); 70 RlIs were counted for
each treatment; horizontal bars indicate mean +
SD; unpaired t test; ***p < 0.001; ***p < 0.0001.
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depleting POLS, indicating that the effect of POL6i was specific
(Figure 3F).

We then induced fork stalling with M-APH and verified the ef-
fects of POL6i at fork junctions. Strikingly, the combination of
M-APH and POLSi induced the accumulation of stalled OKFs
with inter-OKF ssDNA gaps longer than M-APH alone, leading
to a significant increase of the total amount of ssDNA accumu-
lating at fork junctions (Figures 3E and 3G). In many cases,
OKFs were no longer detectable resulting in uninterrupted long
ssDNA at fork junctions (Figure 3H).

To further confirm that asymmetric ssDNA gaps derive from
the stalling OKFs and that inhibition of POL6 impacts on
them, we used CD437, a specific POLa inhibitor able to
stall lagging-strand synthesis in cells (Han et al., 2016) and in
Xenopus egg extracts (Ercilla et al., 2020). CD437 was able to

4222 Molecular Cell 82, 4218-4231, November 17, 2022

each treatment; horizontal bars indicate mean +
SD; unpaired t test; ****p < 0.0001.

(G and H) Representative EM images of replication
forks isolated from an extract treated with POL6i
and M-APH added 60 min after sperm nuclei
addition and incubated for an additional 45 min
before DNA isolation.

See also Figure S2.

induce ssDNA gaps similar to the ones
observed with APH (Figures S5A and
S5B), which were extended by POLS6i
(Figures S5A and S5C) and inhibited by
POL6-FL overexpression (Figures S5A
and S5D). CD437 also stimulated chro-
matin recruitment of POL6 and accumu-
lation of RPA (Figure S5E). Moreover,
Olaparib-mediated PARP1 inhibition, which prevents effective
FEN1-dependent OKF maturation (Vaitsiankova et al., 2022),
induced fork junction gaps (Figures S5A and S5F), the size
of which was significantly increased by POL6 inhibition
(Figures S5A and S5G) and decreased by POLO-FL overexpres-
sion (Figures S5A and S5H).

Overall, these experiments indicate that gaps formed by OKF
synthesis inhibition are major targets of POL6, which prevents
their accumulation by promoting stalled OKF elongation.

POLO helicase and polymerase activities function in
coordination to prevent ssDNA accumulation at
replication forks

To further validate POLO’s role at stalled OKFs, we supple-
mented APH-treated extracts with an excess of active POLO-FL,
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Figure 4. POLO polymerase and helicase
process stalled OKFs

(A) Quantification of fork junction ssDNA gap
length for each replication fork isolated from ex-
tracts supplemented with buffer or POL6-FL
(25 nM) and treated with APH. Measurements
were conducted on 150 Rls pooled from three in-
dependent experiments (n = 150); 75 Rls were
counted for each treatment; horizontal bars indi-
cate mean + SD; unpaired t test; **p < 0.01.

(B and C) (B) Representative EM images of repli-
cation forks isolated from extracts supplemented
buffer or (C) POL6-FL and APH.

(D) Quantification of total ssDNA length for each
replication fork represented in (E-G) isolated from

M-APH + POL6-FL

extracts supplemented with buffer, POL6-FL,
POL6-POL, or POLO-HEL and treated with M-APH.
RIs were pooled from three independent experi-
ments (n = 280); 70 RIs were counted for each
condition; horizontal bars indicate mean + SD;
unpaired t test; *p < 0.05; ***p < 0.0001.
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(E-G) (E) EM images of replication forks isolated
from extracts supplemented with POLS-FL, (F)
POL6-POL (25 nM), or (G) POL6-HEL treated with
M-APH. Blue arrows indicate DNA flaps.

See also Figures S3-S5.

helicase domain is less proficient at pre-
venting gaps between stalled OKFs in
the presence of long flaps that could

-

M-APH + POL6-POL G

i

block the progression of other lagging-
strand polymerases, including POLJ3
(Koc et al., 2015).

Overexpression of recombinant
POLO-HEL, instead, resulted in the
removal of most stalled nascent OKFs,
producing long stretches of ssDNA
deprived of double-stranded DNA re-
gions (Figure 4G) and leading to a further
increase in the total ssDNA accumulation
on each Rl (Figure 4D).

These results suggest that POLO uses
its POL domain to fill the ssDNA gaps
between the stalled OKFs and its helicase
domain to remove secondary DNA struc-

which was able to significantly reduce APH-induced and
M-APH-induced gap size and number (Figures 4A-4C),
decreasing total ssDNA accumulation on each Rl (Figures 4C-
4E). Under these conditions, individual OKFs could no longer
be distinguished (Figure 4E), confirming that POL6 extended
stalled OKFs filling ssDNA gaps between them.

Remarkably, an excess of recombinant POL6-POL was less
effective than POL6O-FL at suppressing gaps between OKFs,
yielding partially filled intermediates, often containing 50 to
80-nt-long ssDNA flaps (Figure 4F). Consistently, POL6-POL
only partially reduced total ssDNA accumulation on each Rl
(Figure 4D). These results suggest that POL6-POL lacking the

tures or stalled OKFs that prevent an effi-

cient POL function. Intriguingly, POL6-FL-
mediated suppression of ssDNA accumulation at fork junction
strongly suppressed fork reversal induced by APH, consistent
with ssDNA at forks being required for fork remodeling (Joseph
et al., 2020; Poole and Cortez, 2017) (Figure S5I).

RAD51 and POLO prevent the accumulation of ssDNA
gaps on the lagging strand

To verify how the functional interaction between POL6 and HR
proteins occurs during DNA replication, we studied the role of
major HR protein RAD51 at fork junctions. In the absence of
BRCA2 and/or RAD51 bound to chromatin, ssDNA gaps can
form behind forks, due to the MRE11 exonuclease activity
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Figure 5. POLO and RAD51 bound to lag-
ging-strand DNA protect stalled forks from
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length for each Rl isolated from extracts that were
treated as indicated. Rls pooled from three inde-
pendent experiments (n = 300); 100 RIs were
counted for each treatment; unpaired t test;
****p < 0.0001.

(B and C) (B) Representative EM images of repli-
cation forks isolated from extracts supplemented
with GST-BRC4 (BRC4) or (C) GST-BRC4 and
POL6-FL.

hPOLa - E

2 10 50 100 150200300 300 ng/l «Da

Empty

GST

(D) Representative WB showing the indicated
proteins in extract or bound to chromatin isolated
60 min after addition of sperm nuclei to egg ex-
tracts supplemented with buffer or recombinant
hPOLa complex at the indicated concentrations.

BRC4

60 90 120

GEpes e es — —  |POLo Ex

60 90 120 Min

(E) Representative WB showing chromatin-binding

e

250,
DD D = e —— — POL3

time course of the indicated proteins in extracts

150_|S—-—-
100

o o o e ) — | 0L

L W FoLe

- POLa

— —

that were treated with GST or GST-BRC4. Chro-

MCM7 matin was isolated at the indicated times after

S — v — RAD51 37 - — —

sperm nuclei addition to interphase egg extracts.

RAD51 o .
Rectangles delimitate relevant lanes derived from

——— — — —— PSF3 20

15

Histone H2B the same gel.

20+

——————— —

Chromatin

Histone H2B

DNA

o
p=4

Buffer + BRC4

F G

POL6i + BRC4

IS
S
1

w
S
1

n

=]
1
*
*

Broken forks (%)

-
°
1

o
I

oo e o
oo e e
o e e e

toward nascent DNA. However, ssDNA gaps also form at fork
junctions, independently of MRE11 exonuclease when RAD51
binding to DNA is prevented with a human-BRCA2-derived
BRC4 peptide fused to glutathione-S-transferase (GST-BRC4
or BRC4), or, similarly, when RAD51 is immunodepleted
(Hashimoto et al., 2010; Kolinjivadi et al., 2017b). Accordingly,
GST-BRC4 added to egg extracts induced asymmetric fork
junction gaps (Figures 5A and 5B), which were suppressed by
POLO-FL overexpression (Figures 5A and 5C).

To localize the gaps observed in the absence of RAD51 bound
to DNA, the BRC4 peptide and APH were added to the same
extract. The combination did not induce additional gaps on the
opposite strand (Figure S6A), suggesting that similar to APH
ssDNA accumulation observed in the absence of RAD51 bound
to DNA occurs on the lagging strand.
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Chromatin

(F) Quantification of broken forks isolated from ex-
tracts supplemented with POL6i (5 uM), GST-BRC4
(0.4 mg/mL), 100 uM Mirin, or 100 uM PFMO1 as
indicated. Rls were pooled from independent ex-
periments (n = 420); 70 Rls were counted for each
treatment; columns indicate mean + SD; unpaired t
test; **p < 0.001; ns, non-significant.

(G-I) (G) Representative EM images of replication
. forks isolated from extracts supplemented with
/ : ] GST-BRC4 and buffer, (H) GST-BRC4 and POLG6i,
i % or () GST-BRC4, POL0i, and PFMO1. Numbers in
; white show the approximate length in nt for each
DNA segment. Quantification for the representa-
tive images is shown in (F).

See also Figure S6.

POL6i + BRC4
+ PFMO1

We then performed a competition
experiment with lagging-strand binding
proteins to identify the strand engaged
with RAD51. To this end, we supple-
mented egg extracts with an excess of re-
combinant human POLa primase (hPOLa) complex (Kolinjivadi
et al., 2017b). Strikingly, hPOLa. was able to replace endogenous
POLa, the majority of which binds lagging-strand DNA (Pellegrini,
2012), outcompeting RAD51 chromatin binding (Figures 5D and
S6B). These results suggest that a large fraction of RAD51 bound
to replication forks is localized on lagging strands.

Significantly, inhibition of RAD51 binding to DNA strongly
enhanced POLO chromatin recruitment (Figures 5E and S6B),
suggesting that also POL6 operates on lagging strands, possibly
complementing RAD51 function.

1000 nt

POLO prevents MRE11-mediated endo-nucleolytic fork
cleavage in the absence of RAD51

We then asked what happens to replication forks when both
POLO and RAD51 are prevented from functioning. Strikingly,
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while inhibition of RAD51 binding alone did not alter the integrity
of daughter strands at forks (Figures 5F and 5G), inhibition of
both POL6 polymerase and RAD51 DNA binding led to the accu-
mulation of a significant number of Rls with all branches of
different lengths (Figures 5F and 5H). Asymmetric Rls in which
all three arms have different lengths could result from the endog-
enous cleavage of replication bubbles (Figure S6D), producing
single-ended broken forks in Rls derived from extracts in which
both POLO polymerase and RAD51 are defective. This pheno-
type was especially evident on converging RlIs containing one
intact and one broken fork, respectively (Figures S6E and S6G).

To identify the molecular mechanisms leading to the formation
of asymmetric Rls with broken arms, we tested the involvement
of the MRE11 nuclease in strand cleavage (Paull, 2018). Strik-
ingly, we found that the MRE11 endonuclease inhibitor PFMO1
(Shibata et al., 2014) could efficiently prevent the formation of
cleaved Rls induced by the combined inhibition of POL6 and
RAD51 (Figures 5F, 51, S6F, and S6G). Inhibiting MRE11 exonu-
clease activity with Mirin (Dupré et al., 2008) instead had a non-
significant effect on the formation of broken RlIs (Figure 5F).
These results suggest that asymmetric Rls derive from
MRE11-mediated endonucleolytic cleavage of lagging strand
with unrepaired gaps formed in the absence of POL6 and
RAD51. This activity would be compatible with MRE11 ability
to cleave substrates containing ssDNA with a 5’-dsDNA junction
mimicking lagging strands containing stalled OKFs (Deshpande
et al., 2016).

POLO prevents accumulation of ssDNA gaps and
MRE11-dependent DSBs in BRCA2-defective cells

We then tested the effects of the POL6i on an isogenic pair of
human colon cancer cell lines (DLD1) proficient or deficient for
BRCA2 (denoted DLD1 and DLD1 BRCA2~/~, respectively). As
previously reported (Zatreanu et al., 2021), POL6i induced DLD1
BRCA2~'~ cell death (Figure S7A). To verify whether POL6 poly-
merase inhibition induced ssDNA gaps, we analyzed DNA fibers
pulse-labeled with 5-chloro-2'-deoxyuridine (CldU) followed by
IdU t mark ongoing replication forks. Before spreading DNA to
obtain fibers, cells were permeabilized and treated with S1
nuclease, which cleaves DNA in the correspondence of ssDNA
gaps (Quinet et al., 2017a; Tirman et al., 2021). S1 nuclease did
not reduce the length of IdU tracks (Figure 6A), whereas POL6i
treatment slightly shortened them in DLD1 cells (Figure 6B) prob-
ably due to fork speed reduction, as previously described (Cec-
caldi et al., 2015) (Figures S7B and S7C). S1 nuclease in DLD1
BRCA2~'~ cells, instead, reduced labeled fiber length, indicating
increased ssDNA burden compared with the wild-type counter-
part (Figure 6B). Strikingly, acute inhibition of POL6 POL with
POLGi in DLD1 BRCA2~'~ cells induced further S1-nuclease-
dependent DNA fiber shortening compared with the same un-
treated cells (Figure 6B). The accumulation of ssDNA gaps in
DLD1 BRCA2~'~ cells was independent of MRE11 activities as
it was neither suppressed by MRE11 exonuclease inhibitor Mirin
(Figure 6B) or endonuclease inhibitor PFMO01 (Figure S7D).
POLS®i-induced ssDNA accumulation during DNA replication was
consistent with RPA foci accumulation in EdU-labeled DLD1
BRCA2~'~ cells (Figures S7E and S7F). These results suggest
that similar to what happen in Xenopus, BRCA2 '~ cells sponta-
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neously accumulate Mirin-insensitive ssDNA gaps during DNA
replication that require POLS to be filled.

Intriguingly, POLS® inhibition induced sporadic fork progres-
sion arrest compatible with fork collapse in DLD1 BRCA2~/~
cells (Figure S7G). Accordingly, prolonged exposure to POLGOi
induced DSB accumulation in S-phase as shown by higher
levels of phosphorylated histone H2AX (yH2AX) foci formation
in DLD1 BRCA2~/~ EdU-labeled cells compared to DLD1 cells
(Figures S7H and S7I). Such DSBs were the product of asym-
metric fork breakage and damage detected by EM (Figure 6C)
on more than ~80% of the Rls derived from DLD1 BRCA2~/~
cells (Figure S7J). In contrast, the same alterations affected
only ~10% of the Rls derived from DLD1 cells (Figure S7J).
Importantly, S-phase-associated DSBs could be prevented
by the knockdown of MRE11, NBS1 (or NBN) or CtIP, which
is required for MRE11 endonuclease activation (Figures 6D-
6F). Similar results were obtained by inhibiting MRE11 endo-
nuclease activity with PFMO01 (Figures S7K and S7L).

We then verified the consequences of these knockdowns
in DLD1 BRCA2~~ cells. Complete inactivation of MRE11
and NBS1/NBN core components of the MRN complex or of
its modular subunit, CtIP, leads to cell death after few cell divi-
sions (Chin and Villeneuve, 2001; Costanzo et al., 2004, 2001;
Hashimoto et al., 2011; Makharashvili and Paull, 2015; Paull,
2018; Yamaguchi-lwai et al., 1999). Therefore, complete inacti-
vation of these genes is not expected to relieve possible
cellular toxicity of POL6i-induced DSBs. However, we observed
a consistent enhancement of the survival of DLD1 BRCA2~/~
cells exposed to POL6i following the knockdown of the
MRE11 endonuclease activator CtIP (Figure 6G), and a more
limited, although reproducible, improvement induced by down-
regulation of MRE11 or NBS1/NBN expression over a short
time (Figure 6G). These results suggest that decreased
MRE11 endonuclease activity prevents, at least in part, the
cytotoxicity induced by POL6i in BRCA2-defective cells by
suppressing DSB accumulation.

DISCUSSION

Here, we describe a central role of POL6 in responding to
stalled forks and promoting their stability in the absence of
functional HR proteins. To summarize, we isolated Xenopus
POL6 and showed that (1) POL6 can bind to replication forks,
and its binding is enhanced by fork stalling; (2) stalled OKFs,
induced by lagging-strand polymerases inhibition and directly
visualized by EM, increase POLH chromatin binding; (3) POLS
polymerase activity prevents ssDNA gap accumulation on lag-
ging strands by extending stalled OKFs induced by POLa or
PARP inhibition, whereas POL6 helicase activity removes
stalled OKFs facilitating POL6-mediated inter-OKFs gap
filling; (4) POL6 chromatin recruitment is increased in the
absence of RAD51; (5) POL8-mediated processing of stalled
OKFs prevents fork cleavage and consequent DSB formation
induced by MRE11 endonuclease in the absence of functional
BRCA2/RAD51 proteins; and (6) downregulation of CtIP
expression, required to promote MRE11 endonuclease activ-
ity (Paull, 2018), partially suppresses the lethality induced by
POL6 polymerase inhibition in BRCA2-defective cells. These
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Figure 6. Inhibition of POL0 polymerase in-
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results define a critical role of POLS activities in promoting un-
gapped DNA replication and preventing replication fork
breakage in combination with HR proteins (Figures 7A-7F).

A major role of POLO in ssDNA gap and DSB suppression
during DNA replication

HR-defective cells exhibit an abnormal accumulation of ssDNA
gaps, a phenomenon we originally observed during DNA replica-
tion in the absence of RAD51 bound to DNA and subsequently
confirmed under BRCA1/2-defective conditions (Cantor, 2021;
Chen et al., 2018; Feng and Jasin, 2017; Hashimoto et al.,
2010; Kolinjivadi et al., 2017b; Taglialatela et al., 2017, 2021).
These results indicate an essential role of HR proteins in sup-
pressing replication-associated gaps.
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otoxic agent-induced cell killing (Cong
and Cantor, 2022), which is increased in
the absence of gap filling trans-lesion POLs (TLSPs) (Taglialatela
et al., 2021).

Here, we show that POL6 can process and suppress gaps
induced by lagging-strand replication impairment following
POLa or PARP1 inhibition, which impacts on OKF maturation
(Hanzlikova et al., 2018; Vaitsiankova et al., 2022). This function
of POLS is important to prevent DSB accumulation.

POLS promotes alt-NHEJ at DSBs with microhomology, a func-
tion essential to repair chromosome breakage in the absence of
functional HR (Brambati et al., 2020; Ceccaldi et al., 2015; Higgins
and Boulton, 2018; Mateos-Gomez et al., 2015; Schrempf et al.,
2021; Wood and Doublié, 2016). POL6-dependent alt-NEHJ is ex-
ploited by tumors with defective HR, in which overexpression
POL6 complements defective HR-mediated DSB repair.
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Figure 7. Proposed model for RAD51- and
POLO-mediated fork protection from
MRE11 endonuclease

(A) BRCA2/RAD51 dynamically associates to
replication forks, protecting ssDNA emerging from
parental dsDNA unwinding and facilitating POLo/
POL3-mediated lagging-strand DNA synthesis.
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(B) OKF stalling and ssDNA accumulation stimu-
late POL6 and BRCA2/RAD51 recruitment onto
chromatin to process OKFs. POL6O polymerase
extends OKFs, whereas POLS helicase displaces
5'-flaps containing OKFs.

(C) Without BRCA2/RAD51, ssDNA accumulates
attracting POLS, which fills inter-OKF gaps.

(D) In the absence of POLO, BRCA2/RAD51 bind-
ing to chromatin is sufficient to protect ssDNA.
(E) In the absence of both POL6 and BRCA2/
RAD51, the MRE11-NBS1/NBN-CtIP endonu-
clease gains access to gapped forks.
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Our results indicate that in addition to repairing DSBs, POL6
also prevents their formation by protecting replication forks
from breakage. This function might limit DSB accumulation in
HR-deficient, and, to some extent, HR-proficient cells, explain-
ing synthetic sickness produced by the loss of POL6 and either
HR- (Brambati et al., 2020; Ceccaldi et al., 2015; Mateos-Gomez
et al., 2015) or NHEJ-dependent DSBs repair (Wyatt et al., 2016;
Zatreanu et al., 2021). Understanding how gap-filling-dependent
DNA breakage prevention is coordinated with HR-dependent
and -independent DSB repair pathways will require further
studies.

Surprisingly, reversed forks bearing a DNA end are not required
to load POL6 onto chromatin. Instead, POL6-mediated gap filling
inhibits fork reversal by suppressing ssDNA-containing intermedi-
ates required for fork remodeling, similar to what was previously
reported (Joseph et al., 2020; Poole and Cortez, 2017).

POLO and HR proteins interplay at replication forks

In vitro studies have assigned diverse functions to POL6 do-
mains (Black et al., 2016; Brambati et al., 2020; Ozdemir et al.,
2018; Wood and Doublié, 2016). The Xenopus cell-free extract

SINGLE-ENDED BROKEN FORK

Elongated POL8 MRE11-NBS1-CtIP

ingly, overexpression of POLO-HEL re-
moves stalled OKFs on endogenous
forks, and POLO-FL polymerizes DNA
past an annealed oligo in vitro. In
contrast, helicase-defective POL6-POL
is unable to bypass OKFs containing
long flaps in egg extracts, yielding instead
partially filed RIs. As the bypass
observed in vitro with POL6-FL is not
complete compared to egg extracts,
additional factors present at stalled forks or post-translational
modifications might be required to stimulate POLO-FL activities.

Previous work also found POLS at replication origins where
it might regulate replication onset and respond to replication
stress (Fernandez-Vidal et al., 2014; Lemée et al., 2010).
POL6 might facilitate the bypass of endogenous DNA lesions
caused by spontaneous base depurination, deamination, or
oxidation leading to the formation of abasic sites, like the
ones produced by base excision repair (BER) DNA glycosy-
lase SMUGH1 (Taglialatela et al., 2021). This would be compat-
ible with the ability of POLS to replicate over ssDNA templates
containing apurinic and apyrimidinic sites (Hogg et al., 2011).

A role of POL6 on lagging strands could explain the impor-
tance of POLS6 in the absence of BRCA1/2 and RAD51 bound
to replicating DNA. Previous results have shown that BRCA2
and RADS51 prevent MRE11-indepedent gaps occurring only
on side at fork junctions and MRE11-dependent gaps
arising behind forks away from fork junctions on both strands
(Hashimoto et al., 2010; Kolinjivadi et al., 2017b). At fork junc-
tions, BRCA2/RAD51 might bind to ssDNA exposed on the
lagging strand, as suggested by our observation that POLa

>
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overexpression outcompetes and displaces RAD51 from repli-
cating chromatin. A shorter DNA-binding site of RAD51, which
occupies only 3 nt (Qiu et al., 2013), might facilitate dynamic
engagement of several RAD51 molecules with inter-OKFs
ssDNA. Once loaded, RAD51 could promote POLa-mediated
OKEF synthesis (Kolinjivadi et al., 2017b). Alternatively, BRCA2/
RAD51 bound to lagging strands could reach out for replisome
components on the leading strands such as MCM10, restraining
fork progression (Kang et al., 2021), thus recoupling leading and
lagging-strand synthesis.

Increased loading of POL6 onto chromatin in the absence of
RAD51 and ineffective suppression of POL6i-induced gaps by
MRE11 inhibition are consistent with lagging strands being a
target for POL6 in HR-defective cells although an additional
role of POL6 on leading strands cannot be excluded. However,
as POL6 helicase activity would be dispensable in the absence
of stalled OKFs, other polymerases, including PrimPol, could
play a more important function on the leading strand, especially
following DNA damage. Intriguingly, PrimPol has recently been
shown to act primarily on leading strands even when lagging-
strand synthesis is impaired (Mehta et al., 2022).

RAD51- and POLO-mediated suppression of MRE11-
dependent fork cleavage

MRE11 endonuclease can cleave ssDNA regions containing
dsDNA, especially in the presence of proteins stably bound at
the 5'- or 3'- ends of the same molecule, a substrate resembling
stalled OKFs with stably bound blocked polymerases. This activ-
ity is strongly stimulated by CtIP during S-phase (Anand et al.,
2016; Paull, 2018; Williams et al., 2009). ssDNA accumulating
at forks in the absence of POL6 and BRCA2/RAD51 is exposed
to the attack of nucleases, including the MRE11 complex, pro-
ducing single-ended forks observed by EM. Fork breakage in
S-phase produces the DSBs detected in HR-defective cells
following POLS inhibition and can be restrained by inhibition of
MRE11 endonuclease.

Cleavage of stalled forks by MRE11 and other lagging-strand
nucleases (Kim et al., 2017) in POL6-proficient cells might help to
resolve irreversible fork stalling, promoting cell survival. Accord-
ingly, the loss of the MRE11 nuclease inhibitor DYNLL1 confers
survival advantage to HR-defective cells (He et al., 2018). POLO
might be well placed on lagging strands not only to prevent fork
breakage but also to recapture the broken ends and promote
fork repair.

As POLS inhibition is considered to be an anticancer strategy
to kill HR-defective tumors (Higgins and Boulton, 2018;
Schrempf et al., 2021; Zatreanu et al., 2021; Zhou et al., 2021),
further studies are warranted to assess whether nonlethal cancer
mutations in Mre11-Nbs1/Nbn-CtIP genes (Bogdanova et al.,
2008; Park et al., 2011; Zarrizi et al., 2020) render HR-defective
cancer cells resistant to POLS inhibitors.

Limitations of the study

Here, we report an increase in ssDNA gaps upon POLS inhibition
in RAD51- and BRCA2-deficient backgrounds predisposing to
MRE11 endonuclease-dependent fork breakage. Although we
could clearly observe POLOi-induced HR-defective cell lethality,
we could not determine whether the survival impairment is exclu-
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sively due to DSB formation in S- or other cell cycle phases. This
is due to the additional essential roles played by the MRE11 com-
plex, inactivation of which could not completely suppress POL6i-
induced lethality. We could therefore not exclude that HR-
impaired cell survival defects arise directly from the accumulation
of ssDNA gaps, which could elicit other types of cytotoxic events,
including the formation of aberrant DNA repair intermediates.
Further investigations relying on the isolation of separation of
function mutations in these genes will be required to address
this point.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-ATR Aze et al., 2016 N/A

Anti-BrdU (Mouse monoclonal)

Anti-BrdU (Rat monoclonal) [BU1/75 (ICR1)]
Anti-CDC45 (Rabbit polyclonal)

Anti-CtIP (Rabbit polyclonal)

Anti-Histidine (Rabbit polyclonal)
Anti-Histone H2B (Rabbit polyclonal)
Anti-human POLa p180 (Rabbit polyclonal)
Anti-MCM7 (Mouse monoclonal)
Anti-MEK2 (Mouse monoclonal)
Anti-NBS1/NBN (Rabbit polyclonal)
Anti-ORC1 (Mouse polyclonal)

Anti-phospho-Histone H2A.X-Ser139
(Mouse monoclonal)

Anti-PSF3 (Rabbit polyclonal)
Anti-RAD51 (Mouse monoclonal) [14B4]
Anti-RPA70 (Rabbit polyclonal)

Anti-Xenopus POL 6 (Rabbit polyclonal)antigen
used: His-POL@ (1756-2542)

Anti-Xenopus POL « p180 (Mouse monoclonal)
peptide antigen used: VKRLPAVTKPGH
Anti-Xenopus POL & 125 kDa (Mouse monoclonal)
peptide antigen used: SSQTKKLRGDWDDD
Anti-Xenopus SMARCAL1 (Rabbit polyclonal)
(Xenopus full length protein used as antigen)
Chicken anti-Rat IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488

Donkey Anti-Mouse IgG (H+L) Cy™3 AffiniPure

BD Bioscience

Abcam

Aze et al., 2016
Bethyl laboratories
Sigma-Aldrich
Millipore

Abcam

Santa Cruz

BD Bioscience
Novus biologicals
Aze et al., 2016
Millipore

Hashimoto et al., 2010
Abcam
Jean Gautier, Columbia

University
This study
Kolinjivadi et al., 2017b
Kolinjivadi et al., 2017b
Kolinjivadi et al., 2017b

ThermoFisher

Jackson ImmunoResearch

Cat# ab347580, clone B44;
RRID: AB_400326

Cat# ab6326; RRID: AB_305426

N/A

Cat# A300-488A-M; RRID: AB_2779257
Cat# SAB4301134

clone 07-371; RRID: AB_310561
Cat#ab31777; RRID:AB_731976

Cat# sc-9966; RRID: AB_627235

Cat# 610235; RRID: AB_397630

Cat# NB100-143; RRID: AB_10078050
N/A

Cat# 05-636;
RRID: AB_309864

N/A
Cat# ab213; RRID: AB_302856
N/A

BioGenes GmbH

Abmart:
clone 13026-1-3/C199

Abmart:
clone 19570-1-1/C316

N/A

Cat#A-21470;

RRID:AB_2535873
Cat# 715-165-150;
RRID: AB_2340813

Biological Samples

Xenopus egg extract This study N/A

Chemicals, Peptides, and Recombinant Proteins

3,5,8-Trimethylpsoralen TMP Sigma-Aldrich Cat# T6137
Aphidicolin Sigma-Aldrich Cat# A0781
Alkyldimethylbenzylammonium chloride Merck Cat# 264-151-6
Benzonase Sigma-Aldrich Cat# E1014
BrdU Sigma-Aldrich Cat# B5002
BSA Sigma-Aldrich Cat# A2058
Calcium ionophore Sigma-Aldrich Cat# A23187
CD437 Merck Cat# C5865
CldU (5-chloro-2’-deoxyuridine) Sigma-Aldrich Cat# C6891
Corionic Gonadotropin Sigma-Aldrich Cat# CG10
DNA2i MedChemExpress Cat# HY-128729
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Dynabeads M-280 Streptavidin ThermoFisher Cat# 11205D
Dynabeads-ProteinA ThermoFisher Cat# 10002D
Formamide Sigma-Aldrich Cat# F9037
Geminin Aze et al., 2016) N/A
GST-BRC4 (residues 5117157 of Hashimoto et al., 2010) N/A
human BRCA2)
Human Polymerase o146 and B'-5% Kolinjivadi et al., 2017b N/A
subunit proteins
Human Primase Hisqo-tagged human Primase Kolinjivadi et al., 2017b N/A
PriS and PriL subunit proteins
IdU (5-lodo-2’-deoxyuridine) Sigma-Aldrich Cat# 17125
Lysolecithin Sigma-Aldrich Cat# L1381
Maltose Sigma-Aldrich Cat# M5885
MBP-tagged human Polymerase o.'"'%° NTD Kolinjivadi et al., 2017b N/A
Mirin Sigma-Aldrich Cat# M9948
Olaparib (AZD2281, Ku-0059436) SelleckChem Cat# S1060
PFMO1 Sigma-Aldrich Cat# SML1735
POL6 polymerase inhibitor (POL6i) Joanna Loizou, University N/A

of Vienna
Protease inhibitor Set IlI Calbiochem Cat# 539134
Proteinase K Sigma-Aldrich Cat# 3115887001
Pvull HF restriction enzyme NEB Cat# R0O151T
RNase A ThermoFisher Cat# EN0531
S1 nuclease Sigma-Aldrich Cat# N5661
Spermidine Sigma-Aldrich Cat# S2626
Spermine Sigma-Aldrich Cat# S3256
T4-DNA Polymerase NEB Cat# M0203S

TRIzol™ Reagent
Uranyl Acetate

Thermo Fisher
Thermo Fisher

Cat# 15596026
Cat# NC1375332

Xenopus Pol0-FL protein (His-MBP-TEV-Pol6'-2543) This study N/A

Xenopus Pol0-HEL protein (His-MBP-TEV-POLO"'-1929) This study N/A

Xenopus Pol0-POL protein (His-TEV-POLO'756-2542) This study N/A

Critical Commercial Assays

15% TBE-Urea Polyacrylamide gel Biorad N/A

Amicon ultra centrifugal filters cut off 50kDa Millipore N/A

Midi-GeBaFlex (3.5 kDa MWCO) GEBA Cat# D012

ECL Amersham Cat# RPN2232

Gel Loading Buffer Il ThermoFisher Cat# AM8546G
MBPTRAP™ HP Cytiva Cat# GE28-9187-79
Oligo(dT)20 Thermo Fisher Cat# 18418020
pCR®-Blunt [I-TOPO® vector Invitrogen Cat# K28002
Phusion™ High-Fidelity DNA Polymerase Thermo Fisher Cat# F530L
Superdex® 200 10/300 GL Cytiva Cat# 17-5175-01
Superose® 6 Increase 10/300 GL Cytiva Cat# GE29-0915-96
SuperScript™ Ill Reverse Transcriptase ThermoFisher Cat# 18080093
TALON® metal affinity resin Clontech N/A
Lipofectamine™ RNAiMax ThermoFisher Cat# 13778150
CellTiter-Glo® Luminescent Cell Viability Assay Promega Cat# G7571
Click-iT™ EdU Cell Proliferation Kit for Imaging, ThermoFisher Cat# C10337

Alexa Fluor™ 488 dye

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

Xenopus laevis Polé6 cDNA This study GenBank: OM249942
Raw images and graphs This study https://doi.org/10.17632/5ynd7b8759.1
Experimental Models: Cell Lines

High Five insect cells Invitrogen Cat# B85502

DLD-1 wild-type Horizon Cat# HD PAR-008
DLD-1 BRCA2 7~ Horizon Cat# HD 105-007
Experimental Models: Organisms/Strains

Xenopus laevis females Nasco Cat# LM00535MX
Xenopus laevis males Nasco Cat# LM00715MX
Oligonucleotides

POLQ-N2 GGGGAGACGATGCAGCAGATAAAG This study N/A

POLQ-C3 GCCTCCTACAAGTCAAAATCTTGCAG This study N/A
POLQ_for-aa1-Xhol CCGCTCGAGAATGCAGCA This study N/A
GATAAAGAAACAGCCCC

POLQ_for-aa1756-Xhol CCGCTCGAGAGGCTT This study N/A
CACCTTGCAGCTCTCTCAG

PolQ_rev-aa1029_Nhel TAGGCTAGCCTAATTC This study N/A
CACTGGATTCCAATCATGGCC

PolQ_rev-aa2542_Nhel TAGGCTAGCCTACAA This study N/A
GTCAAAATCTTGCAGATCTCCCC

Additional DNA oligos See Table S1 N/A

NBS1/NBN siRNA oligo Horizon Cat# L-009641-00-0010
RBBPS8 siRNA oligo Horizon Cat# L-011376-00-0010
MRE11A siRNA oligo Horizon Cat# L-009271-00-0010
Universal control siRNA oligo Sigma-Aldrich Cat# SIC001
Recombinant DNA

ADA438-pCRBIuntlITOPO-POLQ 1 This study N/A
ADA444-pBAC-6H-MBP-POLQ Y This study N/A
ADA446-pF-6His-POLQ-polymerase (1796-2542) This study N/A
ADA447-pBAC-6H-MBP-POLQ-Helicase (11929 This study N/A

ADA448- pBAC-6H-MBP-POLQ-polymerase (17%6-2542) This study N/A
pFBDM-His;o-tagged full length human Kolinjivadi et al., 2017b N/A

Primase subunits PriL and PriS

Software and Algorithms

Prism (version 9.3.0) GraphPad https://www.graphpad.com; RRID: SCR_002798
Imaged (version 2.3.0/1.53f) Freeware https://imagej.net; RRID: SCR_003070
CellProfiler 4.1.3 Freeware https://cellprofiler.org; RRID: SCR_007358
Jalview 2.11.2.3 Freeware https://www.jalview.org/
RRID: SCR_006459
Clustal Omega 1.2.2. Freeware http://www.clustal.org/omega/
RRID: SCR_001591
Gatan Micrograph softwareSoftware Gatan N/A
Other
Bioruptor Diagenode N/A
Electron microscopy grids Ted Pella Cat# 3HGC100
ChemiDoc MP BioRad N/A
EnVision microplate reader PerkinElmer N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Typhoon scanner GE Healthcare N/A

FEI Tecnai 20 EM microscope equipped FEl+Gatan N/A

with GATAN high-resolution camera

MED20 evaporator Leica N/A

Leica TCS SP8-STED confocal microscope
Olympus Upright BX61 fluorescence microscope

Stratalinker equipped with 254 and Stratagene N/A
365 nm ultraviolet light bulbs
TLA100 rotor Beckman N/A

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed and will be fulfilled by the lead contact, Prof Vincenzo
Costanzo (vincenzo.costanzo@ifom.eu ).

Materials Availability
Materials generated in this study will be made available upon request by the lead contact.

Data and code availability
e Original western blot and microscopy images are available on Mendeley Data as of the date of publication. The DOl is listed in
the key resources table.
® The study does not report any original code.
® Any additional information related to the data reported in this paper will be made available upon request by the lead contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Xenopus laevis eggs

Eggs derived from Xenopus laevis frogs were used as an experimental model system. Collection of eggs from the female frogs was
performed in a non-invasive way following chorionic gonadotropin (Sigma, CG10) injections. Once collected eggs were processed to
obtain cytoplasm, which was incubated with sperm nuclei to start DNA replication reactions. Occasional surgical procedures were
performed on the male frogs to harvest sperm nuclei. Experimental protocols were approved by the IFOM Animal Welfare committee
and the lItalian Ministry of Health. The number of animals used was kept to a minimum and was calculated taking into account the
number eggs required to obtain the cytoplasmic extract needed for the experiments described. The animals were kept in highly regu-
lated and monitored conditions with room and water temperature at 19 °C. Basic husbandry requirements were provided by the IFOM
Xenopus facility.

Cell culture

Human DLD1 wild-type and DLD1 BRCA2™~ deficient cells used as model system were purchased at Horizon discovery. Cells were
cultured in RPMI 1640 (Lonza) supplemented with 2 mM glutamine, 10% Fetal bovine serum (FBS) and penicillin-streptomycin (Pen-
Strep). Cells were maintained at 37 °C and 5% CQO2. Cells were transfected with siRNA oligos and experiments were performed 48 h
after transfection. Efficacy of knockdown was checked with western blot performed 72 h after transfection. Cells were also treated
with chemicals such as DMSO, POL6i or PFMO1 for the times indicated in figure legend.

METHOD DETAILS

DNA constructs

The cDNA sequences encoding Xenopus laevis POLO was obtained by RT-PCR, from RNA derived from Xenopus eggs with TRIzol™
Reagent (Thermo Fisher). SuperScript™ Il Reverse Transcriptase (Thermo Fisher) and oligo(dT)20 was used for the first strand DNA
synthesis. The full-length polq sequence was amplified by PCR using Phusion™ High-Fidelity DNA Polymerase (Thermo Fisher) and
the primers PolQ-N2 and PolQ-C3 (see table). The PCR product was cloned into pCR®-Blunt II-TOPO® vector (Invitrogen) obtaining
the pCRBIuntlITOPO-POLQ™Y ADA438 plasmid. The sequence was verified by sequencing using the primers listed in the table
below, and was deposit in GenBank (Banklt2538668 POLQ OM249942). To obtain the pBAC-6H-MBP-POLQ™" ADA444 plasmid,
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for the expression in insect cells of the full-length sequence fused to 6His-MBP, a PCR product was obtained from ADA438 using the
POLQ_for-aa1-Xhol and PolQ_rev-aa2542_Nhel primers (see table). The PCR product was Nhel/Xhol restricted and cloned into
pBAC-His-MBP, a modified version of pFastBacHT vector, Sall/Xbal restricted. The sequence encoding the N-terminal helicase
domain (aa1-1029) was amplified by PCR using the primers POLQ_for-aa1-Xhol and PolQ_rev-aa1029_Nhel primers and cloned
into the Sall/Xbal restricted pBAC-His-MBP vector, obtaining pBAC-6H-MBP-POLQ-Helicase!'"1929 (ADA447 plasmid). The
sequence encoding the C-terminal polymerase domain (aa1756-2542) was amplified by PCR using the primers POLQ_for-
aal1756-Xhol and PolQ_rev-aa2542_Nhel and cloned into the Sall/Xbal restricted pFH1, a modified version of pFL vector,
obtaining pF-6His-POLQ-polymerase!'756-2542 (ADA446 plasmid), or it was cloned into pBAC-His-MBP obtaining pBAC-6H-MBP-
POLQ-polymerase!!756-2542) (ADA448 plasmid).
See Table S1 for complete list of DNA oligonucleotide primers used for cloning. All primers were purchased from SIGMA.

Protein expression and purification

His-MBP-TEV-POL6"2543(FL), His-MBP-TEV-POL6!""1%29 (helicase domain) and His-TEV- POL8(7%6-2542) (polymerase domain)
were expressed in High Five insect cells (Invitrogen, B85502) infected with the respective recombinant baculoviruses by Silvia Mon-
zani and Sebastiano Pasqualato of the Crystallography Unit of the European Institute of Oncology. Cell pellets from cells expressing
His-MBP-TEV-POL6!-2542 (FL) and His-MBP-TEV-POL6!-1%29 (Helicase domain) were resuspended in MBP-lysis buffer (50 mM
HEPES pH 7.6, 300 mM NaCl, 1 mM DTT, 1 mM EDTA) supplemented with protease inhibitors cocktail Set Il (Calbiochem) and
12.5 U/ml Benzonase (Sigma), lysed by sonication and cleared by centrifugation. The cleared lysate was loaded onto MBP-TRAP
column (GE Healthcare), washed with 20 column volumes of washing buffer (50 mM HEPES pH 7.6, 300 mM NaCl, 1 mM EDTA,
5% glycerol); proteins were eluted with MBP-elution buffer (20 mM maltose, 50 mM HEPES pH 7.6, 200 mM NaCl, 1 mM EDTA,
5% glycerol). The eluate was further purified by SEC on Superose-6 column (GE Healthcare) pre-equilibrated in SEC buffer
(50 mM HEPES, 200 mM NaCl, 5% glycerol). Relevant fractions were concentrated in 50 kDa molecular mass cut-off Amicon ultra
centrifugal filters (Millipore).

Cell pellets from cells expressing 6xHis-TEV- POL6(7%6-2542) yere resuspended in His-lysis buffer (50 mM HEPES pH 7.6, 300 mM
NaCl, 10% glycerol, 2 mM 2-mercaptoethanol, 0.25% Triton X-100) supplemented with protease inhibitors cocktail Set Ill and
12.5U/ml Benzonase), lysed by sonication and cleared by centrifugation. The cleared lysate was incubated with TALON® metal
affinity resin (Clontech) for 2h at 4 °C. The resin was then washed with 30 vol. of lysis buffer containing 500 mM NaCl and 10 mM
Imidazole; the bound proteins were eluted with 300 mM imidazole in lysis buffer. The eluate was further purified by SEC on Super-
dex-200 column (GE Healthcare) pre-equilibrated in SEC buffer. Relevant fractions were concentrated in 50 kDa cut-off Amicon ultra
centrifugal filters (Millipore).

Recombinant wild type human Pola. complex used in this work was previously produced (Kolinjivadi et al., 2017b).

Antibody production

Anti-Xenopus-POLS antibodies were obtained by BioGenes GmbH (Germany) by immunizing two rabbits (#29046 and #29047) with
His-POL0(7%6-2%42) The antibodies were affinity purified with His-MBP-POL6(7%6-2542) by Giuseppe Ossolengo (IFOM). The antibody
#29046 was used for WB detection and #29047 for immunodepletion.

OLIGO extension assay and GAP-filling

To test the polymerase activity of POL6 we evaluated its capability to extend a tetra-chloro-fluorescein (TET) 5’-end labelled oligo
(14mer) annealed to a reverse oligonucleotide (21mer or 41mer) see table. To obtain the ds-duplex 5’ protruding template, we mixed
1 uM of TET-14mer-forward oligonucleotide and 2 uM of either 21mer_reverse or 41mer_reverse oligonucleotide in annealing buffer
(10 mM Tris—=HCI pH 8, 50 mM NaCl, 0.1 mM EDTA) and annealed by heating at 95 °C for 5 min and slowly cooling down to 25 °C. For
the polymerase reaction we prepared a 10 ul mix containing 50 nM ds-template, 100 uM dNTPs and 50 nM POLS6 (either 6H-MBP-
POL6-FL or 6H-POL6O-POL) in reaction buffer (20 mM Tris-HCI buffer, pH 8.0, 25 mM KCI, 10 mM MgCl,, 1 mM DTT). The reaction was
incubated at 37 °C for 15-30 min and quenched by adding 100 mM NaOH and 10 pul of Gel Loading Buffer Il (Thermo Fisher,
AMB8546G) containing 95% formamide, 18 mM EDTA, and heating for 5 min at 95 °C. Products were separated on denaturing
15% Polyacrylamide-8M Urea gels in 1XTBE buffer and visualized on ChemidocMP (Bio-Rad) using blue epi-illumination and the
530/28 emission filter. As standard-ladder we used a mix of TET14mer, TET-20mer, TET-24mer, TET-30mer andTET-40mer oligo-
nucleotides, 5 nM each in Gel Loading Buffer II.

For the GAP-filling assay we prepared the two templates: NO-GAP and GAP-8 templates. The NO-GAP template was obtained
by annealing the TET-15mer_forward with the 51mer_reverse (at the ratio of 1:1.5). The GAP-8 template was obtained by the
annealing of the TET-15mer_forward with the 51mer_reverse and the GAP8-18mer-CY3_forward (at the ratio of 1:1.5:2). The
templates were purified from a native 6% PAGE gel and extracted by electroelution using the midi GeBaFlex (3.5 kDa MWCO)
tubes. For the reaction we prepared a 10 pl mix containing 50 nM template, 100 uM dNTPs in reaction buffer supplemented
with 1 mM ATP to which we added either 50 nM 6H-MBP-POL6-FL or 0.1 U of T4-DNA Polymerase (NEB). The reaction was
incubated at 23 °C for 30 min.

For the complete sequence of DNA oligos used here see Table S1.
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Egg extract and chromatin binding

Xenopus interphase egg extracts and sperm nuclei were prepared as previously described (Aze et al., 2016). Briefly, Xenopus eggs
were collected in MMR buffer (5 mM HEPES-KOH pH 7.5, 100 mM NacCl, 0.5 mM KCl, 0.25 mM MgSQ,, 0.5 mM CaCl,, 25 uM EDTA)
from chorionic gonadotropin injected female frogs. The eggs were de-jellied in 10 mM Tris pH 8.0, 110 mM NaCl and 5 mM DTT and
rinsed three times in MMR. De-jellied eggs were released in interphase in presence of 5 uM Calcium lonophore (A23187, Sigma) for 5-
6 min, washed three times with MMR and rinsed twice in ice-cold S-buffer (50 mM HEPES-KOH pH 7.5, 50 mM KCl, 2.5 mM MgCly,
250 mM sucrose, 2 mM B-mercaptoethanol). Activated eggs were then packed by centrifugation at 1.200 rpm for 1 min and the
excess of buffer was discarded. Eggs were crushed at 13.000 rpm for 12 min at 4 °C. The crude extract was collected and centrifuged
at 70.000 rpm for 12 min at 4 °C in a TLA100 rotor (Beckman). The interphase extract was obtained by collecting and mixing the
cleared cytoplasmic fraction together with the nuclear membranes. For sperm nuclei preparation 4 testis were removed from 2
male frogs and placed in petri dishes containing 10 mL EB buffer (50 mM KCI, 50 mM HEPES-KOH pH 7.6, 5 mM MgCl,, 2 mM
DTT). Testis were finely chopped with razor blade. The material was then transferred to 15 mL Falcon tube and spun at 2,000 x g,
in a swinging bucket rotor for 5 min at 4 °C. The pellet was resuspended in a total volume of 2 mL of room temperature SuNaSp buffer
(0.25 M sucrose, 75 mM NaCl, 0.5 mM spermidine, 0.15 mM spermine). To remove membranes 100 pl of 2 mg/ml lysolecithin (Sigma)
were added and incubated for 10 min at room temperature. Reaction was stopped by adding 3% BSA (Sigma). The pellet was re-
suspended again in 2 mL EB and spun at 2,000 x g for 5 min at 4 °C. The final pellet was resuspended in 400 pul of EB + 30% glycerol.
Sperm nuclei were tested for absence of DNA breaks with TUNEL assay as previously described (Aze et al., 2016). Briefly, 20 ul of
different sperm nuclei preparations (4000 n/ul) were incubated at 37 °C for 4 hin 170 pl H,O supplemented with 20 pl 10 x TdT buffer
(NEB), 90U Terminal transferase (NEB) and 1 ul a->2P-dCTP. Aliquots of the reaction were then precipitated with 5% TCA, 2% py-
rophosphate solution and spotted on Whatman GF-C glass fiber filter. After ethanol washes, filters were dried and the incorporated
TCA precipitable radioactivity was counted in scintillation counter. Sperm nuclei preparations with the lowest counts were used for all
the experiments.

The DNA replication assay was performed as previously described (Aze et al., 2016). Briefly, sperm nuclei (4000 n/pl) were added to
interphase egg extract treated as shown in Figure legend. Extracts were supplemented with a-*>P-dCTP, incubated at 23 °C for the
times indicated in figure legend and then stopped with Stop buffer (1% SDS, 8 mM EDTA, 80 mM Tris-HCI pH 8 and 1 mg/mi
proteinase K). The mixture was then incubated at 50 °C for 2 h. Genomic DNA was separated from unincorporated nucleotides
by electrophoresis through a 0.8% agarose gel. The gel was fixed in 30% TCA for 20 min, dried and exposed for autoradiography
to a phosphoscreen for imaging acquisition using a phospho-imager scanner (Typhoon, GE Healthcare). Images were quantified
with ImagedJ software.

For chromatin binding 40 pl egg extract containing sperm DNA were isolated from master reactions treated as shown in
Figure legends at the indicated time points. For immunoblotting, samples were diluted with 10 volumes of EB (100 mM KCl,
2.5 mM MgCl,, and 50 mM HEPES-KOH pH 7.5) containing 0.25% NP-40 and centrifuged through a 0.5 M sucrose layer at
10,000 x g at 4 °C for 5 min. Pellets were washed once with EB and suspended in Laemmli loading buffer. Proteins were then resolved
on an SDS-PAGE and monitored by WB.

DNA Electron microscopy

DNA for electron microscopy analysis was processed as previously described with some modifications (Kolinjivadi et al., 2017b;
Taglialatela et al., 2017, 2021). Briefly, for Xenopus replication intermediates preparation sperm nuclei (4000 n/ul) were incubated
at 23 °C in 200 pl egg extract for 60 min, diluted with 400 pul of EB buffer, layered onto 800 ul EB-EDTA (EB buffer + 1 mM
EDTA) + 30% (w/v) sucrose and centrifuged at 3,000 x g for 10 min at 4 °C. Pellets were resuspended in 100 ul EB-EDTA and trans-
ferred to a 96-well plate. 4,5',8-Trimethylpsoralen (TMP) was added at 10 pg/ml to each well. For human cells replication intermedi-
ates preparation 15x10° cells were collected. After standard trypsinization, the cells were transferred to 15 ml Falcon tubes and spun
down at 600 x g for 5 min at 4°C. The cell pellets were then washed once with 5 mlice-cold PBS, resuspended in 10 ml ice-cold PBS
and transferred to 10x5 mm Petri dishes, to which 10 mg/ml of TMP (Trimethylpsoralen, Sigma-Aldrich) were added and mixed. Xen-
opus or human samples were incubated on ice for 5 min in the dark and irradiated with 365 nm ultraviolet light for 7 min on a precooled
metal block. The procedure from TMP addition to irradiation with ultraviolet light was repeated four more times. Samples were then
supplemented with 0.1% (w/v) SDS to lysate nuclei and treated with 100 pg/ml RNase A for 1 h at 37 °C. For complete protein diges-
tion, psoralen-crosslinked chromatin was incubated with proteinase K (1 mg/ml) for 2 h at 50 °C. Genomic DNA was extracted by
adding one volume of 1:1 (v/v) phenol-chloroform mixture, precipitated with isopropanol, washed with 70% ethanol and digested
with 150 U Pvull HF restriction enzyme for 4 hours at 37 °C. To visualize DNA the samples were spread onto EM grids and stained
as previously described (Kolinjivadi et al., 2017b; Taglialatela et al., 2017). Briefly, 50 ng DNA were resuspended in 5 pl of formamide
supplemented with 0.4 pl of BAC solution (alkyldimethylbenzylammonium chloride 0.2% w/v in formamide) diluted 1:10 (v/v) in water.
The total volume was gently pipetted onto the surface of water in a Petri dish to form a film. DNA was transferred to carbon-coated EM
grids (Ted Pella) by briefly allowing them to contact the surface of the DNA film using tweezers. After staining in 1% uranyl acetate
solution followed by a brief wash in 100% ethanol, grids were air-dried on filter paper and then subjected to DNA carbon-platinum
rotary shadowing with a Leica MED20. Image acquisition was obtained with a FEI Tecnai 20 EM microscope equipped with a GATAN
high-resolution camera at the IFOM electron microscopy facility. Blind analysis of EM images was performed by EM specialists.
Conversion of DNA length from nm to nucleotides was done considering 1 nt=0.34 nm under EM.
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Depletions
Toimmuno-deplete POL6 and SMARCAL1 0.5-1 mL egg extract were incubated with affinity purified IgGs (35-50 ng) at RT for 1 h with
250 pul Dynabeads-ProteinA (Thermo Fisher, 10002D) for one to three subsequent depletion rounds lasting about 1 h each.

To obtain mock-treated extract a parallel depletion was carried out using the same protocol with Dynabeads-ProteinA conjugated
with affinity purified rabbit pre-immune IgGs.

IPOND

100 ul extracts were used for each sample. Sperm nuclei were then added to reach a final concentration of 4000 nuclei/ul. 30 min after
sperm nuclei addition 10 min DNA labeling pulses were carried out supplementing the extracts with 40 uM Biotin-16-dUTP (Roche)
and either 20 uM aphidicolin or DMSO as control. DNA replication was stopped by diluting 100 pl reactions with 200 pl cold EB-EDTA
buffer (50 mM HEPES-KOH pH 7.5, 100 mM KCI, 2.5 mM MgCl,, 1 mM EDTA). Samples were homogenized by using a cut p1000 tip
and overlaid on 600 pl EB-EDTA-Sucrose buffer (EB-EDTA buffer + 30% w/v sucrose). Nuclei were collected by centrifugation at
8,300 x g at 4 °C for 10 min in a swinging-bucket rotor (TLA 100.3, Beckman). The supernatant and the dense sucrose layer were
carefully removed and the nuclear pellet resuspended with 400 pl EB-NP40 buffer (50 mM HEPES-KOH pH 7.5, 100 mM KClI,
2.5 mM MgCl,, 0.25% NP40) to lysate nuclei. Samples were then subjected twice to a 10 min sonication step (30 s ON /40 s
OFF cycle and Max Power with a Bioruptor device, Diagenode). After the sonication step 20 ul from each sample were kept apart
(5% Input to be loaded as control for SDS-PAGE). Biotinylated DNA fragments were then pulled-down by incubation with 40 pl
Dynabeads M-280 Streptavidin (Thermo Fisher, 11205D) for 30 min at 4 °C. Dynabeads M-280 Streptavidin + the pull-down fractions
were then washed three times with 200 ul EB-EDTA buffer and eventually resuspended with 30 ul of 1X denaturing loading buffer. The
entire volume was eventually loaded on for SDS-PAGE and WB analysis.

RNA Interference

siRNA transfections were performed using Lipofectamine™ RNAiMax (ThermoFisher, 13778150) following manufacturer’s instruc-
tions. The final concentration of siRNA was 25 nmol/L. The siRNAs used were siNBN (L-009641-00-0010), siRBBP8 (CtIP,
L-011376-00-0010) and siMRE11A (L-009271-00-0010) from Horizon, and universal control siRNA (SIC001) form Sigma. siRNA
efficiency was assayed by western blot 72 h after transfection.

Immunofluorescence
Immunofluorescence was performed on siRNA transfected or un-transfected cells seeded on a glass coverslip. For drug treatment 24
later cells were exposed to DMSO or 2 uM POLQ inhibitor plus or minus 10 uM PFMO01 for 24 h as indicated in figure legend. Cells then
were exposed to 10 mM of EdU for 90 min then cells were washed once with PBS and pre-extracted with CSK100 buffer (100 mM NaCl,
10 mM PIPES pH 6.8, 3mM MgCl,, 300 mM sucrose, 0.5% Triton X-100) for 2 min onice. Cells were washed once with PBS and Fixed
with 4% formaldehyde in PBS for 12 min at room temperature. Permeabilized with permeabilization buffer (0.2% BSA, 0.5% Triton
X-100 in PBS) for 10 min, washed once with PBS and EdU-positive cells were detected with Click-it EQU Cell Proliferation Kit (Thermo
Fisher) following manufacturer’s instructions. Cells were blockedwith blocking solution (10 mM Glycine, 2 %BSA, 0.2 % gelatin,
50 mM NH,4CI, 0.2%Triton X-100) for 1 h at room temperature. Coverslips were incubated with primary antibody for 1h at 37 °C,
washed 3 times with PBS and then incubated the secondary antibody. After 3 washed with PBS coverslips were incubated with
5 ng/mL DAPI in PBS for 10 min, washed once and mounted in Vectashield plus (Vector labs) and stored at 4°C until image acquisition.
Confocal fluorescent cell images were acquired with a Leica TCS SP8-STED confocal microscope with HC PL APO CS2 63x/1,40
oil (Figures 6D and S7H) or HC PL APO 40x/1,30 oil (Figures S7E and S7K) objective a 60X oil immersion objective 1.35 NA or 40X oil
immersion objective. Wide field fluorescent cell images were acquired with an Olympus Upright BX61 fluorescence microscope with
a 60X oil immersion objective 1.35 NA. At least 10 images were capture per condition and more than 500 nuclei were analyzed with
CellProfiler 4.1.3.

DNA fiber analysis

Asynchronously growing cells were seeded in 6-well dishes; 24h later cells were pulse labeled with 25 uM CldU (Sigma) for 20 min,
washed twice with warm PBS and then labeled with 250 uM IdU (Sigma) for 40 min. POL6i was present for the time indicated in figures
legend during the whole labeling time. Cells were trypsinized, counted and resuspended at a final concentration of 1-2x10° cell/pL.
The cell suspension (2 pl) was lysed on a clean glass slide with 8 pul MES lysis buffer (500 mM MES pH 5.6, 0.5% SDS, 50 mM EDTA,
100 mM NaCl) for 7 min. The slide was then tiled at a 15° angle to allow the DNA to spread. Slides were air-dried for 30 min, fixed in
freshly prepared acetic acid/methanol (1:3) for 10 min, air-dried again and stored at 4 °C overnight.

Slides were rehydrated with PBS 1X for 5 min, DNA was denatured with 2.5 M HCI for 80 min, slides were washed several times with
PBS, and finally blocked in blocking solution (5% BSA, 0.2% Triton X-100 in PBS) for 20 min. For fiber visualization slides were incu-
bated with primary antibody mix in blocking solution using anti-BrdU (6326, Abcam), which recognizes CldU at 1:100 dilution, and
anti-BrdU (347580, BD biosciences), which recognizes IdU at 1:50 dilution. The reactions were incubated for 90 min at 37 °C in a
humid chamber. After incubation, slides were washed once with 0.1% Tween in PBS and twice with PBS for 3 min each. Slides
were then incubated with secondary antibody mix using fluorescent donkey anti-mouse CY3 (715-165-150, Jackson
ImmunoResearch) and chicken anti-rat immunoglobulins (A-21470, Thermo Fisher) in blocking solution for 45 min at 37 °C degrees
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in a humid chamber. Slides were washed 3 times in PBS, air-dried, mounted in Vectashield plus (Vector labs) and stored at 4 °C until
image acquisition. Images were acquired with an Olympus Upright BX61 fluorescence microscope with a 60X oil immersion objective
1.35 NA. Depending on fiber density 5 to 10 images were capture for each treatment condition and at least 200 fibers were measured
using ImagedJ software version 2.3.0/1.53f.

S1 assay

The S1 assay was conducted as previously described (Taglialatela et al., 2021). Briefly, asynchronous cells were seeded in 6-well
dishes, 24 h later cells were pulse labeled with 25 UM CldU (Sigma) for 20 min, washed twice with warm PBS and then labeled with
250 uM IdU (Sigma) for 40 min. When indicated, the cells were treated during the second pulse with POL6i (2 uM), Mirin (50 uM) or
PFMO1 (50 uM).Cells were washed once with PBS and then permeabilized with CSK100 buffer (100 mM NaCl, 10 mM PIPES pH
6.8, 3mM MgCl,, 300 mM sucrose, Triton 0.5% X-100) for 8 min at room temperature. Exposed nuclei were washed once with S1 buffer
(80 mM Sodium acetate pH 4, 2 mM Zinc sulphate, 50 mM NaCl, 5% glycerol) and then incubated with 10 U/mL of S1 nuclease (Sigma)
in S1 buffer for 15min at 37 °C. Nuclei were scrappedin 1 mL of PBS 0.1% BSA, centrifugated 5 min at 7.000 rpm and resuspend in PBS
to a final concentration of 1-2x10° nuclei/uL. DNA was spread and stained as described above.

Cell viability assay

For viability assays cells were seeded in a 96 well plates at density of 2x10° cells/well. POL6i was added 24 h later after siRNA
transfection when indicated at the concentrations indicated in the figure. Five days after, viability was determined CellTiter-Glo Lumi-
nescent Cell Viability Assay (Promega) following manufacturer instructions. Luminescence was measured in a microplate reader
(EnVision, Perkin Elmer) and normalized as above. Relative cell viability (%) was expressed as a percentage relative to the untreated
(DMSO) cells. Each viability experiment was performed three times.

Reagents
Aphidicolin was used at a concentration of 1.5 mM (APH) or 20 uM (M-APH) as indicated in figure legends. Geminin (60 nM) was used
as previously described (Hashimoto et al., 2010). POLS proteins were used at 25 nM. Mirin (M9948) and PMF01 (SML1735) were from
SIGMA. DNA2i (HY-128729) was obtained from MedChemExpress. Cell lines DLD1 wild-type (HD PAR-008) and DLD1 BRCA2”" (HD
105-007) were from Horizon.

POL6i was obtained from the lab of J. Loizou and was synthesized according to the structure derived from two patents (Blencowe
et al., 2020a, 2020b).

POL6i, DNA2i, Mirin and PFM01 were used at the concentrations indicated in the text and figure legend.

Antibodies

Anti-Xenopus proteins antibodies, except anti-POL6, were previously described (Aze et al., 2016) (Kolinjivadi et al., 2017b). Rat
monoclonal [BU1/75 (ICR1)] antibodies to BrdU (ab6326) were purchased from Abcam. Purified Mouse Antibodies against BrdU
(B44) (347580) were from BD bioscience. Mouse Anti-phospho-Histone H2A.X-Ser139 antibody was from Millipore (05-636). Anti-
histidine was obtained from Sigma (SAB4301134).

Software Availability
The following software was used:

GraphPad Prism (version 9.3.0) https://www.graphpad.com;
ImageJ version 2.3.0/1.53f https://imagej.net

CellProfiler 4.1.3. https://cellprofiler.org

Jalview 2.11.2.3. https://www.jalview.org/
Clustal Omega 1.2.2. http://www.clustal.org/omega/

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

All experiments, if not indicated otherwise in the figure legend, were performed three times and representative experiments are de-
picted. No statistical methods or criteria were used to estimate sample size or to include/exclude samples. Statistical analysis was
performed with GraphPad PRISM software (version 9.3.0). Statistical differences in the DNA fiber analyses and S1 nuclease assay
were determined using Kruskal-Wallis test. Unpaired t-tests were used to assess the difference in means of two groups of data. In all
cases, ns indicates not significant, *P<0.05, **P<0.01, **P<0.001 and ****P<0.0001. Image analysis was conducted using ImageJ
and CellProfiler 4.1.3. Statistical details for each experiment including sample size, significance values and tests are indicated in
figure legends and figures.
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