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MOLECULAR BIOLOGY

HMCES corrupts replication fork stability during base
excision repair in homologous
recombination-deficient cells

Maria José Pefia-Gomez'*?, Yaiza Rodriguez-Martin', Marta del Rio Oliva'?,
Yodhara Wijesekara Hanthi**, Sara Berrada>®, Raimundo Freire”’®?, Jean Yves Masson>®,
José Carlos Reyes’, Vincenzo Costanzo®*, Ivan V. Rosado**

Apurinic/apyrimidinic (AP) sites and single-strand breaks arising from base excision repair (BER) during the misin-
corporation of damaged nucleobases may hinder replication fork stability in homologous recombination-deficient
(HRD) cells. At templated AP sites, cross-links between the DNA and 5-hydroxymethylcytosine binding, embry-
onic stem cell-specific (HMCES) regulate replication fork speed, avoiding cytotoxic double-strand breaks. While
the role of HMCES at the template DNA strand is well studied, its effects on nascent DNA are not. We provide
evidence that HMCES-DNA-protein cross-links (DPCs) are detrimental to the BER-mediated removal of 5-hydro
xymethyl-2’-deoxycytidine (5ShmdC)-derived 5-hydroxymethyl-2’-deoxyuridine from replication forks. HRD cells
have heightened HMCES-DPCs, which increase further upon 5hmdC exposure, suggesting that HMCES binds both
spontaneous and 5ShmdC-induced AP sites. HMCES depletion substantially suppresses 5ShmdC-mediated replication
fork defects, chromosomal aberrations, and cell death in HRD cells. This reveals that HMCES-DPCs are a source of
BER-initiated single-stranded DNA gaps, which indicates that endogenous DPCs contribute to genomic instability
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in HRD tumors.

INTRODUCTION

Chemical or physical modifications of DNA bases, in addition to
uracil (and its derivative forms) misincorporation, are perhaps the
major source of DNA lesions in cells. These harmful DNA lesions
appear at an estimated frequency of 1 x 10° to 5 x 10° cell™! day™"
(1). During the repair of those lesions, apurinic/apyrimidinic (AP)
sites are formed by DNA glycosylase activity. To avoid their deleteri-
ous consequences due to their intrinsic chemical instability, AP sites
are rapidly converted to single-strand breaks (SSBs) by either the AP
lyase or the AP endonuclease (APEX) activities of certain class of
nucleases. Therefore, the repair of base alterations, AP sites, and
SSBs is perhaps the most important process responding to oxidative
and alkylating base damages (2, 3). More intriguingly is how these
damaged bases are repaired by base excision repair (BER) in the con-
text of replication forks. This is of utmost relevance as AP sites and
SSBs are potent replication fork-blocking lesions, which, if left unre-
paired, hinder replication fork stability. Moreover, the persistence of
single-stranded DNA (ssDNA) gaps behind replication forks is rele-
vant in the clinic to eradicate homologous recombination-deficient
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(HRD) tumors, as they are efficiently targeted by poly(adenosine
5’-diphosphate-ribose) polymerase (PARP) inhibitors. For these rea-
sons, understanding ssDNA gap formation caused by BER activity is
of paramount interest in the context of HRD, as many factors involved
in HR [breast cancer gene 1 (BRCA1), breast cancer gene 2 (BRCA2),
radiation sensitive protein 51 (RAD51), fanconi anemia group D2
(FANCD?2), etc.] are also crucial for replication fork maintenance.
Misincorporation of damaged nucleotides and depurination of ad-
ducted bases are among the most common spontaneous base lesions in
DNA (I, 4-6), triggering canonical BER (7, 8). During damaged base
removal, AP sites generated by DNA glycosylases [e.g., single-strand
selective mo nofunctional uracil DNA glycosylase (SMUG1) during
5-hydroxymethyl-2’-deoxyuridine (5ShmdU) excision] are converted to
SSBs by APEX1. Upon DNA end processing, DNA polymerase p or A
conducts gap filling, leaving nicked DNA ready for ligation by the x-ray
repair cross-complementing 1 (XRCC1)/DNA ligase 1 or ligase 3 com-
plexes (9-11). Despite the “passing-the-baton” model of BER, where
DNA intermediates are passed along from one step to the next, AP sites
or SSBs may persist and challenge replication fork progression, eliciting
a replication stress (RS) response. Upon replication fork stalling by
DNA intermediates, ataxia telangiectasia and Rad3-related (ATR) ac-
celerates recruitment and stabilization of critical components of the
DNA damage response, such as the Fanconi anemia (FA) pathway and
the HR factors FANCD2/FANCI-associated nuclease 1 (FAN1), struc-
ture-specific endonuclease (SLX4), xeroderma pigmentosum F (XPF),
BRCA1/2,0r RAD51. To fulfill DNA synthesis, the primase-polymerase
(PRIMPOL) reprimes ahead of both the stalled replication fork and the
lesion to limit replication fork instability, thus dampening RS (12-14).
However, PRIMPOL activity generates potentially cytotoxic ssDNA
gaps behind forks (15-18), which are subsequently filled in either by
REV1-POL{ translesion synthesis (TLS) polymerases or by POLQ (19-
21). Several mechanisms have been recently proposed as major con-
tributors to HRD cell lethality. The unifying feature among them is the
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presence of persistent ssDNA gaps at nascent DNA strands, which cor-
relates with the exquisite cytotoxicity to PARP inhibitors (e.g., olaparib)
observed in HRD cells (22, 23). However, the underlying molecular
basis of this cytotoxicity still remains elusive.

Recently, misincorporation of dU, 5'-chloro-dU (5CldU), or
5hmdU has emerged as a previously unidentified source of replica-
tion fork impairment (24-27). Upon misincorporation, persisting
DNA repair intermediate structures can be collided by the replisome,
resulting in BER-replication conflicts (BRCs). These unresolved
BRCs account for HRD cell death in the absence of proficient replica-
tion fork maintenance or HR pathways (24-27). In addition, modi-
fied DNA bases remaining undetectable throughout the cell cycle
induce an ATR-dependent RS and fork collapse response during the
next cell cycle when present in template DNA (28, 29). Whereas
ssDNA gap accumulation by BRCs during the next cell cycle is well
documented (12, 30-33), how ssDNA gaps arise at nascent DNA
during the current cell cycle remains largely unexplored (25, 26).

Damaged DNA bases are one of the main sources of AP sites. On
template DNA, AP sites are exposed during DNA unwinding by Cdc45-
MCM-GINS (CMG) helicase and are protected by the 5-hydroxy-
methylcytosine binding, embryonic stem cell-specific (HMCES) protein
(34-39). Through its interaction with proliferating cell nuclear antigen
(PCNA), HMCES associates to replication forks and binds ssDNA to
shield AP sites (34, 35). Through a thiazolidine bond between the Cys2
residue and the aldehydic conformation of the AP site (34-36, 40), HM-
CES attaches covalently to AP sites, forming an HMCES-DNA-protein
cross-links (DPC). HMCES-DPC formation on template ssDNA de-
creases replication fork speed while avoiding APEX1-mediated cytotoxic
double-strand breaks (DSBs) at replication forks (35). HMCES-DPCs are
bypassed by a TLS step and subsequently removed from DNA by distinct
mechanisms. Upon winding of DNA strands, HMCES-DPC catalyzes a
cross-link self-reversal reaction through its Glu127 residue, releasing
HMCES from DNA (37, 38). Alternatively, assisted by the protein dena-
turation activity of fanconi anemia group J (FANC]J) (39), SprT-like N-
terminal domain (SPTRN) or proteasome degrades HMCES to allow
replication fork resumption (35, 39). While the consequences of HMCES-
DPCs on template DNA are recently being addressed, the effects on
nascent DNA are unknown. Here, we provide evidence of a detrimental
role of HMCES-DPCs during nascent DNA synthesis. HRD cells
display heightened chromatin levels of HMCES, which increase upon
5-hydroxymethyl-2’-deoxycytidine (5ShmdC) exposure, suggesting that
HMCES binds to spontaneous and 5hmdU-induced AP sites. HMCES
loss rescues replication fork impairment, genomic instability, and cyto-
toxic phenotypes observed in HRD cells during 5hmdU misincorpora-
tion, indicating that HMCES is responsible for the 5ShmdU-mediated
genetic instability and lethality of HRD cells. Genetic depletion of ssDNA
gap-generating BER factors (e.g., SMUG1 or APEX1/2) largely suppress-
es these phenotypes, whereas loss of ssDNA gap-filling factors PARP1
or XRCC1 exacerbates them. Our findings demonstrate that HMCES-
DPCs on nascent DNA are responsible for the replication fork defects
observed in HRD-deficient cells and place endogenous DPCs on nascent
DNA as a novel source of genomic instability in HRD tumors.

RESULTS

Misincorporation of 5hmduU arising from deaminated
5hmdC causes genomic instability in HRD cells

5hmdU can arise from either the 5hmdC salvage pathway or the cyto-
sine demethylation process (24, 25, 27). Previous data from our group

Pefa-Gémezetal., Sci. Adv. 11, eads3227 (2025) 26 March 2025

and others have shown that HRD cells lacking FANCD2, methyl
methanesulfonate and UV sensitive protein 81 (MUS81), BRCA1, or
BRCA2 were sensitive to misincorporation of 5hmdU on genomic
DNA (25, 27). To investigate the molecular mechanisms accounting
for 5hmdU-mediated genotoxicity, we examined whether depletion
of factors involved in the pyrimidine salvage pathway [e.g., deoxycyti-
dine kinase (DCK) or 2'-deoxycytidine 5'-monophosphate deami-
nase (DCTD)] had any effect on the viability of 5hmdC-treated
Fancd2™~ mouse embryonic fibroblasts (MEFs). Consistent with
previous results in human HRD cells (25, 27), 5hmdC-mediated
Fancd2™" lethality was largely suppressed by knockdown of DCK or
DCTD, whereas wild-type cells remained unaltered (Fig. 1A and fig.
S1), confirming that deamination of 5hmdC to 5hmdU mediates
HRD cell cytotoxicity. As PARP trapping by olaparib exacerbated
5hmdC-dependent Fancd2™~ chromosomal instability and cell le-
thality (25), we sought to determine levels of nuclear PARylation and
SSBs upon 5hmdC treatment. As expected, Fancd2™~ ethynyl-2'-
deoxyuridine-positive (EQU™) cells displayed a significant increase in
nuclear PARylation (Fig. 1B), also confirmed in EdU unrestricted
cells (fig. S2A), while it remained relatively unchanged in wild-type
cells (Fig. 1B and fig. S2A). Next, we examined PAR levels associated
with ongoing replication forks by “in situ protein interaction with na-
scent DNA replication forks” also known as SIRF assay. Compared to
wild-type MEFs, Fancd2 ™'~ cells displayed heightened EdU-PAR foci,
which were further exacerbated by 5ShmdC treatment (Fig. 1C).
The increase in nuclear PARylation or EAU-PAR foci observed in
Fancd2™"™ cells was largely dependent on PARP1, as PARP1 knock-
down significantly reduced both PARylation and EAU-PAR foci (Fig.
1, B and C). Fancd2™'~ MEFs also displayed significant spontaneous
SSBs measured by alkaline comet assay, which were further increased
by 5hmdC treatment, unlike in wild-type cells (Fig. 1D). These data
suggest that 5ShmdU misincorporation results in ssDNA gap accumu-
lation in the absence of FANCD?2, probably accounting for heightened
PARylation at replication forks. Consistent with this, we also found
that 5ShmdC exposure caused increased replication fork asymmetry
by DNA fiber assay (Fig. 1E), indicating that 5hmdU-dependent rep-
lication fork impairment was not a consequence of a global check-
point response. Moreover, ShmdU-mediated DNA damage increased
sister chromatid exchanges (SCEs) in Fancd2™" cells (Fig. 1F), sug-
gesting that BRCs elicited an HR-dependent repair mechanism.
However, we did not observe any evidence of checkpoint activation
measured as Ser345-CHEK1 or Ser33-RPA2 under these conditions
(fig. S3). These data suggest that short 5ShmdC exposure does not acti-
vate the DNA damage checkpoint despite increased SSBs and indicate
that ssDNA gaps arising during 5hmdU removal trigger replication
fork impairment and sister chromatid recombination in HRD cells.

ssDNA gaps arising from the concerted activities of SMUG1
and APEX1/2 on misincorporated 5hmduU alter replication
fork progression

Previous studies have reported ssDNA gap accumulation as a major
contributor to BRCA1/2 tumor cell death (18, 31, 41). As SMUGI is
the main BER DNA glycosylase responsible for 5hmdU elimination
from genomic DNA (42), we sought to examine its contribution to
ssDNA gap formation in nascent DNA. In agreement with a previous
report (27), SMUGI depletion in 5hmdC-treated Fancd2™~ cells
significantly decreased nuclear PARylation to untreated levels in both
total and EdU™ cells compared to wild-type cells (Fig. 2A and fig.
S2B). SMUGI depletion suppressed 5hmdC-dependent EAU-PAR
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Fig. 1. Genomic instability induced by 5hmdC in HRD cells. (A) (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay (MTT) cell proliferation assay of
5hmdC-treated wild-type or Fancd2™'~ (FdZ’/’) cells knocked down for DCTD (top) or DCK (bottom) exposed to the indicated dose for 3 days. (B) Left: Representative
PAR (red) immunofluorescence images of EAU* (green) wild-type, siPARP1, Fancd2™"~, and Fancd2™'~ siPARP1 cells exposed to 5ShmdcC (10 pM) for 3 hours. 4’,6-Diamidino-
2-phenylindole (DAPI; blue) stains nuclear DNA. Right: Plot depicting PAR mean intensity signal per nucleus. A.U., arbitrary units. (C) Left: Representative images of EdU™-
PAR foci (red) by SIRF analysis from wild-type, siPARP1, Fanch’/’, and Fancd2™'~ siPARP1 cells exposed to 5hmdC (10 pM) for 3 hours. DAPI (blue) stains nuclear DNA and
EdU (green) stains S-phase cells. Right: Plot depicting EdU-PAR foci per nucleus (n = 2). (D) Left: Representative images of alkaline comet assay from wild-type and
Fancd2™~ cells following 5hmdC treatment (10 pM) for 3 hours. Right: Plot depicting comet tail moment per cell (n = 4). (E) Top left: Scheme of the DNA fiber origin sym-
metry. Bottom left: Representative images of DNA fibers from wild-type and Fancd2 ™'~ cells upon 5ShmdC treatment (40 uM) for 30 min. Right: Box plot of the asymmetry
index. (F) Top left: Scheme of SCE assay. Bottom left: Representative images of SCEs from wild-type and Fancd2™~ cells exposed to 5ShmdC (10 uM) for 40 hours. Right: Bar
plot of SCE/chromosome per metaphase spread (n = 50 of each of the two biological replicates; bar represents means + SD). BrdU, 5-bromo-2'-deoxyuridine.
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Fig. 2. 5ShmdC-mediated HRD genomic instability is dependent on SMUG1. (A) Left: Representative PAR (red) immunofluorescence images of EQU* (green) wild-type,
siSMUG1, Fancd2™~, and Fancd2 ™~ siSMUGH cells exposed to 5hmdC (10 uM) for 3 hours. DAPI (blue) stains nuclear DNA. Right: Plot depicting PAR mean intensity signal
per nucleus. (B) Left: Representative images of EAU-PAR foci (red) by SIRF assay from wild-type, siSMUGT, Fanch’/’, and Fancd2™’~ siSMUG1 cells exposed to 5hmdC
(10 pM) for 3 hours. DAPI (blue) stains nuclear DNA and EdU (green) stains S-phase cells. Right: Plot depicting EdU-PAR foci per nucleus (n = 2). (C) Left: Representative
images of alkaline comet assay from wild-type, siSMUG1, Fancd2™~, and Fancd2™~ siSMUGT cells following 5hmdC treatment (10 pM) for 3 hours. Right: Plot depicting
comet tail moment per cell (n = 2). (D) Top left: Scheme of DNA fiber assay. Bottom left: Representative images of DNA fibers from Fancd2™"~ and Fancd2™~ siSMUGT1 cells
untreated (Unt) or exposed to 5ShmdC (40 pM) for 30 min. Right: Box plot representing the frequency of 5’-iododeoxyuridine (IdU)/CldU ratio of wild-type, siSMUGT1,
Fancd2™~, and Fancd2™~ siSMUG1 cells after 5hmdC treatment (n = 200). (E) MTT cell proliferation assay of wild-type, siSMUG1, Fancd2™~, and Fancd2™~ siSMUGT cells
exposed to the indicated dose of 5hmdC for 3 days (n = 4; means + SD).
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foci to untreated levels (Fig. 2B), suggesting that most replication
fork-associated PARylation upon 5hmdC exposure depends on
SMUG]L. Consistent with this, SMUG1 knockdown also abolished
5hmdC-induced SSBs in Fancd2™'~ cells (Fig. 2C), suggesting that
SMUGL is responsible for 5hmdC-induced ssDNA gap formation.
Moreover, SMUGI depletion largely restored replication fork pro-
gression measured by DNA fiber assay and cell viability in 5hmdC-
treated Fancd2 ™'~ cells (Fig. 2, D and E). These data demonstrate that
SMUGT loss suppresses ssDNA gap accumulation, replication fork
impairment, and lethality observed in 5hmdC-treated HRD cells,
most likely throughout the abolishment of AP site formation.

Mammalian cells contain two class II APEXs, APEX1 and APEX2
(43, 44). While APEX1 has strong APEX activity, APEX2 exhibits
strong in vitro 3’-phosphodiesterase and 3’-5’ exonuclease activities
(44). We therefore examined the contribution of APEX1 or APEX2
to PARylation and ssDNA gap formation during 5hmdU elimina-
tion. Similar to SMUGI loss, APEX1 knockdown had hardly any
effect on nuclear PARylation in untreated cells (Fig. 3A). However,
5hmdC-dependent nuclear PARylation in total or EdU Fancd2™'~
cells significantly decreased to near-wild-type levels (Fig. 3A and
fig. S2C). APEX1 loss significantly suppressed spontaneous and
5hmdC-induced EAU-PAR foci in Fancd2™'~ cells to wild-type lev-
els (Fig. 3B). Moreover, loss of APEX1 significantly reduced 5ShmdC-
induced SSBs observed in Fancd2™"~ cells to almost untreated levels
(Fig. 3C). These data suggest that APEX1 is the main endonuclease
responsible for most 5ShmdC-induced S$SBs in Fancd2™™ and, to a
lesser extent, in wild-type cells. APEX1 depletion also substantially
suppressed 5ShmdC-mediated Fancd2™~ replication fork impair-
ment and cell lethality (Fig. 3, D and E), indicating that APEX1-
dependent SSBs account for the replication fork defects and lethality
observed in 5hmdC-treated Fancd2™'~ cells. As APEX1 knockdown
does not fully restore cell viability or fork dynamics, these results
also suggest that APEX1 may play additional roles during stability
or resumption of replication forks. Similar to APEX1 depletion,
APEX2 knockdown also reduced 5hmdC-mediated nuclear PARy-
lation in total or S-phase (EdU") Fancd2™~ cells populations (fig.
S4, A and B), to a lesser extent, than APEX1 depletion. APEX1 and
APEX2 codepleted S-phase Fancd2™'~ cells showed 5hmdC-induced
PAR levels similar to those observed in APEX1-depleted 5hmdC-
treated Fancd2™'~ cells, indicating an epistatic relationship between
APEX1 and APEX2. Moreover, APEX1 or APEX2 knockdown com-
pletely suppressed 5ShmdC-induced EdU-PAR foci and SSBs (Fig. 3F
and fig. S4C). These data indicate that APEXI, in combination with
APEX2, is responsible for the increased PARylation and SSBs associ-
ated with nascent strand during 5hmdU removal. Consistent with
this notion, APEX1 and APEX2 showed an epistatic relationship on
PAR levels and lethality observed in 5ShmdC-treated Fancd2™'~ cells
(Fig. 3E). These data point out to a concerted function of APEX1
and APEX2 at processing 5ShmdU-derived AP sites, likely generat-
ing ssDNA gaps.

5hmdU-derived ssDNA gap persistence at replication forks
exacerbates genomic instability and lethality in HRD cells

In unperturbed S-phase, ssDNA gap persistence due to inefficient
Okazaki fragment ligation is signaled by PARP1-dependent PARyla-
tion, followed by XRCCl-mediated PARPI eviction, to promote
faithful gap repair (45). We reasoned that defective 5hmdC-
dependent ssDNA gap processing either by excessive PARP1 reten-
tion or by PARP1 or XRCCI loss would exacerbate ssDNA gap
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persistence and cell lethality, thus mimicking persistent unligated
Okazaki fragments. XRCC1 knockdown increased further nuclear
PARylation in 5hmdC-treated total or EAU™ Fancd2™' cell popula-
tions while remaining unaffected in wild-type cells (Fig. 4A and fig.
S2D). Likewise, the SIRF assay revealed a significant increase in
EdU-PAR foci in 5ShmdC-treated Fancd2™'~ cells upon XRCC1 de-
pletion (Fig. 4B). PARP1 or XRCC1 depletion further exacerbated
5hmdC-mediated Fancd2™~ cell lethality (Fig. 4C) similar to PARP1
trapping by olaparib (25) as a result of inefficient repair of ssDNA
gaps. However, XRCC1 depletion did not further affect 5ShmdC-
mediated Fancd2™~ replication fork impairment (Fig. 4D). These
data indicate that ssDNA gaps associated with replication forks in
the absence of FANCD2 persist or accumulate to a larger extent
upon XRCCl loss.

Replication forks stalled by bulky base adducts stimulate postrep-
licative SCEs in an ssDNA gap- and PRIMPOL-dependent fashion
(14). We therefore examined SCEs induced by 5hmdC-mediated
ssDNA gaps in nascent DNA by exposing cells to 5hmdC for less than
one cell cycle length (~12 hours). We found that 5hmdC triggered a
significant increase in SCEs in Fancd2™' cells compared to untreat-
ed cells (Fig. 4E). Moreover, SMUGI or APEX1 depletion suppressed
5hmdC-induced SCEs, while PARP1 or XRCC1 knockdown exacer-
bated them (Fig. 4E). These data indicate that 5ShmdC-mediated
ssDNA gaps in nascent strands occurring during the current cell cycle
are a source of SCEs in HRD cells. Our findings suggest that defec-
tive repair of persistent replicative 5ShmdC-induced ssDNA gaps
accounts for increased PARylation, replication fork impairment,
heightened SCEs, and lethality observed in Fancd2™~ cells.

HMCES-DPCs are responsible for 5ShmdC-mediated ssDNA
gaps in HRD cells

AP sites and other intermediate DNA ends during BER hamper rep-
lication fork progression, causing BRCs (28, 29, 36, 46). AP sites are
protected by HMCES to avoid cytotoxic DSB formation at the repli-
cation fork while promoting TLS bypass mechanisms (35, 36, 40).
We therefore reasoned that HMCES could react to 5hmdU-derived
AP sites arising during 5hmdC treatment. Upon preextraction, we
observed a significantly higher proportion of nuclei stained positive
for chromatin-bound Flag-tagged HMCES in Fancd2™'~ than in
wild-type cells under untreated conditions (Fig. 5A). Fancd2™~ cells
also displayed a brighter chromatin-bound HMCES signal com-
pared to its wild-type counterpart under spontaneous, methyl meth-
anesulfonate (MMS) used as a positive control, or 5ShmdC exposure
(Fig. 5B). Moreover, chromatin-bound HMCES levels directly
correlated with nascent strand 5hmdC misincorporation in a dose-
dependent manner, reaching significantly higher levels in Fancd2™'~
than in wild-type cells (Fig. 5B). We also confirmed these findings
by cellular subfractionation and by rapid approach to DNA adduct
recovery (RADAR) assays, showing a 5hmdC dose-dependent
HMCES chromatin retention (fig. S5, A and B). These data suggest that
Fancd2™'~ cells present higher levels of endogenous AP site-bound
HMCES than wild-type cells, which increase upon 5hmdC treat-
ment in a dose-dependent manner. We next examined the chromatin
retention activity of cell lines overexpressing either Cys*— Ala (C2A)
or Arg”**—Glu (R212E), two mutant versions of HMCES showing
defective DPC formation and ssDNA binding activities, respec-
tively. Consistent with their reported in vitro biochemical activi-
ties (35), HMCES-C2A showed impaired chromatin recruitment
upon 5hmdC or MMS exposure, while HMCES-R212E completely
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depleted (siA1) wild-type or Fancd2™"" cells exposed to 5ShmdC (10 pM) for 3 hours. DAPI (blue) stains nuclear DNA and EdU (green) stains S-phase cells. Right: Plot depict-
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exposed to 5hmdC (10 pM) for 3 hours. DAPI (blue) stains nuclear DNA and EdU (green) stains S-phase cells. Right: Plot depicting EdU-PAR foci per nucleus. (C) Left:
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moment per cell. (D) Top left: Scheme of DNA fiber assay. Bottom left: Representative images of DNA fibers from Fancd2™~ and Fancd2™~ siA1 cells untreated or exposed
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the two biological replicates). (E) Top: MTT cell proliferation assay of siA1-depleted wild-type or Fancd2™~ cells exposed to the indicated dose of 5hmdC for 3 days (n = 9;
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Fig. 4. XRCC1 depletion exacerbates 5ShmdC-induced genomic instability and lethality of HRD cells. (A) Left: Representative PAR (red) immunofluorescence images
of XRCC1-depleted wild-type or Fancd2™"~ cells exposed to 5ShmdC (10 pM) for 3 hours. DAPI (blue) stains nuclear DNA and EdU (green) stains S-phase cells. Right: Plot
depicting PAR mean intensity signal per nucleus. (B) Left: Representative images of EdU-PAR foci (red) by SIRF assay of XRCC1-depleted wild-type or Fancd2™~ cells ex-
posed to 5hmdC (10 pM) for 3 hours. DAPI (blue) stains nuclear DNA and EdU (green) stains S-phase cells. Right: Plot depicting EdU-PAR foci per nucleus. (C) Top: MTT cell
proliferation assay of wild-type or Fancd2™~ cells lacking XRCC1 exposed to the indicated dose of 5ShmdC for 3 days (n = 9; means + SD). Bottom: MTT cell proliferation
assay of wild-type, siPARP1, Fancd2™~, and Fancd2™"~ siPARP1 cells exposed to the indicated dose of 5hmdC for 3 days (n = 5; means + SD). (D) Top left: Scheme of DNA
fiber assay. Bottom left: Representative images of DNA fibers from Fancd2 ™~ and Fancd2™~ siXRCC1 cells untreated or exposed to 5hmdC (40 uM) for 30 min. Right: Box
plot of the frequency of IdU/CldU ratio of XRCC1-depleted wild-type or Fancd2™~ cells upon 5hmdC treatment (n = 200 of each of the two biological replicates). (E) Top
right: Scheme of the SCE assay. Left: Bar plot of SCE/chromosome per metaphase from SMUG1-, APEX1-, XRCC1-, or PARP1-depleted Fancd2 ™~ cells exposed to ShmdC
(10 uM) for 12 hours (n = 50 of each of the two biological replicates; bar represents means + SD).

70f17

Pefa-Gémezetal., Sci. Adv. 11, eads3227 (2025) 26 March 2025



SCIENCE ADVANCES | RESEARCH ARTICLE

A

<0.0001 _<0.0001

120K 00001 200"
60 0.0115 <0.0001 00001
80K T -

40K
40K

30K

% HMCES-FLAG* cells

20K~

HMCES-FLAG
nuclear intensity (A.U.)

10K

Wild type Fd2-"-

0K

: .
) )
& - 160 - 40 80 160

Wild type Fd2--
c <0.0001
2K_ <0.0001 ! ns
15K <0.0001 <0.0001
1K—<0.0001 <0. 0%4‘; <0.0001 '
0.5K ”
100 T
5
o< 80
<2
e
@ e
8 E 60+
HMCES- % s 2
R212E 2
[
=
< 40
20 = S =
b &
= 3 =2
EEEE-""-
0 T T T T T T T T T T T \% T T Lg T T T % T T
S © _® _ - - 80 160
- \@\ 80160 *w\\\ 80160 §§ 80 160 @\\ 80 160 @“ 80 160 $\®
Wwild type Fd2- Wild type Fd2-- Wild type Fd2--
MmHMCES-WT MmHMCES-C2A MmHMCES-R212E
E <0.0001
1004 <0.0001
<0.0001
<0.0001 50 <0.0001  <0.0001
<0.0001
2
. 0.0059 0.0288 25
<0.0001 <0.0001
80 0.0035 <0.0001 20
60

EdU-PAR foci/cell
Comet tail moments
>
1

2
a‘:cf"/\, é‘c;o@ e‘i; "0%/ 6‘(:&0@
S& FSE £
& ®
- 5hmdC

Fig. 5. HMCES accumulates in nuclei and is responsible for 5ShmdC-mediated genomic instability observed in HRD cells. (A) Left: Representative immunofluores-
cence images of Flag-tagged HMCES (green) positive nuclei from wild-type or Fancd2™~ cells. Right: Percentage of HMCES-FLAG™ wild-type and Fancd2 ™/~ cells. (B) Left:
Representative immunofluorescence images of HMCES positive nuclei from wild-type or Fancd2 ™'~ cells upon combined 5hmdC (160 pM) and N-carbobenzyloxy-L-leucyl-
L-leucyl-i-leucinal (MG132; 10 uM) treatments for 3 hours. Right: HMCES-FLAG mean intensity signal per nucleus from wild-type and Fancd2™'~ cells upon 5Shmdc (3 hours)
or MMS (0.5 mM, 30 min). Treatments were combined with MG132 (10 pM). (C) Left: Images of FLAG-tagged HMCES positive nuclei from Fancd2™'~ cells, expressing
MmHMCES-WT-FLAG, MmHMCES-C2A-FLAG, or MmHMCES-R212E-FLAG upon 5hmdC exposure (160 pM, 3 hours). Right: Plot depicting HMCES-FLAG mean intensity
signal per nucleus from wild-type or Fancd2™'~ cells expressing MMHMCES-WT-FLAG, MmHMCES-C2A-FLAG, or MmHMCES-R212E-FLAG upon 5hmdC (indicated dose for
3 hours) or MMS (0.5 mM). Treatments were combined with MG132 (10 pM). ns, not significant. (D) Left: Representative images of EdU-PAR foci by SIRF assay from HMCES-
depleted wild-type or Fancd2™~ cells exposed to 5hmdC (10 pM) for 3 hours. DAPI (blue) stains nuclear DNA and EdU (green) stains S-phase cells. Right: Plot depicting
EdU-PAR foci per nucleus. (E) Left: Representative images of alkaline comet assay from HMCES-depleted wild-type or Fancd2 ™'~ cells following 5ShmdC treatment (10 pM)
for 3 hours. Right: Plot depicting comet tail moment per cell.
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abolished it (Fig. 5C and fig. S6). These data suggest that 5ShmdU-
derived AP sites on nascent DNA strand are recognized by HMCES,
forming HMCES-DPCs. We predicted that HMCES loss would in-
crease cytotoxic ssDNA gaps on nascent DNA strand by APEX1-
mediated incision of AP sites right at or behind the fork, resulting in
a synthetic lethal phenotype in HRD cells. To our surprise, HMCES
knockdown markedly decreased 5ShmdC-induced nuclear PARyla-
tion in total or EdU" Fancd2™~ cell populations (fig. S7, A and B),
EdU-PAR foci in S-phase cells (Fig. 5D), and SSBs observed in
Fancd2™'" cells (Fig. 5E), suggesting that HMCES-DPCs on nascent
DNA strand are responsible for a large subset of 5hmdC-induced
ssDNA gaps observed in Fancd2™"~ cells. Consistent with the pro-
tective role of HMCES during replication (35), HMCES depletion
increased nuclear y-H2AX, which was further elevated in the ab-
sence of FANCD? (fig. S7C). Nevertheless, y-H2AX levels remained
relatively unchanged during 3 hours of 5hmdC treatment, suggest-
ing that ssDNA gaps in nascent DNA arising from AP sites unpro-
tection due to HMCES loss do not result in cumulative DSBs (fig.
$7C). HMCES depletion also restored Fancd2™~ replication fork
progression and symmetry to wild-type levels (Fig. 6, A and B).
5hmdC-induced heightened chromosomal aberrations were mark-
edly reduced upon HMCES depletion (Fig. 6C), specifically those of
radial chromosomes, which arose at the expense of chromosomal
gaps (fig. S8). As a consequence, 5ShmdC-induced HRD cell viability
was also notably improved upon HMCES depletion (Fig. 6D), indi-
cating that HMCES-DPCs formed at BER intermediates are respon-
sible for replication fork impairment, chromosomal instability, and
cell lethality in HRD cells. To rule out that the phenotypic suppres-
sion by HMCES knockdown was a consequence of pooled small
interfering RNA (siRNA) off-targets, we validated our results using
four independent siRNAs against HMCES (from number 1 to
number 4) compared to pooled siRNAs, obtaining similar results to
pooled siRNAs (fig. S9). We also validated our results using human
BRCA2-deficient DLD-1 cells, which were previously reported to
be sensitive to 5hmdU (25). HMCES knockdown also suppressed
5hmdC-mediated BRCA2™/~ cell lethality (Fig. 6E), thus broaden-
ing these findings to different human genetic backgrounds. To di-
rectly examine the effects of HMCES depletion on DNA replication
intermediates, we use DNA electron microscopy (EM) to monitor
the frequency of broken replication fork intermediates, possibly
resulting from ssDNA gap breakage (47). In agreement with
our genetic data, compared to untreated condition, 5ShmdC-treated
Fancd2™~ cells displayed significant increase in DNA replication
intermediates with asymmetric branches, indicating broken forks,
possibly resulting from the processing of ssDNA gaps present in
Fancd2™'" cells (Fig. 6F and fig. $10) (47). HMCES depletion largely
suppressed 5hmdC-mediated fork instability and ssDNA gap accu-
mulation (Fig. 6F). We also attempted to validate these findings by
S1 nuclease DNA fiber assay but failed to obtain reproducible results
in MEFs. To overcome this, we knocked out FANCD2, HMCES, or
both genes in human RPE-1 cells by CRISPR-Cas9 approaches (fig.
S11, A and B). Consistent with published data, HMCES loss did not
affect unperturbed replication fork progression (40) or the amount
of ssDNA gaps, suggesting that unprotection of spontaneous AP
sites upon HMCES loss does not affect overall levels of ssDNA gaps
(fig. S11C). Despite S1 insensitivity in untreated FANCD2™'~ RPE-1
cells, small ssDNA gaps were visible in all Fancd2™~ MEFs samples
by EM (Fig. 6F and fig. S10), compatibly with AP site accumulation
on template strands. Moreover, exposure of FANCD2™'~ RPE-1 cells
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to 5hmdC (10 pM) significantly affected 5’-iododeoxyuridine (IdU)
track length, suggesting that FANCD2 is required to avoid ssDNA
gap formation. Notably, HMCES depletion suppressed 5hmdC-
induced ssDNA gap formation in FANCD2™'~ cells detected by S1
nuclease (fig. S11C), confirming that HMCES-DPCs are responsible
for 5hmdU-derived ssDNA gap accumulation in HRD cells. We also
found that low expression levels of HMCES correlated with lower
overall survival in two independent cohorts of patients with breast
adenocarcinoma, one from TCGA (1089 patients) and another from
a set of curated breast cancer cohorts from GEO (2976 patients)
(Fig. 6G and fig. S11D). These data suggest that HMCES loss might
play a role in breast cancer aggressiveness or patient outcome, al-
though these findings need further validation.

HMCES-DPCs on template DNA strand showed an epistatic
relationship over APEX1 incision to avoid toxic DSB formation
(34, 35). We therefore examined nuclear PARylation and viability
phenotypes upon depletion of HMCES, APEX1, APEX2, or their
combinations. Nuclear PARylation in HMCES APEX1 double-
knockdown EdU™" cells resembled the one seen in APEX1 knock-
down Fancd2™~ cells (Fig. 7A). However, PARylation in HMCES
APEX2 double-knockdown Fancd2™~ cells resembled the one ob-
served in Fancd2™'~ HMCES single-knockdown EdU" cells (Fig.
7B). Moreover, knockdown of HMCES, APEX1, or APEX2 also
showed an epistatic suppressive phenotype on Fancd2™~ cell sur-
vival (Fig. 7, C and D). These data suggest that HMCES, APEX1, and
APEX2 function in the same genetic pathway during the processing
of 5hmdU from nascent DNA.

PRIMPOL mediates a subset of 5ShmdC-mediated ssDNA gaps
Replication fork stalling by bulky base adducts generates postreplica-
tive ssDNA gaps throughout the primase and polymerase activities
of PRIMPOL (14, 19). We therefore examined the contribution of
PRIMPOL to 5hmdC-induced ssDNA gap formation in our cell
lines. PRIMPOL depletion had little effect on PARylation levels in
untreated EQU" Fancd2™~ cells. Nevertheless, PRIMPOL knock-
down largely suppressed 5hmdC-mediated PARylation, not reaching
wild-type levels (fig. S12). In addition, PRIMPOL depletion partially
suppressed 5ShmdC-induced EdU-PAR SIRF foci in Fancd2™~ cells
(Fig. 8A). Moreover, PRIMPOL depletion significantly reduced
5hmdC-induced ssDNA gaps in Fancd2™'~ cells, but not reaching
levels seen in the untreated condition (Fig. 8B). These data suggest
that a proportion of 5hmdC-induced ssDNA gaps depends on
PRIMPOL. This situation contrasted to APEX1-depleted cells,
whereby APEX1 depletion completely abolished 5hmdC-induced
ssDNA gaps in both backgrounds. These data indicate that, in addi-
tion to PRIMPOL-mediated ssDNA gaps, 5ShmdC induces other
types of ssDNA gaps, probably arising from unrepaired APEX1-
mediated SSBs. Consistent with this, PRIMPOL partially accounted
for the 5ShmdC-induced lethality observed in Fancd2™~ cells (Fig.
8C). APEX1 PRIMPOL or HMCES PRIMPOL double-knockdown
cells displayed the same viability as single PRIMPOL-depleted
Fancd2™"~ cells (Fig. 8C). These data suggest that a subset of ssDNA
gaps arising from cytotoxic HMCES-DPCs is PRIMPOL dependent,
whereas others are independently formed. We also examined the
contribution of HMCES-DPCs on nascent DNA to 5hmdC-
dependent SCEs. As previously reported for bulky adducts on tem-
plate DNA strands (14), PRIMPOL depletion efficiently suppressed
heightened 5hmdC-dependent SCEs observed in Fancd2™~ cells.
Moreover, HMCES loss also blunted this response, and codepletion
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Fig. 6. HMCES depletion rescues 5hmdC-induced replication fork defects and ssDNA gap accumulation in HRD cells. (A) Top: Scheme of DNA fiber assay and repre-
sentative images of DNA fibers from Fancd2™~ and Fancd2™~ siHMCES cells untreated or exposed to 5hmdC (40 1M, 30 min). Bottom: Box plot of the frequency of IdU/
CldU ratios of HMCES-deficient wild-type or Fancd2™~ cells upon 5ShmdC treatment (n = 200). (B) Top: Scheme of DNA fiber assay and representative images of bidirec-
tional fibers from Fancd2™~ and Fancd2™~ siHMCES cells untreated or exposed to 5hmdC (40 pM, 30 min). Bottom: DNA fiber asymmetry index from HMCES-depleted
wild-type or Fancd2™"" cells upon 5hmdC treatment. (C) Top: Chromosome aberrations from HMCES knockdown Fancd2™'~ cells following 5hmdC treatment (10 pM,
40 hours). Bottom: Plot depicting chromosome aberrations/metaphase spread (n = 50 of each of the two biological replicates; bar represents means + SD). (D) MTT cell
proliferation assay of HMCES-depleted wild-type or Fancd2™~ cells exposed to the indicated dose of 5ShmdC for 3 days (n = 5; means + SD). (E) Left: HMCES protein deple-
tion examined by Western blots of DLD-1 or BRCA2™'~ cells extracts. Right: MTT cell proliferation assay of HMCES-deficient wild-type and BRCA2™'~ cells exposed to the
indicated dose of 5ShmdC for 6 days (n = 6; means + SD). (F) Left: Representative EM image of a broken replication fork from 5hmdC-exposed Fancd2™~ cells (10 uM,

3 hours). Rectangle shows fork junction magnification. Red arrows indicate ssDNA gaps. Right: Percentage of broken forks in HMCES-knocked down (KD) Fancd2™'~ cells
following 5hmdC treatment. A total of 100 forks were scored for each condition (n = 2). (G) Overall survival plot of breast cancer cohort of the TCGA repository.
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Fig.7. HMCES APEX1, and APEX2 function in a common BER genetic pathway during 5hmdU removal. (A) Left: Representative PAR (red) immunofluorescence images from

Fancd2™

" cells upon depletion of HMCES, APEX1, or their combinations exposed to 5ShmdC (10 uM, 3 hours). DAPI (blue) stains nuclear DNA and EdU (green) stains S-phase nuclei.

Right: Plot depicting PAR mean intensity signal per nucleus. (B) Left: Representative PAR (red) immunofluorescence images from Fancd2 ™~ cells upon depletion of HMCES, APEX2,
or their combinations exposed to 5ShmdC (10 pM, 3 hours). DAPI (blue) stains nuclear DNA and EdU (green) stains S-phase cells. Right: Plot depicting PAR mean intensity signal per
nucleus. (C) MTT cell proliferation assay of HMCES-, APEX1-, or HMICES siA1-depleted wild-type or Fancd2™~ cells exposed to the indicated dose of 5ShmdC for 3 days (n = 5;
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of HMCES and PRIMPOL showed an epistatic phenotype (Fig. 8D).
These data indicate that 5ShmdC-induced HMCES-DPCs in nascent
DNA trigger the formation of PRIMPOL-dependent ssDNA gaps
during the ongoing cell cycle (Fig. 8E). HMCES-DPC-dependent
ssDNA gaps are, therefore, responsible for heightened SCEs and sug-
gest a more complex role of HMCES in protecting AP sites than pre-
viously anticipated.

DISCUSSION

Recent work has identified the molecular mechanisms of dU, 5CIdU,
or 5hmdU genotoxicity (25-29). During dU, 5CIdU, or 5hmdU
misincorporation, N-glycosylase activity of uracil-DNA glycosylase
(UNG1/2) or SMUGI1 mediates efficient excision of dU, 5CIdU, or
5hmdU. When misrepaired, UNG- or SMUGI1-mediated AP sites
trigger BRCs due to persistent BER intermediates in template DNA
(25-29). In the absence of AP site generation, unprocessed dU also
triggers an ATR-dependent response characterized by replication
fork slowing and PRIMPOL-dependent ssDNA gap formation, pre-
sumably as a consequence of replication fork stalling (29). Our study
complements the previous ones by reporting that HMCES-DPCs,
generated upon 5hmdU misincorporation on the nascent strand, are
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an additional toxic BER intermediate that challenges replication fork
dynamics. By combining different cellular and genetic approaches,
we conclude that HMCES-DPCs on nascent DNA promote accumu-
lation of postreplicative ssDNA gaps, likely responsible for replica-
tion forks stalling. Our study identifies two sources of ssDNA gaps.
One arises from direct incisions at the HMCES-DPC by APEX1/
APEX2, which probably accounts for small ssDNA gaps at or behind
the fork. The second one is dependent on both APEX1 and PRIM-
POL activities, which probably accounts for long ssDNA gaps, due to
PRIMPOL-mediated repriming of DNA synthesis to accomplish ge-
nome duplication. Recent reports show that HMCES binds to uracil-
DNA glycosylase (UDG)-mediated AP sites in ssDNA to inhibit
APEX1 incision in in vitro assays, while the self-reversal activity
releases HMCES from double-stranded DNA (35, 37, 38). Faned2™'~

cells displayed high chromatin levels of HMCES, which are depen-
dent on its DNA binding and cross-linking activities (35). Therefore,
HMCES-DPCs might function as a second protection tier to AP sites
embedded on ssDNA stretches, in addition to FA/BRCA2-dependent
RAD51 AP site protection from MREI11 incision (47). In our work-
ing model (Fig. 8E), misincorporation of multiple 5hmdU on na-
scent DNA is processed by the concerted functions of SMUGI,
followed by APEX1/2 in a staggered fashion. Initial nicks of multiple
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AP sites in nascent ssDNA would promote BER-mediated ssDNA
flap exposure, in which HMCES efliciently binds to form HMCES-
DPCs. By corrupting late steps of BER, HMCES-DPCs would impair
replication fork progression in the absence of the FA/BRCA pathway.
Defective RAD51 stabilization by the lack of FANCD2-FANCI nu-
cleofilament formation would leave unprotected AP sites. Through-
out its cross-linking activity, HMCES would shield toxic AP sites
while avoiding APEX1-mediated SSBs, at the expense of impairing
replication fork progression. In contrast to the reported self-reversal
activity of HMCES on double-stranded DNA, HMCES in ssDNA
may undergo FANCJ-mediated denaturation and subsequent prote-
asome or SPRTN-mediated proteolysis (35, 39). This replication
fork-associated HMCES degradation is predicted to leave a peptide
bound to the ring-opened AP through a hard-to-degrade thiazoli-
dine bond. In this situation, APEX1 efficiently incises 5’ to the DNA
peptide cross-link through its phosphodiesterase activity (48-51). By
physically interacting with APEX2, PCNA, and ATR, APEX1 would
promote checkpoint activation while mediating nucleolytic process-
ing of HMCES peptide (48-51). In agreement with this, loss of
APEXI1 or APEX2 suppressed 5hmdC-mediated Fancd2™'~ EdU-
PAR foci formation, SSB accumulation, and heightened SCEs. The
fact that APEX2 depletion suppressed 5hmdC-induced SSBs to levels
observed in APEX1 knockdown cells strongly suggests that APEX1
and APEX2 activities are genetically linked. As a result, persistent
HMCES peptide cross-linked to 5'-DNA, or futile SSB ligation cycles
mimicking unligated Okazaki fragments, would hinder replication
fork progression, leading to HRD cell lethality.

A consequence of 5hmdU-induced stalled replication fork is the
activation of DNA damage tolerance mechanisms in HRD cells
(17, 19, 27, 33). Whereas replication fork reversal has been demon-
strated to promote fork degradation in HRD cells (20, 41, 52), tem-
plate switching (T'S) and PRIMPOL-mediated repriming are perhaps
the chosen mechanisms to accomplish faithful DNA duplication
while leaving cytotoxic ssDNA gaps behind replication forks (33).
Our data point out a major role for PRIMPOL in a subset of 5hmdU-
mediated ssDNA gaps. As previously observed by Piberger et al.
(14), cumulative ssDNA gaps induced by bulky-adducted bases are
repaired throughout a PRIMPOL-dependent TS mechanism, lead-
ing to increased SCEs. In agreement with their observations, AP
site—derived HMCES-DPCs in nascent DNA also stimulated SCEs
in HR-deficient Fancd2™'~ cells. Heightened SCEs in Fancd2™'~ cells
were completely dependent on PRIMPOL and on HMCES, which
showed an epistatic relationship, suggesting that most SCEs in HRD
cells arise from PRIMPOL-dependent ssDNA gaps. Moreover, de-
pletion of SMUG1 or APEX1 factors generating AP sites or incisions
suppressed 5hmdC-mediated SCEs, whereas loss of the gap repair
XRCCI or PARP1 factors resulted in ssDNA gap persistence and
SCE exacerbation. Together, these results suggest that HMCES-
DPCs in nascent DNA induce PRIMPOL-dependent ssDNA gaps
and SCEs. As Fancd2™'™ cells are deficient in RAD51-mediated HR,
it would be interesting to identify whether RAD51, RAD52, or other
paralogues promote strand invasion and faithful SCEs completion
in these cells. Our data analysis using two independent large breast
tumor cohorts (TCGA and Gyorfty repositories) establishes a cor-
relation of decreased cell survival with low HMCES expression in
breast cancer (53), where HRD tumors are overrepresented. This
may suggest that loss of HMCES may contribute to disease progres-
sion or relapse, which could be a useful biomarker of HRD cancer
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susceptibility. More research addressing these aspects in preclinical
and clinical setting is further needed.

We directly monitored replication fork instability in MEFs by
EM. We found that HMCES-DPC persistence leads to broken forks
in FANCD2-deficient MEFs, possibly due to nuclease access to aba-
sic DNA templates in proximity of HMCES-DPC. We also detected
small ssDNA gaps in all FANCD2-deficient MEFs, probably due to
inefficient AP site quenching by RAD51, thus explaining the con-
comitant increased chromatin recruitment of HMCES. S1 fiber
assays in human RPE-1 cell lines reproducibly confirmed a signifi-
cant increase in ssDNA gaps in FANCD2™'~ cells exposed to 5hmdC
as a consequence of HMCES-DPCs, and HMCES loss largely sup-
pressed 5ShmdC-induced ssDNA gap accumulation upon S1 treat-
ment. However, our S1 nuclease fiber assay was not sensitive
enough to detect all ssDNA gaps identified by EM. One possible
explanation is that most ssDNA gaps detected by S1 nuclease assay
are large gaps, such as the ones generated by PRIMPOL activity.
Probably, APEX1-mediated ssDNA gaps at 5'-DPC are shorter and
require robust 3'-5" exonuclease activity, such as the one catalyzed
by APEX2, providing a substrate for PARP signaling. This second
class of ssDNA gaps might also require further extension by long-
range resection nucleases [DNA2 or Exonuclease 1 (EXO1)] as
recently suggested by other laboratories (54, 55) or harsher cell
permeabilization (47) to allow S1 nuclease access. Our study un-
covers the diverse nature of ssDNA gap formation in nascent
DNA and highlights HMCES-DPCs as novel endogenous source,
contributing to genomic instability with consequences beyond
our expectations. Further work is needed to delineate their impact
on tumorigenesis.

MATERIALS AND METHODS
Cell lines and reagents
Wild-type and Fancd2™'~ MEFs and tumor protein p53 (TP53)™'~
RPE-1 cells were grown in Dulbecco’s modified Eagle’s medium
(Corning, Midland, MI, USA) supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin (Gibco, Thermo Fisher Sci-
entific, Waltham, MA, USA) in a 5% CO, incubator at 37°C. DLD-1,
BRCA2"*, and BRCA2™'~ cells were grown in RPMI 1640 (Biow-
est) supplemented with 2 mM glutamine, 10% fetal bovine serum,
and 1% penicillin/streptomycin, and DLD-1 and BRCA2™'~ were
also grown with hygromycin B (0.1 mg/ml). Murine HMCES cDNA
was purchased from Sino Biological Inc. (Beijing, China). HMCES-
WT, HMCES-C2A, and HMCES-R212E constructs were generated
by site-directed mutagenesis, using the following forward and re-
verse primers: HMCES-C2A mutation (5'-ATGGATCCACCATG-
GCCGGGCGAACGTCCT and 5'-AGGACGTTCGCCCGGCC-
ATGGTGGATCCAT); HMCES-R212E mutation (5-TGACATC-
CACAGCGAGATGCCTGCCATACT and 5'-AGTATGGCAGGCA-
TCTCGCTGTGGATGTCA). The constructs were Bam HI-Not I
adapted and subcloned in pCAG-BSR vector. pPCAG-BSR plasmids
harboring HMCES-C2A, HMCES-C2A, or HMCES-R212E were
confirmed by Sanger sequencing. The plasmid was stably transfected
into wild-type and Fancd2™'~ MEFs and selected on growth medium
containing BSR (4 pg/ml).

5hmdC (PY 7588, Berry & Associates, Dexter, MI, USA) was dis-
solved in phosphate-buffered saline (PBS; 10 mM stock concentration).
5-Bromo-2’-deoxyuridine (BrdU; B5002, Sigma-Aldrich, St. Louis,
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MO, USA) was dissolved in PBS and added to cell cultures at 10 pM
final concentration. 5-EdU (BCN-001-100, baseclick, Munich,
Germany) and Biotin-PEG3-azide (BCFA-021-5, baseclick) were dis-
solved in dimethyl sulfoxide (DMSO; 10 mM stock concentration).
CldU (Sigma-Aldrich, C6891) and IdU (Sigma-Aldrich, 17125) were
dissolved in PBS (2’5 mM stock solution) and added to cell cultures to
a final concentration of 20 and 200 pM, respectively. SIRF assay was
developed by DU092002, DU092004, and DUO92007 according to
the manufacturer’s instructions (Sigma-Aldrich). N-carbobenzyloxy-
L-leucyl-L-leucyl-L-leucinal (MG132) was dissolved in DMSO
(10 mM; Sigma-Aldrich, 474790). siRNAs were purchased from
the D’harmacon siGENOME siRNA pool (APEX1, M-042935-
01; APEX2, M-050966-00; DCK, M-055649-01; DCTD, M-058063-
02; murine HMCES, M-062972-00; human HMCES, M-020333-01;
PARP1, M-040023-00; PRIMPOL, M-067173-00; SMUG]1, M-
041546-01; and XRCC1, M-046270-00). siRNAs were transfected for
24 hours using RNAIMAX (Invitrogen) according to the manufac-
turer’s instructions. The antibodies used were against PAR (Millipore,
MABE1016, Merck Millipore, Burlington, MA, USA), ERCC1 (sc-
8408), PCNA (sc-56), Lamin A/C (sc-376248), BrdU (BU1/75,
Abcam, Cambridge, England), IdU (Sigma-Aldrich, SAB3701448),
Biotin (B7653, Sigma-Aldrich), HMCES (NPB2-14410, Novus Bio-
logicals, Centennial, CO, USA), SMUG1 (E7P4], Cell Signaling Tech-
nology, Danvers, MA, USA), APEX1 (A1117, ABclonal Technology,
Woburn, MA, USA), XRCC1 (A0442, ABclonal), DCK (A1794,
ABclonal), DCTD (16784-1-AP, Proteintech, Rosemont, IL, USA),
FLAG (F1804, Sigma-Aldrich), FLAG (D6W5B, Cell Signaling Tech-
nology), PARP1 (46D11, Cell Signaling Technology), and PRIMPOL
(https://pubmed.ncbi.nlm.nih.gov/36152632/).

Protein extractions and immunoblots

Cultured cells were collected by centrifugation, washed in 1 ml of
ice-cold PBS, resuspended, and incubated in an equal volume of Ben-
zonase buffer [20 mM tris-HCI (pH 8), 2 mM MgCl,, 10% glycerol,
1% Triton X-100, and 12.5 U/ml of Benzonase] on ice for 10 min.
Then, 2% sodium dodecyl sulfate was added (1:1, v/v) to the samples,
followed by heating at 80°C for 2 min. Samples were resolved by
polyacrylamide gel electrophoresis, transferred to nitrocellulose
membranes, and incubated overnight with several antibodies.

RADAR assay

The RADAR assay was performed as previously described (35, 39)
with the following modifications. Cells were lysed in RADAR buffer
[6 M guanidine thiocyanate, 1% sarkosyl, 4% Triton X-100, 1%
1,4-dithioerythritol, 10 mM tris (pH 6.5), and 20 mM EDTA (pH 8),
adjusted to pH 6.5], and genomic DNA was isopropanol precipitated
by the addition of 0.5% volume isopropanol and incubated for 15 min
at —20°C. The DNA pellet was washed twice with 70% ethanol and
resuspended in 8 mM NaOH. Samples were centrifuged to remove
insoluble material, and then the DNA concentration was deter-
mined by spectrophotometry. Samples were then applied to nitro-
cellulose membrane with a slot blot apparatus. The membrane was
blocked with 1% bovine serum albumin in TBST and immunob-
lotted for Flag epitope.

Cytotoxicity assays

Cells (2.5 x 10%) were seeded in 96-well plates and incubated at 37°C
overnight. The next day, the cells were exposed to increasing doses of
5hmdC for 72 hours. Viability was evaluated using Cell Proliferation
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Kit I (Roche, Basel, Switzerland) according to the manufacturer’s
instructions. Colorimetric analysis was performed using a Varioskan
Flash plate reader (Thermo Fisher Scientific) at 550 nm.

Immunofluorescence microscopy

Cells (8 x 10%) were seeded on coverslips (VWR, Radnor, PA,
USA) in 24-well plates and incubated with the indicated drugs for
the indicated times. Cells were preextracted in PBS + 0.25% Triton
X-100 for 2 min on ice, fixed in PBS 4 4% formaldehyde for 15 min
on ice, blocked in PBS + 0.3% Tween 20 + 3% bovine serum al-
bumin for 30 min, and incubated with primary antibodies over-
night at 4°C.The next day, the cells were washed in PBS + 0.3%
Tween 20 thrice and incubated with Alexa Fluor-labeled second-
ary antibodies of the chosen wavelength and DAPI (0.1 mg/ml) in
PBS for 1 hour at room temperature (RT) in the dark. Last, the
cells were washed three times with PBS + 0.3% Tween 20, and
the coverslips were mounted in Prolong Gold Antifade Reagent
(Thermo Fisher Scientific). For EAU immunofluorescence, cells
were pulsed with EAU (10 pM) for 1 hour, and the click-it reaction
(100 mM tris-HCl at pH 7.5, 1 pM Alexa Fluor 488 azide, 1 mM
CuSOy, and 100 mM ascorbic acid) was performed for 30 min
at RT in the dark. At least 400 cells were analyzed per condition.
Images were acquired at 40X on a THUNDER Imager DMi8 (Leica,
Wetzlar, Germany) and then quantified and plotted using Fiji and
GraphPad Prism 9.0 Software. Scale = 10 pm.

SIRF assay

SIRF assays were performed as previously described by Roy and
Schlacher (56), with a few modifications. Briefly, 10° cells were seed-
ed in coverslips, and the next day, EdU was added to the medium
for 8 min. The cells were washed twice in PBS and then incu-
bated in a medium containing 5hmdC (10 pM) for 3 hours. The
cells were permeabilized in PBS + 0.5% Triton X-100 for 2 min at
4°C and fixed in PBS + 2% formaldehyde for 15 min at 4°C. Images
of SIRF foci and cells were acquired at 63X on a THUNDER im-
ager DMi8 (Leica) using LAS X, and the foci were quantified using
Fiji. Scale = 10 pm.

Alkaline comet assay

Cells (2 % 10°) were seeded in a six-well dish and treated as indicated.
After treatment, the cells were collected, washed once in PBS, mixed
with low-melting point agarose at a 1:5 ratio (v/v), and immediately
layered onto prechilled frosted glass slides precoated with 0.6% aga-
rose. The slides were allowed to settle in the dark at 4°C for at least
30 min, immersed in prechilled alkaline lysis bufter [10 mM tris-HCI
(pH 10), 2.5 M NaCl, 100 mM EDTA, 1% (v/v) DMSO, and 1% (v/v)
Triton X-100] for 1 hour at 4°C, and incubated in prechilled alkaline
electrophoresis buffer [1 mM EDTA, 50 mM NaOH, and 1% (v/v)
DMSO)] for 30 min before electrophoresis at 0.6 V/cm for 25 min at
4°C. Following electrophoresis, the slides were neutralized with
0.4 M tris-HCI (pH 7) for 1 hour, stained with 1X SYBR Green I
nucleic acid gel stain (Sigma-Aldrich, $9430) in PBS for 10 min, and
visualized at 10X on a THUNDER imager DMi8 (Leica) using LAS
X. Scale = 10 pm. Values represent the tail moments of comets deter-
mined using OpenComet.

Chromosome aberrations assays
Chromosome aberrations test was performed as previously de-
scribed by Quinones and Demple (15).
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SCE assays

Cells were grown in the presence of 10 pM BrdU during two cell cy-
cles, and 5hmdC was added during the last 12 hours. Chromosomes
were stained in 0.1 M phosphate buffer solution (pH 6.8) containing
Hoechst (10 pg/ml) for 25 min. Slides were washed in McIlvaine’s so-
lution (164 mM Na,HPO, and 15 mM citric acid) and exposed to
ultraviolet light (365 nm) for 1 hour. After that, slides were incubated
in 2x SSC solution (300 mM NaCl and 30 mM Na citrate) at 62°C for
1 hour and counterstained in phosphate buffer (pH 6.8) + 0.05%
Tween20 + Leishman (1:4, v/v) for 3 min. To analyze SCEs, meta-
phase spreads were imaged at 100X using a DM6000 optical micro-
scope (Leica) and analyzed using LAS AF (Leica) in a blinded manner.

DNA fiber assay

For replication fork blockage purposes, cells (7.5 x 10*) were seeded
and pulsed with CldU (20 pM) for 30 min and then with IdU (200 pM)
in the presence of 5hmdC for a further 30 min. Cells (2 pl) were
placed onto the slides, incubated for 6 min, and mixed with 7 pl
of spreading buffer for further 30 min at RT. Slides were fixed in
methanol/acetic acid (3:1) for 10 min, hydrated in PBS twice, and
denatured in HCI (2.5 M) for 1 hour at RT. After washing and block-
ing, slides were incubated with primary and secondary antibodies.
Last, slides were mounted in Fluoromount-G (eBioscience), scored
with x40 magnification lens Leica DM6000 fluorescence micro-
scope using LAS AF Leica Software and analyzed using Fiji software.
We plotted IdU/CIdU ratio of each quantified fiber. To analyze
asymmetry index, we measure length of both IdU tracks of each bi-
directional fiber using Fiji software. Then, long versus short IdU
track ratio of each bidirectional fiber is plotted using GraphPad
Prism software.

DNAEM

DNA for EM analysis was processed as previously described
(20, 47). Briefly, for replication intermediates, cells (1.5 X 10”)
were collected and washed once with 5 ml of ice-cold PBS, resus-
pended in 10 ml of ice-cold PBS, and transferred to 10 X 5 mm
petri dishes, to which trimethylpsoralen [10 mg/ml; thymidine
5’-monophosphate (TMP), Sigma-Aldrich] was added and mixed.
Cell samples were incubated on ice for 5 min in the dark and ir-
radiated 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 ribonuclease (100 pg/ml) for 1 hour at 37°C. For
complete protein digestion, TMP-cross-linked chromatin was in-
cubated with proteinase K (1 mg/ml) for 2 hours 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 of Pvu II HF restriction
enzyme for 4 hours at 37°C. To visualize DNA, the samples were
spread onto EM grids and stained as previously described (20, 47).
Briefly, 50 ng of DNA was resuspended in 5 pl of formamide sup-
plemented with 0.4 pl of BAC solution [alkyl dimethyl benzyl am-
monium 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%
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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 micro-
scope equipped with a GATAN high-resolution camera at the
IFOM EM facility. Blind analysis of EM images was performed by
EM specialists. Conversion of DNA length from nanometers to
nucleotides was done considering 1 nt = 0.34 nm under EM.
Scale = 500 nt.

S1 nuclease fiber assay

S1 nuclease fiber assays were performed as previously described
by Hanthi et al. (47), with a few modifications. Cells were incubated
with CSK100 buffer [10 mM MOPS, pH 7, 100 mM NaCl, 3 mM
MgCl, (pH 7.2), 300 mM sucrose, and 0.5% Triton X-100] for 5 min,
washed with PBS, and treated with S1 nuclease (20 U/ml; Thermo
Fisher Scientific, #EN0321) for 30 min at 37°C in S1 nuclease buffer
[30 mM sodium acetate (pH 4.6), 10 mM zinc acetate, 5% glycerol,
and 50 mM NaCl]. Then, the cells were washed with PBS and har-
vested with a scraper.

CRISPR-Cas9-mediated gene disruptions in RPE-1 cell lines
The single-guide RNAs targeting exon 2 of human FANCD?2 were pre-
viously reported (15). For HMCES, we used single-guide RNAs tar-
geting exon 3 (HMCES-3.3, 5'-AUCAUUGCUCCCAUGCGCUG-3’;
HMCES-3.8, 5'-UACGGUAUCACUACGACAGU-3’). Oligonucle-
otides containing the targeted sequences were cloned into pSpCas9-
(BB)-2A-GFP (pX458, Addgene, plasmid no. 48138). After transfection,
the cells were sorted, and single green fluorescent protein—positive
(GFP™) cells were seeded. Individual clones were analyzed for HMCES
deletions using polymerase chain reaction. Gene disruption was
confirmed by Sanger sequencing and Western blotting.

Analysis of prognosis

Kaplan-Meier survival plots stratified according to HMCES RNA se-
quencing expression data were obtained from the Kaplan-Meier Plot-
ter database (https://kmplot.com/analysis/index.php?p= service) using
the “Auto select best cutoff” option. Two different cohorts were ana-
lyzed: the breast adenocarcinoma cohort from The Cancer Genome
Atlas (57) and a set of breast cancer curated cohorts (53). The signifi-
cance of the differences between survival curves was estimated with the
log-rank test.

Statistical analyses

In the total PAR and nuclear HMCES-FLAG plots, the center line
represents the median value, whereas in EQU-PAR, foci per cell, and
alkaline comet assay plots, it represents the means + SD. Center line
and boxes in DNA fiber assays represent median and 10th to 90th
percentile, respectively. Statistical analyses were completed using
Prism 8 (GraphPad). Analysis of variance (ANOVA) was used to
compare more than two groups, followed by the Tukey or Fisher’s
least significant difference post hoc tests. No statistical methods or
criteria were used to estimate sample size or to include/exclude
samples. Unless otherwise stated, all experiments were performed
in biological triplicates.

Supplementary Materials
This PDF file includes:
Figs.S1to S12
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