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Abstract

Mutations in the BRCA1 or BRCAZtumor suppressor genes predispose individuals to breast and
ovarian cancer. In the clinic, these cancers are treated with inhibitors that target poly[ADP-ribose]
polymerase (PARP). We show that inhibition of DNPH1, a protein that eliminates the cytotoxic
nucleotide hydroxymethyl-deoxyuridine (hmdU) monophosphate, potentiates the sensitivity of
BRCA-deficient cells to PARP inhibitors (PARPI). Synthetic lethality was mediated by the action
of SMUG1 glycosylase on genomic hmdU, leading to PARP trapping, replication fork collapse,
DNA break formation and apoptosis. BRCAI-deficient cells that acquired resistance to PARPI
were re-sensitized by treatment with hmdU and DNPH1 inhibition. Because genomic hmdU is a
key determinant of PARPI sensitivity, targeting DNPH1 provides a promising strategy for the
hypersensitization of BRCA-deficient cancers to PARPI therapy.

The BRCAIand BRCAZ gene products are required for the repair of DNA doublestrand
breaks by homologous recombination (HR) (1, 2), and BRCA-defective cells exhibit gross
chromosomal rearrangements due to their defects in DNA repair (3). Treatment of BRCA-
defective cells with PARP inhibitors leads to synthetic lethality (4-6), which is now
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exploited in the clinic for the treatment of breast, ovarian, prostate and pancreatic cancers.
PARPI induced cytotoxicity is thought to be caused, at least in part, by the trapping of
PARP1 on DNA lesions such as base excision repair (BER) intermediates and genomic
ribonucleotides (7, 8). However, despite good initial response, many tumors develop PARPI
resistance leading to aggressive tumor growth (9). We therefore sought to identify ways to
potentiate PARPI therapy and overcome resistance of HR-deficient cancer cells. To do this,
we carried out a genome-wide CRISPR-Cas9 screen using HR-deficient eHAP MUS817-
cells, that are defective in the resolution of recombination intermediates (10). MUS817" cells
were generated by CRISPR genome editing (11) (Fig. S1A) and found to be hypersensitive
to the PARPI olaparib, as reported previously (8). Sensitivity was rescued by
complementation with wild-type MUS81 but not a nuclease dead allele (Fig. S1A and B).

CRISPR screen for modulators of PARPI sensitivity

MUS817 cells were transduced with the lentiviral-based Brunello genome-wide CRISPR
sgRNA library (12), followed by treatment with olaparib for 10 days (Fig. S1C). The LDgg
dose used allowed us to identify both dropout (sensitizing) and enriched (resistance-causing)
gRNAs. Bioinformatic analyses of the gRNA reads using the MAGeCK algorithm identified
several determinants of PARPI sensitivity (Fig. LA and Table S1). PARPI resistance was
observed with gRNAs that targeted PARP1 and the de-PARylation factor PARG, which
counteracts the cytotoxic effects of PARP trapping (7, 13) or restore PARP activity (14).
Sensitizing gRNAs included several base excision repair (BER) factors (Fig. 1A), indicating
that defective BER is synthetic lethal with PARPI, likely through increased PARP trapping
on repair intermediates. Furthermore, Gene Ontology and STRING protein interaction
analyses revealed an enrichment of DNA repair enzymes involved in BER and Fanconi
anemia (Fig. S1D and E), as previously observed (15). Inactivation of factors involved in
nicotinamide adenine dinucleotide (NADH) metabolism and mitochondrial homeostasis also
sensitized cells to PARPI, potentially through the formation of increased reactive oxygen
species (ROS) as a result of mitochondrial dysfunction (16), induced DNA damage, and
PARP trapping (17).

The highest-ranking hit from the screen was DNPH1/RCL (2’ -deoxynucleoside 5 -
monophosphate N-glycosidase) (Fig. 1A), a c-Myc target that is overexpressed in various
tumors (18, 19). It has been suggested that DNPH1 is involved in nucleotide salvage
pathways or as a sanitizer that removes modified or anomalous nucleotides from the
nucleotide pool to prevent their incorporation into DNA (20). Disruption of a second
nucleotide sanitizer ITPA (inosine triphosphatase), which dephosphorylates dITP to limit its
incorporation into DNA (21), also sensitized MUS817 cells to olaparib. DNPHI and /TPA,
which were also identified in previous PARPI screens (8, 22), were validated as bona fide
hits using individual CRISPR-generated knock-out (KO) cell lines (Fig. S2A and B).
Disruption of either gene in eHAP cells did not impact cell growth or viability, but sensitized
HR-deficient MUS817- cells to treatment with olaparib (Fig. 1B, S2C and S2D). These
results indicate that their target nucleotides are a source of endogenous DNA lesions
underlying PARPI cytotoxicity.
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The marked olaparib sensitivity of the MUS817- DNPH17- cells, combined with the
uncharacterized biological function of DNPH1I, led us to focus on the role of this gene in
potentiating the effect of PARPi on HR-deficient cells. DNPH1 was found to be expressed in
various cell lines including normal epithelial cells (RPE-1 and MCF10A) and the breast
tumor-derived BRCA1-deficient cancer cell line SUM149 (BRCA 1™ (23) (Fig. S2E).
Genetic disruption of DNPHI in SUM149 BRCAI-or DLD1 BRCAZdefective cells (Fig.
S2F and S2G), resulted in their sensitization to olaparib (Fig. 1C-E and Fig. S2H). This
effect was exclusive to PARPI, as little or no sensitization was observed in DNPHI-deficient
cells exposed to a variety of DNA damaging agents including cisplatin, methyl
methanesulfonate (MMS), camptothecin (CPT), ultraviolet (UV) or ionizing irradiation (IR)
(Fig. S21-M). The BRCAZ27- DNPH1” cells exhibited a smaller colony size indicative of
decreased growth rate (Fig. 1C). BRCAZ2 wild-type (WT) and SUM149 isogenic revertant
cells, in which the reading frame of BRCAI had reverted to wild-type (23), were insensitive
to DNPHI loss and olaparib treatment. Taken together, these results show that DNPH1
inactivation specifically sensitizes clinically relevant BRCA-deficient cells to PARPI
treatment.

DNPHL1 targets hmdUMP to limit genomic incorporation

DNPH1 hydrolyzes deoxyribonucleoside monophosphates (ANMPS) in vitro (20), but its
biological nucleotide target(s) and function(s) remain unknown. To determine the precise
target of DNPH1, we carried out metabolomic analyses of the nucleoside composition of
genomic DNA in wild-type, DNPHI7-and /TPA” cells. As expected, increased amounts of
genomic deoxyinosine (d1) were found in the /7247 cells (Fig. S3A), validating our
metabolomic approach. In the DNPHI7- cells, however, we observed a specific increase of
5-hydroxymethyl-deoxyuridine (hmdU) in genomic DNA (Fig. 2A). hmdU is a cytotoxic
nucleoside arising from either oxidative damage (24) or deamination of 5-hydroxymethyl-
deoxycytidine (hmdC) during epigenetic regulation (25). No significant change in other
genomic nucleosides was observed (Fig. 2A). Quantification of genomic hmdU showed ~5
per million dN in WT and approximately 15 per million in DNPH17- cells (Fig. S3B).
Because DNPH1 hydrolyses dNMPs, these results suggest that DNPH1 acts upon hmdU
monophosphate (hmdUMP) in the nucleotide pool to limit genomic DNA incorporation. In
support of this, treatment of DNVPHI7- cells with hmdU resulted in a ~10-fold increase in
hmdUMP in the nucleotide pool (Fig. 2B), in comparison to a ~3-fold increase in genomic
hmdU as compared to WT cells (Fig. S3C). These results show that DNPH1 acts upon
hmdUMP to limit its incorporation into DNA.

To determine whether DNPH1 directly hydrolyzes hmdUMP, we purified recombinant
human DNPH1, as well as the active site mutant DNPH1E194Q (Fig. 2C). DNPH1, but not
DNPH1E104Q  efficiently hydrolyzed hmdUMP to yield hmU nucleobase (shown
schematically in Fig. 2D) with a reaction rate of 7.3 +0.2 min'! (Fig. 2E, S3D and S3E). No
detectable activity was observed towards any of the canonical ANMPs (Fig. 2F). The related
nucleotides hmdCMP and dUMP were hydrolyzed ~40 and ~110 times slower, respectively
(Fig. 2E). To strengthen these findings and directly assess the dNMP preference of DNPH1,
we used time-resolved *H NMR spectroscopy for the simultaneous detection of dANMP
hydrolysis, in a mixture that combined hmdUMP with canonical dNMPs in a single reaction.
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We found that under these conditions, whilst hmdUMP was fully hydrolyzed after 120
minutes, there was no detectable hydrolysis of any the canonical dNMPs (Fig. 2G and Fig.
S3F and S3G). These results confirm that hmdUMP is the direct biological target of
DNPH1.

hmdU hypersensitizes HR-deficient cells to PARPI

To determine whether the observed increase in genomic hmdU in DNPHI-deficient cells
was responsible for the sensitization of HR-deficient cells to PARPi, MUS817 cells were
treated with a panel of deoxynucleosides carrying nucleobases modified by methylation,
hydroxylation, deamination, and oxidation, in the presence or absence of olaparib. Co-
treatment with hmdU and olaparib induced strong synthetic lethality (Fig. 3A), showing that
hmdU potentiates PARPI treatment. hmdU/PARPI treatment also induced synthetic lethality
in the SUM149 BRCA1 mutant cell line (Fig. 3B and S4A and S4B), as well as DLD1
BRCAZ2-defective cells (Fig. 3C and S4C). In contrast, BRCA proficient isogenic cell lines
were insensitive to the treatment (Fig. 3B and C, S4A-C).

We also observed that hmdC induced synthetic lethality with PARPi (Fig. 3A). To determine
whether PARPI potentiation by hmdC was caused by increased hmdU incorporation, we
analyzed the genomic nucleotide composition of hmdC-treated cells and found increased
amounts of genomic hmdU (Fig. S4D). hmdU was further increased in DNPHI? cells,
indicating that hmdC is converted to hmdU in the nucleotide pool where it is targeted by
DNPH1. We did not observe any increase in genomic hmdC, in agreement with previous
reports (26). Comparison of genomic hmdU incorporation following exposure of WT cells
to hmdU (Fig. S3C) or hmdC nucleosides (Fig. S4D) revealed that hmdC treatment resulted
in ~15-fold less hmdU incorporation, in accord with its lower cytotoxicity (Fig. 3A and 3D).

To explore the biological function of DNPH1 in response to aberrant nucleotides, DNPH1”-
cells were exposed to a panel of ribonucleosides and deoxyribonucleosides, and cell viability
was measured. Strikingly, HR-deficient MUS817- DNPH1”- double KOs were
hypersensitive to treatment with hmdU and to a lesser extent hmdC (Fig. 3D), even in the
absence of PARPI. Treatment with their ribonucleoside counterparts hmU or hmC did not
affect cell viability (Fig. 3D), demonstrating that the cytotoxic effect requires DNA
incorporation. Complementation with wild-type DNPH1, but not the active site mutant
DNPH1E104A (20), rescued the cells from hmdU-induced cytotoxicity (Fig. S4E and F).

Because HR-deficient DNPH17- cells are sensitive to hmdU treatment, we speculated that
hmdU treatment could hyper-sensitize these cells to PARPi and found that BRCA2”
DNPHI" cells were particularly sensitive to PARPi when co-treated with a low dose of
hmdU (50 nM). Indeed, ~10 times less PARPi was required to achieve the same level of
killing (Fig. 3E). Our results show that synthetic lethality can be induced in a variety of HR-
deficient backgrounds and that DNPH1 and its target hmdU may have therapeutic potential.

The cellular origins of hmdU

Nucleotide salvage pathways provide an energy-efficient way to recycle
deoxyribonucleosides that arise from the breakdown of DNA or extracellular uptake.
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Cytidine nucleotides carrying epigenetic marks such as hmdC are thought to be deaminated
to produce the uridine counterpart hmdU (26). To determine whether hmdU arises from
hmdC deamination and to identify factors involved in this pathway, we carried out a
CRISPR screen in MUS817 cells exposed to hmdC. Bioinformatic analysis revealed that the
loss of factors involved in nucleoside phosphorylation such as deoxycytidine kinase (DCK)
and thymidylate kinase (DTYMK) rendered cells resistant to hmdC treatment (Fig. 4A). The
screen also showed that loss of DNPHI sensitized cells to hmdC, confirming the critical role
that DNPHL1 plays in the survival of HR-deficient cells by eliminating hmdUMP.

The loss of the gene encoding dCMP deaminase, DCTD, rendered eHAP cells resistant to
hmdC (Fig. 4A), indicating that DCTD deaminates hmdC monophosphate (hmdCMP) to
produce hmdUMP in the nucleotide pool. Loss of DCTD also conferred resistance to
olaparib (Fig. 1A), presumably as a consequence of decreased genomic hmdU incorporation.
To test this possibility, we generated DCTD”- cell lines in the MUS81-deficient background
(Fig. S4G) and found that they were resistant to co-treatment with olaparib and hmdC, but
not hmdU (Fig. S4H). The increased sensitization of MUS817 cells to olaparib upon
DNPH1 ablation was reversed by codisruption of DCTD (Fig. 4B), showing that the
synthetic lethality results from DCTD-mediated formation of hmdUMP. Consistent with
these results, the increase in genomic hmdU observed in DNPHI” cells was also reversed
by disruption of DCTD (Fig. 4C).

Because cytidine deaminase (CDA) targets dNs and DCTD targets dNMPs, we next
determined whether the deamination of hmdC to hmdU occurs at the nucleoside or
nucleoside monophosphate level. To do this, we generated CDA”~ and DCTD” cell lines
(Fig. S4l). We found that loss of DCTD, but not CDA, completely abolished hmdC-
mediated deamination and hmdU incorporation (Fig. 4D), showing that hmdCMP
deamination in eHAP cells occurs at the ANMP level, similar to hmdUMP hydrolysis by
DNPHL1.

During epigenetic regulation, genomic hmdC is produced by dioxygenase-mediated
hydroxylation of methylated cytosine by the Ten Eleven Translocation (TET) enzymes (27).
To determine whether breakdown and subsequent deamination of hmdC-containing genomic
DNA was responsible for the increased sensitivity of DAVPHI deficient cells to PARPI, cells
were depleted of 7E7Zand TET2using CRISPR-Cas9 (Fig. S4J). Loss of TET1 and TET2
partially reversed PARPI sensitivity in MUS817- DNPHI” cells (Fig. 4E). Furthermore, the
TET1/TETZdepleted cells were sensitive to hmdU/olaparib (Fig. 4E) indicating that the
observed rescue was not due to a general resistance of TET-deficient cells to the cytotoxic
effects of hmdU. Moreover, these data support the hypothesis that hmdUMP, produced by
DCTD-dependent deamination of hmdCMP, is the biological target of DNPH1, thereby
constituting a metabolic pathway that disposes of epigenetically modified nucleotides
(shown schematically in Fig. 4F).

SMUG1 mediates synthetic lethality through PARP trapping

Our screens further revealed that loss of single-strand-selective monofunctional uracil-DNA
glycosylase 1 (SMUG1) caused resistance to olaparib or hmdC treatment in HR-defective
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cells (Fig. 1A and 4A). Since SMUGL1 is the primary glycosylase responsible for removing
hmdU from genomic DNA (28), we speculated that the action of SMUG1 on hmdU drives
synthetic lethality. To test this, we generated SMUGI” cells (Fig. S5A) and found that
whilst MUS817 cells were hypersensitive to hmdU/olaparib treatment, MUS817- SMUG1”"
cells were completely resistant (Fig. 5A). Similar observations were made in DLD1
BRCAZ-deficient cells following SMUG1 disruption (Fig. S5B). Furthermore, the increased
PARPI sensitivity observed in DNPHI7- BRCAZ2” cells was reversed by loss of SMUGI
(Fig. S5C). Complementation of the MUS817~ SMUGI™ cells with wild-type SMUG1, but
not catalytically inactive SMUG1CG87Y | restored cell death upon hmdU/olaparib treatment
(Fig. S5D and E). Taken together, these results show that SMUG1-dependent excision of
genomic hmduU is the underlying basis for the synthetic lethality.

PARPI-induced synthetic lethality is caused, at least in part, by PARP trapping, whereby
PARP proteins are trapped on various DNA structures including single-strand breaks (SSBs)
and BER intermediates (7). Consequently, and as also confirmed by our screen (Fig. 1A),
loss of PARP1 causes PARPI resistance, by alleviating the dominant-negative effect of PARP
trapping (7, 13). We therefore analyzed PARP trapping in cells exposed to hmdU/olaparib
and found increased chromatin association of PARP1 in comparison with olaparib treatment
alone (Fig. 5B). Additionally, we observed the induction of DNA damage checkpoint
signaling (yH2AX phosphorylation) and apoptosis (PARP1 cleavage). Ablation of SMUG1
fully reversed these hmdU/olaparib-induced phenotypes (Fig. 5B), showing that PARP
trapping occurs on BER intermediates that arise from SMUG1-mediated hmdU excision. In
contrast, we did not observe any difference in PARP trapping or DNA damage signaling
between WT and SMUGI-deficient cells treated with the alkylating agent MMS (Fig. 5B),
confirming that the lack of PARP trapping in SMUGI-deficient cells was not due to a
general BER defect. Consistent with the hypothesis that PARP trapping was responsible for
increased cell killing in DNPH1-defective cells following PARPI, we found that olaparib
sensitivity in DNPHI” cells was PARP1-dependent (Fig. 5C and Fig. S5F). Similar results
were observed with other PARPI such as veliparib (Fig. S5G) and talazoparib (Fig. S5H).
These results show that PARP trapping occurs in a hmdU- and SMUG1-dependent manner
following PARPI treatment.

To understand the hmdU/SMUG1-induced mechanism of cell death, DNA double strand
break (DSB) formation and DNA damage checkpoint signaling were analyzed in the DLD1
isogenic cell line models. Untreated BRCAZ”- DNPH1” cells showed an increase in
checkpoint signaling and replication stress, as evidenced by immunoblotting of
phosphorylated H2A histone family member X (yH2AX), phosphorylated KRAB-associated
protein-1 (pKAP1), or Checkpoint kinase 1 (pCHKZ1), and PARP1 cleavage (apoptosis) (Fig.
5D, and S51). In addition, low amounts of small molecular weight DNA were observed as
smears by PFGE, indicative of apoptosis (Fig. 5D). Taken together with the slight growth
defect observed in BRCAZ”- DNPH17-, as compared to BRCAZ2” cells (Fig. 1C), these
results indicate that DNPH1 loss causes endogenous DNA damage because of replication
stress.

Following exposure to hmdU or hmdU/olaparib, but not olaparib alone, we observed a large
increase in DSB formation, increased amounts of yH2AX, pKAP1, and pCHK1, and PARP1
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cleavage in the BRCAZ2”- DNPH1- cells (Fig. 5D, S5J, S6A and S6B). Upon co-treatment
with a caspase inhibitor (Z-VAD-FMK), we observed increased DSB formation and a
reduction in the low molecular weight smears (Fig. S6C), consistent with apoptosis
occurring from elevated DSB formation in BRCAZ27- DNPH1”- cells. All phenotypes were
reversed by disruption of SMUGI, demonstrating that SMUG1-induced DSB formation is
the underlying cause of PARPi-induced synthetic lethality brought about by PARP trapping
at sites of hmdU excision.

Excision of aberrant bases by DNA glycosylases leads to the formation of abasic sites that
interfere with replication fork progression (29). We therefore explored the possibility that
synthetic lethality results from replication fork collapse at hmdU-induced abasic sites. We
found that hmdU/olaparib treatment of the DNV/PH17- cells led to increased RAD51 foci,
which were suppressed by loss of BRCAZ (Fig. 5E and S6D), indicative of HR-mediated
DSB repair. We next analyzed replication fork progression by measuring the symmetry of
bidirectional forks (Fig. 5F). Whereas forks from untreated cell lines were largely
indistinguishable from each other (Fig. S6E and S6F), an increase in asymmetric forks was
observed in BRCA27- DNPH1"" cells upon hmdU/olaparib treatment, as compared with
BRCAZ2” cells (Fig. 5G and H). These results indicate that the observed DSBs are a
consequence of replication fork collapse. Consistent with this, fork asymmetry induced by
hmdU/olaparib was suppressed by loss of SMUGL.

Killing of PARPi-resistant BRCA1-deficient cells

PARPI resistance arises by: (i) reversion of the BRCA genes to wild-type (9), (ii) loss or
mutation of PARPI (7, 13) or PARG (14), or (iii) in the case of BRCAI-deficient cells, by
restoration of HR-proficiency through inactivation of the p53-binding protein 1 (53BP1)-
SHIELDIN pathway (9, 30). We have shown that BRCA-deficient cells can be efficiently
killed by either potentiating PARPi by hmdU or in a PARPi-independent manner by hmdU
treatment upon DNPH1 ablation. To determine whether these treatment strategies re-
sensitize PARPi-resistant BRCAI-deficient cells, we compared their effects in BRCA1
mutant, wild-type SUM149, or PARPi-resistant cell lines depleted of 53BP1, SHLD1, or
PARP1 using lentiCRISPR (Fig. S7A and B). Compared with olaparib alone, we found that
co-treatment with hmdU/olaparib led to a ~3-fold expansion of the therapeutic window (Fig.
6A, left and right panels). hmdU treatment efficiently re-sensitized PARPi-resistant
BRCA1™ cells depleted of 538P1, SHLDI (Fig. 6B and S7C, left and right panels), or to a
lesser extent PARP1 (Fig. 6C, left and right panels), to olaparib treatment.

While ablation of DNPHI in BRCAI-deficient cells, or treatment with hmdU alone, had
only mild effects on cell viability, hmdU selectively killed the BRCAI™t DNPHI7 cells
(Fig. 6A, center and right panels). PARPi-resistant BRCAI™ DNPHI1” cell lines depleted
of 53BP1 (Fig. 6B, center panel), SHLDI (Fig. S7C, center panel) or PARPI (Fig. 6C,
center panel), were efficiently killed by hmdU treatment. Indeed, the therapeutic windows
increased ~10 to 20-fold compared to olaparib alone (Fig. 6B and C, right panels, and S7C,
right panel). There was no significant effect on the sensitivity of HR-proficient DNPH1”-
cells depleted of 53BP1 or PARPI to olaparib or hmdU treatment, compared to DNPH17
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cells (Fig. S7D and E), indicating that 53BP1 or PARP1 alone were not required for the
repair of DSBs resulting from hmdU lesions.

To determine whether chemical inhibition of DNPH1 could also sensitize cells to hmdU, we
used the DNPH1 competitive inhibitor, Né-benzyladenosine (DNPH1i) (31), that limits the
activity of DNPHL1 in vitro (Fig. 6D). While treatment of MUS81-deficient cells with
DNPHZ1i or hmdU alone had a mild effect on cell viability, co-treatment with hmduU/
DNPHL1i selectively killed the HR-deficient cells (Fig. S7F). This concentration of DNPH1i
did not further sensitize MUS817- DNPHI” cells to hmdU, confirming its specificity (Fig.
S7G). Similarly, hmdU/DNPHL1i treatment killed BRCAI-defective cells (Fig. 6E), as well
as PARPi-resistant BRCAZ-mutant cell lines depleted of PARPI (Fig. 6F) or 53BFP1 (Fig.
S7H). These results provide proof of concept that DNPH1 inhibition can be used to sensitize
BRCA-deficient cells to PARPi or hmdU treatment. DNPH1i treatment did not decrease the
viability of BRCA1™t DNPH1" cells treated with hmdU, demonstrating on-target effects
of the drug (Fig. S71).

Discussion

Rapidly proliferating cancer cells are dependent on a steady supply of nucleotides which is
achieved by de novo synthesis and salvage pathways that are upregulated in many cancers.
However, the re-incorporation of recycled nucleotides carrying epigenetic marks is
undesirable due to their potential to alter gene expression, and they are therefore excluded
from DNA incorporation by the selectivity of nucleotide kinases (26). How cells deal with
these modified nucleotides is largely unknown. Here we define a metabolic pathway
whereby cells eliminate epigenetically modified hmdCMP, in a two-step process entailing
deamination to cytotoxic hmdUMP by DCTD, followed by DNPH1-mediated hydrolysis
into hmU and dRP (Fig. 4F). Our results indicate that hmdC(MP) originates in part from the
breakdown of TET hydroxymethylated DNA. Indeed, exonucleolytic processing which
occurs during DNA repair yields nucleoside monophosphates such as hmdCMP, which is the
level at which both DCTD and DNPH1 operate, thereby constituting a linear pathway for
disposal of hmdCMP. In addition to DNA metabolism, other sources of salvaged nucleotides
include extracellular uptake, which is also targeted by the DCTD/DNPH1 pathway to
dispose of exogenous hmdU and hmdC nucleosides.

Although we found that genomic hmdU in our cell models predominantly arises through
deamination of hmdCMP by DCTD rather than CDA, it is likely that the increased formation
of hmdU observed in breast and pancreatic cancer cells with high levels of CDA (26) might
result from a gain-of-function activity. Consistent with this, high DCTD expression has been
shown to correlate with poor prognosis in patients with malignant glioma (32). We therefore
speculate that cancers with high levels of hmdC and/or expression of CDA or DCTD may
depend on DNPH1 for survival due to increased levels of cytotoxic hmdUMP. As DNPHI is
a c-Myc targeted gene, its expression is directly linked to activation of the nucleotide salvage
pathway (33), and as such could help cancer cells cope with increased nucleotide
metabolism and hmdUMP levels.
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Our work demonstrates that the underlying mechanism of PARPI induced synthetic lethality
of HR-deficient cells following exposure to hmdU is widespread replication fork collapse,
DSB formation and apoptotic cell death (Fig. S8). These events are dependent on SMUG1-
mediated PARP trapping. In addition to DNPH1 ablation, we found that loss of ITPA also
sensitized cells to PARPI, presumably through increased genomic dl, suggesting that other
types of aberrant nucleotides might also lead to PARP trapping and contribute to synthetic
lethality. In addition to PARP trapping at BER intermediates (7, 8), several hypotheses have
been proposed as causes of synthetic lethality such as excessive fork speed (34), persistent
single-strand breaks at unligated Okazaki fragments (35) and/or the formation of replication-
associated ssDNA gaps (36). Our present work does not exclude these possibilities as
intermediary steps during replication fork collapse.

In summary, we have shown that hmdU is an endogenous DNA lesion that potentiates the
response to PARPI therapy. Furthermore, we discovered that PARPi-resistant BRCA1-
defective cells with loss of either PARP1 or the 53BP1-SHIELDIN pathway, were
effectively killed by hmdU (by genetic or chemical ablation of DNPH1) to a similar extent
as the non-resistant BRCA1-defective cells. As loss of the 53BP1-SHIELDIN pathway
restores HR-proficiency through reactivation of DNA end resection (30, 37), our data
indicate that BRCAL1’s role in mediating replication fork protection, rather than HR, is a key
event in safeguarding against hmdU/DNPH1i-induced cell death (38, 39). The striking effect
of DNPHL1 inhibition on the sensitization of BRCA-deficient cancer cells to PARPi and
hmdU treatment indicates that DNPH1 should be investigated as a potential druggable
target.
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One sentence summary

Inhibition of the nucleotide sanitizer DNPH1 sensitizes BRCA-deficient cells to
treatment with PARP inhibitors.
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Fig. 1. Loss of DNPH1 sensitizes HR-deficient cellsto PARP inhibitors.
(A) Volcano plot showing sgRNA scores from MAGeCK analysis of a genomewide
CRISPR-Cas9 dropout/enrichment screen in eHAP MUS817 cells (olaparib vs mock). Each
point represents limit fold change (sensitizing sgRNAS to the left and resistance to the right)
with corresponding MAGeCK score. BER and nucleotide metabolism factors are

highlighted.

(B) eHAP WT or KO cell lines were treated for 6 days with the indicated doses of olaparib,
and viability was determined using CellTiter-Glo (mean with s.e.m; n=3). Data were
analyzed using ANOVA for multiple comparisons. MUS817-vs MUS817- DNPH1 ™", p=
0.0013; MUS81 - vs MUS81 - ITPA-, p=0.0144.
(C) DLD1 WT or KO cell lines were seeded for colony formation and treated continuously
for 10 days with olaparib. Colonies were fixed and stained with crystal violet. Well diameter

is 22 mm.

(D) DLD1 WT or KO cell lines were treated continuously for 10 days with olaparib. Cell
viability was determined, and data analyzed as in (B). BRCAZ2vs BRCA2- DNPH1 ", p

< 0.0001.
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(E) SUM149 WT (revertant) or KO cell lines were treated for 10 days with olaparib. Cell
viability was determined, and data analyzed as in (B). BRCA1™!vs BRCAI™" DNPHI ",
p=0.0021.
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Fig. 2. DNPH1 isa nucleotide sanitizer that hydrolyseshmdUMP to prevent genomic DNA

incor poration.

(A) Genomic DNA was extracted from eHAP WT or DNPHI- cells, digested, and analyzed
for its nucleoside composition by LC-MS. The graph depicts the ratio of the indicated
nucleosides in DNPHI7-vs WT genomic DNA (mean with s.e.m; n=3).

(B) Nucleotide pools were extracted from eHAP WT or DNPHI- cells treated with 0.5 pM
hmdU for 4 h and analyzed for hmdUMP by LC-MS.
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(C) SDS-PAGE of purified HIS-tagged DNPH1 and catalytic site mutant DNPH1E104Q
visualized by Instant Blue stain.

(D) Schematic indicating the hydrolysis of hmdUMP by DNPH1 to form deoxyribose
phosphate (dRP) and hydroxymethy! uracil (hmU).

(E) Rates of dNMP hydrolysis by DNPH1 were determined by linear regression of data from
Figure S3E. Each dNMP was analyzed independently.

(F) Analysis of DNPH1 activity with deoxynucleoside monophosphates (ANMPs). DNPH1
or DNPH1E104Q (4 uM) were incubated individually with the indicated substrates (1 mM)
for 45 min. Products were analyzed by RP-HPLC and visualized as chromatograms.
Untreated dNMPs and the nucleobase hmU are indicated.

(G) H NMR time-resolved spectroscopy of an equimolar mixture of dAMP, dCMP, dGMP,
TMP and hmdUMP (0.5 mM each) following incubation with 1 uM DNPH1 for the
indicated times. Time-dependent disappearance of hmdUMP (red box) and appearance of
hydroxymethyl uracil are highlighted (blue box). The resonances of non-labile base protons
from each nucleotide are shown.
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Fig. 3. Sensitization of HR-deficient cellsto PARPi by hmdu.

(A) eHAP MUS81™ cells were either untreated or treated with the indicated nucleosides
(200 nM) in the presence or absence of olaparib (25 nM) for 6 days. Cell viability was
determined using CellTiter-Glo (mean with s.e.m; n=3).

(B) Patient-derived SUM149 BRCA 1™ (parental) and revertant (WT) cells were treated for
8 days with olaparib in the presence or absence of hmdU (1 pM). Cell viability was
determined using CellTiter-Glo. BRCA1™vs BRCAI™! + hmdU, p = 0.0004.

(C) DLD1 WT and BRCAZ - cells were treated for 10 days with olaparib in the presence or
absence of hmdU (1 pM). Cell viability was determined as in (B) BRCAZ2”-vs BRCA2” +
hmduU, p < 0.0001.

(D) eHAP MUS817and MUS81”- DNPHI™- cells were either left untreated or treated with
the indicated nucleosides (200 nM) for 6 days. Cell viability was determined as in (A). Bar
chart shows the ratio of cell viability between MUS817- DNPH1”-vs MUS817- (mean with
s.e.m; n=3).

(E) DLD1 WT or KO cell lines were treated for 10 days with olaparib in the absence or
presence of hmdU (50 nM). Cell viability was determined as in (B). BRCA2”- DNPHI”" vs
BRCAZ’- DNPH1”-+ hmdU, p< 0.0001. DLD1 WT and BRCAZ”" cells treated with
olaparib only are from (C).
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Fig. 4. hmdU is produced by metabolism of epigenetically modified nucleotides.
(A) Volcano plot showing sgRNA scores from MAGeCK analysis of CRISPR-Cas9 hmdC
dropout/enrichment screen. Data are represented as in Fig. 1A (n=3).
(B) eHAP KO cell lines were continuously treated with olaparib (50 nM) for 6 days and cell

viabilities were determined using CellTiter-Glo.

(C) Genomic DNA was extracted from the indicated eHAP cell lines, digested, and analyzed
for hmdU by LC-MS. The ratio of hmdU levels to WT is indicated (mean with s.e.m; n=3).
(D) eHAP cell lines were treated with hmdC (0.2 uM) for 24 hours. Genomic DNA was
extracted, digested, and analyzed for hmdU by LC-MS. The relative genomic hmdU levels

are indicated (mean with s.e.m; n=3)

(E) eHAP MUS817-, MUS817- DNPH1”- or MUS81”- DNPH1”" cells transduced with
lentiCRISPR-sgTET1 and sgTET2 were treated with olaparib (25 nM) in the absence or
presence of hmdU (50 nM) for 6 days. Cell viability was determined as in (B).
(F) Schematic showing the metabolism of hmdC originating from TET-mediated
hydroxymethylated cytosine and other extracellular sources. Breakdown of DNA (for
example, during DNA repair) releases epigenetically marked nucleotides, such as hmdCMP.
To prevent their re-incorporation, they are degraded in a two-step process; (i) hmdCMP is
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deaminated to cytotoxic hmdUMP by DCTD, and (ii) DNPH1 hydrolyzes hmdUMP into
hmU and dRP. DNPH1 deficiency leads to excess hmdUMP that becomes phosphorylated to
hmdUTP by DTYMK and incorporated in DNA.
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Fig. 5. hmdU promotes PARP trapping, DSB formation, and cell death through the actions of
SMUGL.

(A) eHAP WT and KO cell lines were treated with olaparib (25 nM) and the indicated doses
of hmdU for 6 days. Cell viability was determined using CellTiter-Glo (n=3). MUS81”vs
MUS817- SMUG1”, p=0.0014.

(B) eHAP WT and SMUG1™" cells were either untreated or pre-treated for 24 hours with
hmdU (0.35 pM) or 2 hours with MMS (0.01%) followed by olaparib (10 uM) for 4 hours.
Following subcellular fractionation the nuclear soluble or chromatin fractions were analyzed
by immunoblotting with the indicated antibodies.
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(C) eHAP MUS817- or MUS817- DNPH1”- cells were transduced with lentiCRISPR-
sgPARP1 or control (sgCTRL) and treated with olaparib for 6 days. Cell viability was
determined as in (A). MUS817- DNPH1”7/sgCTRL vs MUS81”- DNPH1”1sgPARP1, p <
0.0001.

(D) Top: PFGE analysis of DNA break formation in DLD1 WT or KO cell lines either
untreated or treated with hmdU (2 uM) or co-treated with olaparib (0.1 uM) and hmdU (100
nM) for 72 hours. DNA breaks were visualized by ethidium bromide staining. Bottom: the
same samples were analyzed by immunoblotting.

(E) DLD1 WT and KO cell lines were either untreated or treated with olaparib (10 nM) and
hmdU (0.1 uM) for 48 hours and subjected to immunofluorescence staining with a RAD51
antibody (green). DNA was stained by DAPI (blue). Scale bar is 10 pm.

(F) Schematic overview of DNA fiber analysis. DLD1 WT or KO cells were untreated or co-
treated with olaparib and hmdU for 48 hrs. Cells were labeled with CldU (20 mins; 20 uM)
followed by 1dU (20 mins; 150 uM). DNA fibers were spread on glass slides and subjected
to immunofluorescence staining with CldU (red) and IdU (green) antibodies. Fork symmetry
was assessed by measuring the lengths of the two bidirectional forks.

(G) Plots showing the lengths of the bidirectional forks in DLD1 cell lines treated with
olaparib (0.1 uM) and hmdU (1 pM) for 48 hrs. Bidirectional forks with >30% difference in
lengths (outside red lines) were scored as asymmetrical and shown as percentage.

(H) Plots showing the asymmetry factor from forks in (G). Horizontal line represents the
median. BRCA27-vs BRCA2’- DNPH17-, p=0.0028.
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Fig. 6. Killing of PARPI-resistant BRCAL cells by targeting DNPH1.
(A) Left panel: SUM149 BRCA 1™ (parental) and WT (revertant) cell lines were either

untreated or treated with olaparib in the absence (black lines) or presence of hmdU (2 uM;
red lines) for 8 days. Cell viability was determined using CellTiter-Glo (mean with s.e.m;
n=3). Blue dotted line represents EC50 values. Center panel: As (left) but SUM149
BRCA1™! (parental) and WT cell lines were either untreated or treated with the indicated
doses of hmdU in the absence (black lines) or presence of DNPHI KO (red lines) for 8 days.
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Right panel: Therapeutic index of the indicated treatments calculated from the ratio of EC50
values from (left) and (center) in SUM149 WT vs. BRCAI™! cells.

(B) Left: SUM149 BRCA1™sg53BP1 or WT (revertant) cell lines were treated as in (A,
left). For direct comparison, curves of WT and WT + hmdU from (A, left) are shown (solid
black and red lines, respectively). Center: SUM149 BRCA1™sg53BP1 or WT cell lines
were treated as in (A, center). For direct comparison, curves of WT and DNPH17- from (A,
center) are shown (solid black and red lines, respectively). Right: Therapeutic index of the
indicated treatments calculated from the ratio of EC50 values from (left) and (center) in
SUM149 BRCA1™sg53BP1 cells.

(C) Left: SUM149 BRCA1™! PARPI”- or WT cell lines were treated as in (A, left). For
direct comparison, curves of WT and WT + hmdU from (A, left) are shown (solid black and
red lines, respectively). Center: SUM149 BRCAI™! PARPI”- or WT cell lines were treated
as in (A, center). For direct comparison, curves of WT and DNPHI- from (A, center) are
shown (solid black and red lines, respectively). Right: Therapeutic index of the indicated
treatments calculated from the ratio of EC50 values from (left) and (center) in BRCA1™!
PARPI” cells.

(D) Inhibition of DNPHZ1 activity towards hmdUMP by N6-benzyl-AMP (DNPH1i).
DNPH1 (4 uM) was incubated with hmdUMP (1 mM) in the absence or presence of
DNPH1i for 45 min. Products were analyzed by RP-HPLC and visualized as
chromatograms.

(E) SUM149 BRCA1™ ! (parental) and WT (revertant) cell lines were either untreated or
treated with hmdU in the absence or presence of DNPH1i (0.3 pM) for 8 days. Viability was
determined using CellTiter-Glo (mean with s.e.m; n=3). BRCA1™/!ys BRCAI1M! +
DNPHL1i, p < 0.0001.

(F) SUM149 BRCA1™! PARP1”- or WT (revertant) cell lines were treated as in (E) (mean
with s.e.m; n=3). BRCAI™!t PARP1”-vs BRCAI™/ PARPI”-+ DNPHLi, p < 0.0001.
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