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FGFR3-induced Y158 PARP1 phosphorylation promotes
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Poly(ADP-ribose) polymerase (PARP) inhibitors (PARPis) are used to treat BRCA-mutated (BRCAm) cancer patients; however,
resistance has been observed. Therefore, biomarkers to indicate PARPi resistance and combination therapy to overcome
that are urgently needed. We identified a high prevalence of activated FGF receptor 3 (FGFR3) in BRCAm triple-negative
breast cancer (TNBC) cells with intrinsic and acquired PARPI resistance. FGFR3 phosphorylated PARP1 at tyrosine 158 (Y158)
to recruit BRG1 and prolong chromatin-loaded MRE11, thus promoting homologous recombination (HR) to enhance PARPi
resistance. FGFR inhibition prolonged PARP trapping and synergized with PARPI in vitro and in vivo. High-level PARP1Y158
phosphorylation (p-Y158) positively correlated with PARPI resistance in TNBC patient-derived xenograft models, and in
PARPi-resistant TNBC patient tumors. These findings reveal that PARP1 p-Y158 facilitates BRG1-mediated HR to resolve the
PARP-DNA complex, and PARP1 p-Y158 may indicate PARPi resistance that can be relieved by combining FGFR inhibitors
(FGFRis) with PARPis. In summary, we show that FGFRi restores PARP trapping and PARPI antitumor efficacy in PARPi-
resistant breast cancer by decreasing HR through the PARP1 p-Y158/BRG1/MERT11 axis, suggesting that PARP1 p-Y158 is a
biomarker for PARPI resistance that can be overcome by combining FGFRis with PARPis.

Introduction PARP inhibitors (PARPis) — a phenomenon known as PARP
Dissociation of poly(ADP-ribose) polymerase 1 (PARP1) from  trapping — is more cytotoxic than the inhibition of PARPI1’s
damaged DNA is a crucial step for the completion of DNA repair  poly(ADP-ribosyl)ation (PARylation) enzymatic activity induced
(1). Consequently, the retention of PARP1 on DNA induced by = by PARPis (2, 3). PARP trapping is resolved only upon the success-
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ful completion of DNA repair pathways, predominantly through
the homologous recombination (HR) repair mechanism (1). This
underscores the importance of PARPis, such as talazoparib and
olaparib, both potent inducers of PARP trapping, in the clinical
treatment of HR-deficient breast and ovarian cancer caused by
BRCA1/2 mutations (BRCAm) (4).

However, despite their effectiveness, both intrinsic and acquired
resistance to PARPis has been observed (1, 5-8). In patients with
advanced breast cancer possessing BRCAm, the objective response
rate to talazoparib is approximately 60%, with similar rates observed
in olaparib-treated patients with metastatic breast cancer (7, 8).
These findings suggest that a substantial proportion of BRCAm
tumor patients, around 40%, do not derive benefits from single-agent
PARPi therapy. Notably, in a cohort of patients with metastatic
breast cancer harboring BRCAm, who were treated with either
olaparib or platinum, 50% developed resistance mechanisms that
reinstated functional HR (6). Similarly, secondary mutations rein-
stating BRCA1/2 function have been identified in 46% of platinum-
resistant or recurrent ovarian cancer with BRCA mutations (5).
Larger and more comprehensive cohort studies have revealed the
presence of BRCAI reversion in approximately 30% of patients
exhibiting resistance to platinum or PARPi therapy (9, 10). Clin-
ical observations have indicated that tumors carrying near-full-
length BRCA1/2 reversion possess a substantial fitness advantage
(10). Although the intricate mechanisms leading to BRCA reversion
make intercepting its formation challenging, it remains crucial
because of the implications for therapy resistance (10). Despite the
presence of BRCA revertant, tumors in these patients remain resis-
tant to PARPis. Consequently, there is a pressing need for inno-
vative therapeutic strategies to overcome PARPIi resistance in this
specific subset of patients.

Current strategies aimed at overcoming PARPi resistance
involve combining the inhibition of multiple DNA repair path-
ways with PARP1 inhibition (1-3). Unfortunately, these strategies
may also jeopardize normal tissues that rely on these DNA repair
mechanisms (4-6, 11). Therefore, the pursuit of novel therapeutic
approaches that can surmount PARPi resistance while maintain-
ing a broader therapeutic window between normal and cancerous
tissues is of paramount importance. An intriguing avenue lies in
the potential of targeting overexpressed receptor tyrosine kinases
(RTKSs) in cancer cells, as these RTKs contributing to resistance
may offer a wider differential expression in normal cells, rendering
them less susceptible to such treatment.

While PARP trapping highly contributes to the cytotoxic
effects induced by PARPis, the factors that intensify PARP trap-
ping remain incompletely characterized. PARP1 engages with
DNA through its zinc finger domains, which are susceptible to
posttranslational modifications such as serine/threonine/tyrosine
phosphorylation, as predicted by algorithmic analyses (12, 13). In
light of this, we hypothesized that kinase-mediated protein phos-
phorylation might influence PARP trapping. Given the widespread
clinical use of inhibitors targeting oncogenic kinases, particularly
RTKSs, which tend to exhibit a more pronounced therapeutic win-
dow between normal and cancer cells (14, 15), we undertook an
investigation into the involvement of RTKs in PARP trapping and
their potential as agents for overcoming PARPi resistance. Our
rationale revolves around the identification of an RTK that could
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serve as a promising therapeutic candidate. The proposed com-
bination therapy involving both a PARPi and an RTK inhibitor
could be more conducive to clinical trial evaluation, utilizing the
RTK-phosphorylated substrates as biomarkers to identify potential-
ly responsive patients for mechanism-driven, marker-guided preci-
sion medicine. Furthermore, such a clinical trial holds the potential
to illuminate the role of posttranslational modifications in PARP
trapping and HR, aspects that have not yet been comprehensively
explored. The intricate connection among RTKs, PARP trapping,
and HR remains a novel area awaiting systematic investigation. To
embark on this journey, we prioritized our selection of RTK targets
through an unbiased screening process, focusing on activated RTKs
exhibiting high prevalence in cells with acquired PARPi resistance.

Results

Characterizing a panel of SUMI49-derived triple-negative breast cancer
cells with PARPi resistance. We established multiple breast cancer
cell lines displaying resistance to PARPis, aiming to identify shared
actionable targets contributing to PARPi resistance. To achieve this,
we generated talazoparib (BMN673)-resistant cell lines (designated
as BR#01 to BR#31) from the initially sensitive BRCA/-mutated
triple-negative breast cancer (TNBC) cell line SUM149 by exposing
them chronically to gradually increasing concentrations of talazo-
parib (Figure 1A and Supplemental Figure 1A; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI173757DS1). As anticipated, these PARPi-resistant cells exhib-
ited cross-resistance to various PARPis, with a resistance capacity
similar to that of the BRCAI-wild type TNBC cells (Figure 1B).

The resistance spectrum of these cells to different PARPis was
further determined by assessment of the half-maximal inhibito-
ry concentration for each specific PARPi in individual BR cells,
revealing a diverse range of responses (Figure 1C and Supplemental
Figure 1B). This variance may be due to the involvement of clon-
al evolution in resistance mechanisms. Additionally, analysis of
BRCAL1 protein expression unveiled re-expression of BRCA1 in the
majority of these BR cell lines (Supplemental Figure 1C), mirroring
the clinical observation that BRCA1 reversion markedly contributes
to PARPi and platinum drug resistance (9, 10). Moreover, our prior
RNA-Seq data indicated secondary mutations that reinstated the
BRCAI reading frame in the BR cells, with minimal discrepancies
in the expression of REV7, CDKI, CHEKI, and TP53BPI between
the parental and resistant clones (16).

Conversely, it is also possible that reduced PARP1 protein lev-
els diminish trapping by PARPis, contributing to resistance against
these inhibitors. To explore this possibility, we compared PARP1
protein levels in BR cells with those in the parental cells (Supple-
mental Figure 1D). The data revealed a substantial reduction in
PARP1 levels specifically in BR#10 and BR#26 cells. These find-
ings suggest that reduced PARP1 protein may play a role in PARPi
resistance in these cells. However, in other resistant cell lines, alter-
native mechanisms must be contributing to the observed resistance.

FGF receptor 3 is preferentially activated in PARPi-resistant TNBC
cells. To elucidate the landscape of preferentially activated RTKs
with potential for targeted therapies, we assessed a panel of 15
BR cell lines alongside previously published HCC1806 TNBC
cells rendered resistant to talazoparib (HCC1806-BR) (17). Using
phosphorylated RTK antibody arrays, we aimed to identify RTKs
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Figure 1. FGFR3 is activated in talazoparib-resistant cells. (A) Colony formation of SUM149 parental and BR cells in response to talazoparib. (B) Half-
maximal inhibitory concentration (IC,;) of TNBC cells in response to talazoparib. Cells were treated with talazoparib for 4 days before cell survival was
analyzed by MTT assay. IC_, was calculated using GraphPad Prism 8.0. Histogram shows the mean + SEM. (Biological repeats: SUM143 n = 5, HCC1806BR

n =4, all other cell lines n = 3.) (C) Talazoparib and olaparib IC_, of SUM149-BR cells according to MTT assay. Fold change (x) of IC,; was compared with that
of SUM149 parental cells (SUM). Histogram shows the mean + SEM (n >3). The purple bars represent the cells used in the antibody array analysis in D and
E, while the white bars represent the others. (D and E) Antibody arrays of RTK activation in SUM149 parental and SUM149-BR cells. Cells were treated with
DMSO or 100 nM talazoparib overnight and harvested for RTK antibody array analysis. (D) The images of RTK antibody arrays in SUM149 parental, BR#09,
and BR#17. (E) The signal intensities from all the arrays are shown as heatmaps.

that exhibited higher phosphorylation levels in PARPi-resistant  cbioportal.org/) to identify relevant FGFR3-activating mutations.
cells compared with their parental counterparts. Quantitative data ~ Across these datasets, we identified 12 potential mutations asso-
obtained from the arrays revealed that increased activation of FGF  ciated with FGFR3 activation, including notable variants R248C,
receptor 3 (FGFR3), IGF1R, HGFR/c-MET, ALK, Axl, RYK, S249C, Y373C, and G380R, which are most prevalent in bladder
and EphA2 was not exclusive to the SUM149-derived BR cells; cancer but occur infrequently in breast cancer (Supplemental Fig-
it was also evident in the independently established HCC1806-  ure 2A). In the breast cancer samples of the MSK-CHORD cohort,
BR cells (Figure 1, D and E, and Supplemental Figure 1E). This = we found only 8 FGFR3-mutant samples, none of which harbored
suggests that heightened phosphorylation of RTKs is a shared fea- ~ BRCA!/2 mutations (Supplemental Figure 2B). Notably, 7 of these
ture among TNBC cells exhibiting acquired resistance to PARPis.  samples were hormone receptor*/HER2", while one was hormone
Among the potential RTK candidates, phosphorylated FGFR3  receptor- and HER2", suggesting an association between FGFR3
(p-FGFR3) emerged with the highest prevalence of array signalsin ~ mutations and hormone receptor—positive breast cancer subtypes
SUM149-BR cells, its prevalence being at least 10-fold greater than ~ rather than TNBC. To investigate FGFRJ3 mutational status in our
in the parental cells (Figure 1E). PARPi-resistant cell lines, we isolated genomic DNA from 5 resis-

Given that FGFR3 may contribute to PARPi resistance, we  tant clones (BR#2, 7, 9, 17, and 19) and amplified the regions con-
investigated the possibility that FGFR3-activating mutations may  taining the identified FGFR3 mutation sites by PCR. Sequencing
be involved in PARPI resistance in TNBC. First, we conducted a  analysis of these regions revealed no activating FGFR3 mutations
comprehensive analysis using publicly available cancer datasets.  in these clones. FGFR3 gene fusion has also been reported between
Specifically, we queried the MSK-MET (pan-cancer cohort of  exons 17 and 18 of the FGFR3 gene (20), but our sequencing data
25,775 samples) (18) and MSK-CHORD (breast cancer cohort of  did not show the FGFR3 fusion either (data not shown). These find-
5,368 samples) (19) datasets through cBioPortal (https://www.  ings suggest that FGFR3 mutations are indeed rare in breast cancer,
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particularly in TNBC. Therefore, based on both our dataset anal-
ysis and sequencing results, we propose that PARPi resistance in
our model is more likely driven by FGFR3 upregulation/activation
rather than by activating mutations.

We extended our analysis by investigating the correlation
between these RTK expressions and breast cancer talazoparib sensi-
tivity, as assessed by the area under the curve (AUC), in the Cancer
Dependency Map portal (https://depmap.org/portal/). Among our
candidate RTKs, only FGFR3 expression demonstrated a positive
correlation trend with talazoparib resistance (Supplemental Figure
3). To delve deeper, we conducted experiments where endogenous
FGFR3 was silenced in the BR cell lines, resulting in heightened
sensitivity to talazoparib (Supplemental Figure 4A). Conversely,
reconstitution of wild-type FGFR3 (FGFR3WT) reinstated resis-
tance to talazoparib (Supplemental Figure 4B). Collectively, these
findings suggest that FGFR3 may contribute to PARPi resistance
and present a compelling target for overcoming PARPi resistance in
breast cancer treatment. As a result, we focused our investigation on
the potential of integrating FGFR inhibitors (FGFRis) into PARPi
combination therapy and identifying biomarkers that can indicate
the presence of FGFR3-mediated PARPI resistance.

Synergy of FGFRis and PARPis in vitro is independent of full-length
BRCAI expression. Subsequently, we aimed to determine whether
the combination of PARPis and FGFRis could potentially restore
sensitivity in PARPi-resistant cells. We employed the Chou-Talalay
combination index, where values below 1 indicate synergy (21), to
evaluate the synergy between FGFRis and PARPis. To align with
potential sponsor interests, we designed treatment combinations that
paired talazoparib with PD173074, and olaparib with AZD4547,
both originating from the same pharmaceutical company.

Upon colony formation assays, the talazoparib and PD173074
combination exhibited moderate synergy in BR#09 cells and strong
synergy in BR#17 cells (Figure 2A and Supplemental Figure 4, C
and D). These clones were mainly used for all later experiments
because they exhibited proliferation rates similar to those of the
parental cells. However, BR#09 and BR#17 exhibited different
drug sensitivity (Figure 2A and Supplemental Figure 4, C and D).
There are several possible reasons for the difference in drug sensi-
tivity between BR#09 and BR#17. For example, as shown in the
antibody array results in Figure 1D, BR#17 exhibited higher overall
RTK activity compared with BR#09, which may contribute to its
increased drug resistance. Additionally, BR#17 may have elevat-
ed expression of other molecules associated with drug sensitivity,
such as ATP-binding cassette transporters, which could enhance its
responsiveness to treatment.

Furthermore, we used the MTT assay to assess synergy in both
BR cells and intrinsic PARPi-resistant TNBC cells. In BR cells,
both combination regimens (talazoparib plus PD173074 and olapa-
rib plus AZD4547) demonstrated moderate to strong synergy (with
combination index values ranging between 0.1 and 0.8 when more
than 80% of cells were eliminated; Figure 2B). Intriguingly, these
synergy patterns were also observed in intrinsically PARPi-resis-
tant BT549 and MDA-MB-157 cells (Figure 2C), two spontaneous
TNBC cell lines characterized by increased endogenous FGFR3
phosphorylation (22). This implies that the synergistic effect of
these combinations is a widespread phenomenon in TNBC, regard-
less of whether PARPI resistance is acquired or intrinsic. We also
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employed the highest-single-agent model and determined that the
combination of PARPi and FGFRi ranged from additive to syner-
gistic effects (Supplemental Figure 4, E and F).

Importantly, the synergy observed between FGFRi and PARPi
combinations remained despite re-expression of BRCA1 p220 in
BR#09 and BR#17 cells (Supplemental Figure 1C) and restoration
of Rad51 foci formation within the HR pathway (Figure 2D). The
synergy between PARPi and FGFRIi persisted even upon BRCA1
knockdown, although 2 knockdown cells showed slightly differ-
ent sensitivity, which may be due to off-target effects of shRNA
(Figure 2E and Supplemental Figure 4, G and H). Nonetheless,
these findings indicate that the status of BRCA1 p220 expression
is not a critical determinant of the synergy between FGFRis and
PARPis in TNBC cell lines. These results collectively suggest that
the combination of FGFRis and PARPis could emerge as an effec-
tive therapeutic strategy for PARPi-resistant patients with tumors
exhibiting BRCA reversion.

Combination of FGFRi and PARPi impedes DNA repair efficien-
¢y. To comprehensively understand the involvement of FGFR3
in PARPI resistance, we initiated our exploration by investigating
whether FGFR3 activation is a shared aspect of the DNA damage
response. We questioned whether DNA alkylating agents, which
typically stimulate PARP1 activation, could also trigger phos-
phorylation of FGFR3. Strikingly, both BR#09 and BR#17 cells
exhibited heightened FGFR3 phosphorylation in response to meth-
yl methanesulfonate (MMS) and talazoparib, in comparison with
SUM149 parental cells (Figure 3, A-C). Importantly, the phosphor-
ylation of FGFR3 was susceptible to inhibition by FGFRis, such
as PD173074, AZD4547, and erdafitinib (Figure 3, A—C). Intrigu-
ingly, confocal microscopy imaging demonstrated that FGFR3
colocalized with yH2AX following MMS and talazoparib exposure
(Supplemental Figure 5A), implying a potential functional role for
FGFR3 in DNA damage repair processes.

‘We examined the number of YH2AX foci as a marker for DNA
double-stranded breaks, often used to gauge the impact of tala-
zoparib treatment. Remarkably, the number of YH2AX foci was
comparable between talazoparib-treated cells and cells subjected to
the talazoparib and PD173074 combination (Figure 3, D and E).
Interestingly, the number of YH2AX foci was substantially reduced
after an 8-hour recovery period compared with the 4-hour interval
(P < 0.001) for cells recovered in inhibitor-free medium, as well
as for cells treated and recovered exclusively with talazoparib- or
PD173074-containing medium. This pattern indicated DNA repair
efficiency within resistant cells in the presence of talazoparib.

However, the DNA repair efficiency was notably compromised
in the combination treatment group, as the YH2AX foci count at
8 hours remained similar to that at 4 hours in this group (Com-
bo, Figure 3, D and E). Compared with single-agent treatments,
the combination of PARPi and FGFRi hindered the removal of
YH2AX DNA breaks, suggesting an impairment in DNA repair
efficiency due to the combination treatment. A parallel observation
was also noted in comet assay analyses. BR#09 and BR#17 cells
exhibited higher efficiency in repairing MMS-induced DNA dam-
age compared with SUM149 parental cells (Figure 3F and Supple-
mental Figure 5B). The combination of PD173074 and talazoparib
in BR#09 cells yielded DNA damage levels akin to those seen with
talazoparib alone (repair time, 0 hours; Figure 3G and Supplemen-
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Figure 2. Synergy between PARPis and FGFRis is independent of BRCA1 expression. (A) BR#09 and BR#17 cells were treated with talazoparib (Tala) and
PD173074 (PD), either alone or in combination (Combo), at the concentrations indicated for 10-12 days, and then cells were fixed for the colony formation
assay. The number of colonies formed was normalized to that in the control group (not treated with talazoparib and PD173074), and the mean + SD from 3
independent experiments is shown in the histogram. *P < 0.05, **P < 0.01, and ***P < 0.001. ANOVA was used for statistical comparisons. Representative
images of colony formation are shown in Supplemental Figure 4, C and D. (B and €C) Combination index (Cl) of the talazoparib and PD173074 combination
or the olaparib and AZD4547 combination in SUM149-BR (B), BT549 (C), and MDA-MB-157 (C) cells. Cells were treated with various concentrations of
talazoparib and PD173074 or olaparib and AZD4547 for 4 days before cell survival was measured by MTT assay and the Cl was calculated by CompuSyn.

Fa, fraction affected. (D) Immunofluorescence of SUM149 parental, BR#09, and BR#17 cells staining for DAPI (DNA), RAD51 foci (homologous repair),

and y-H2AX foci (double-strand breaks) after 24 hours of 50 nM talazoparib treatment. Scale bars: 20 um. (E) BRCA1 was knocked down with 2 different
shRNAs (shBRCA1-1and shBRCA1-3) in BR#09 and BR#17 cells. Moreover, BRCA1 was re-expressed in BR#09 and BR#17 shBRCA1-3 cells (WT-BRCA1).
These cells, including the control cells (LKO.1), were treated with various concentrations of talazoparib and PD173074 combination, and the Cl values were
determined. The expression of BRCA1 was determined by Western blot, and the results are shown in Supplemental Figure 4, G and H.

tal Figure 5C). Strikingly, after 3 hours of MMS removal, most con-
trol group cells had eliminated DNA damage. In talazoparib-treat-
ed BR#09 cells, the extent of unrepaired DNA damage mirrored
that of PD173074-treated cells. Interestingly, the combination of
talazoparib and PD173074 resulted in sustained DNA damage
levels (repair time, 3 hours; Figure 3G and Supplemental Figure
5C). Moreover, to rule out possible off-target effects of FGFRi, we
also confirmed that knockdown of FGFR3 increased DNA damage
induced by PARPi (Supplemental Figure 5, D and E).
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Findings from the comet assay and YH2AX foci staining col-
lectively indicated that the combination treatment did not initiate
more initial DNA damage than talazoparib alone. Instead, the
combination of talazoparib and PD173074 notably delayed DNA
repair efficiency. This implies that the combination’s augmented
cytotoxicity could be attributed to compromised DNA repair effi-
ciency and a sustained DNA break burden.

FGFR3 phosphorylates PARPI at tyrosine 158 to enhance PARPi
resistance. As the combination of FGFRi and PARPI resulted in
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Figure 3. Combination of talazoparib and PD173074 attenuates DNA repair. (A-C) SUM149 parental (A), BR#09 (B), and BR#17 (C) cells were treated with
5 uM FGFRi (PD173074, |NJ-42756493, AZD4547) for 4 hours, then further exposed for 1 hour to 100 nM talazoparib (Tala) and 0.01% MMS along with the
indicated FGFRis before Western blot analysis. (D and E) BR#17 cells were treated with MMS and the indicated inhibitors for 1 hour, followed by inhibitor
treatment after MMS removal. Immunofluorescence images (D) display YH2AX (green) and DNA (blue). Scale bars: 20 um. Scatterplot (E) shows mean + SD
from 3 independent experiments; scatterplot represents all counted cells. One-way ANOVA with Tukey's test: *P < 0.05 and **P < 0.001. (F) The indicated
cells were treated with 100 nM talazoparib and 0.01% MMS for 1 hour (+MMS), then recovered in fresh medium for 3 hours before comet assay. Scatterplot
displays the mean + SD from 3 experiments; scatterplot includes all cells counted. One-way ANOVA with Tukey’s test: *P < 0.05 and **P < 0.01. Represen-
tative comet assay images are shown in Supplemental Figure 5B. (G) BR#09 cells received 0.01% MMS, 100 nM talazoparib, and/or 5 uM PD173074 (alone
or combined) for 1 hour before alkaline comet assay. DNA damage (olive moment) was normalized to the talazoparib-treated group. Scatterplot shows
mean + SD from 3 experiments; scatterplot represents all counted cells. One-way ANOVA with Tukey's test: ***P < 0.001. Representative comet assay

images are shown in Supplemental Figure 5C.

decreased DNA repair efficiency, we delved into the potential
involvement of FGFR3 in mediating PARP1-mediated DNA
repair. Notably, coimmunoprecipitation experiments demonstrated
the interaction of FGFR3 with PARP1 (Supplemental Figure 6A).
Further insights from proximity ligation assays (PLAs) revealed the
interaction between FGFR3 and PARP1 within the cellular nucle-
us (Figure 4A and Supplemental Figure 6, B and C). Notably, the

PLA signals were significantly attenuated in cells treated with the
combination of talazoparib and PD173074, compared with those
treated with either inhibitor alone (Figure 4A and Supplemental
Figure 6, B and C). Guided by these findings, we postulated that
FGFR3 might potentially serve as a kinase for PARP1. Therefore,
we performed in vitro kinase assay using His-tagged PARP1 recom-
binant protein and active FGFR3 protein, followed by Western blot
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analysis with antibodies against phosphorylated tyrosine (a mixture
of clones 4G10, PY20, and PY100). The result showed obvious
tyrosine phosphorylation in PARP1 (Supplemental Figure 6D).
Moreover, to identify the specific phosphorylation sites of PARP1,
the PARPI protein phosphorylated by the in vitro kinase assay was
analyzed by tandem mass spectrometry (MS/MS). We then iden-
tified that PARP1 was phosphorylated at tyrosine 158 (Y158) and
176 (Y176) residues by FGFR3 in vitro (Supplemental Figure 6E).

To further scrutinize the contributions of these phosphoryla-
tion events in the context of PARPi resistance, we generated tyro-
sine-to-phenylalanine (Y to F) mutated PARP1 to simulate unphos-
phorylatable PARP1, and tyrosine—to—aspartic acid (Y to D) mutated
PARP1 to mimic phosphorylated PARP1. MTT assay outcomes
revealed that BR cells expressing PARP1Y!58 displayed heightened
sensitivity to talazoparib, whereas those expressing PARP1Y!5P
exhibited resistance to talazoparib, when compared with BR cells
expressing wild-type PARP1 (PARP1%") (Figure 4, B and C). How-
ever, the impact of PARP1Y!7$F was not considerably pronounced in
terms of cell survival in response to talazoparib (Supplemental Figure
7, A and B). Collectively, these results emphasize that FGFR3-medi-
ated phosphorylation of PARP1 at Y158, rather than Y176, emerges
as a pivotal determinant in conferring PARPI resistance.

Consistent with the observed delayed removal of YH2AX foci
in BR cells exposed to the combination of PARPi and FGFRi, both
PARPIWT and PARP1YP BR cells exhibited a reduction in the
number of YH2AX foci after 8 hours of talazoparib treatment, com-
pared with levels after 2 hours of treatment (P < 0.01). In contrast,
PARP1Y58F BR cells did not exhibit a decline in the quantity of
yH2AX foci (Figure 4D and Supplemental Figure 7C). These find-
ings suggest that both PARP1VT and PARP1Y!58P BR cells execute
DNA damage repair more effectively than PARP1Y!53F BR cells.

The synergy observed between talazoparib and PD173074 was
decreased in BR cells carrying either PARP1Y!58F or PARP1Y!%80)
when contrasted with PARP1YT cells (Figure 4E). Although the
data suggest that the synergism between PARPi and FGFRi may
not be solely due to the PARP1 phosphorylation, our results
underscore the role of PARP1 Y158 phosphorylation in orches-
trating the synergistic effect. Moreover, we detected Y158-phos-
phorylated PARP1 (p-Y158 PARP1) in BR#17 cells by immuno-
precipitation using a specific monoclonal antibody, and notably,
the phosphorylation levels were diminished upon treatment with
the talazoparib/PD173074 combination (Figure 4F). Taken
together, the results suggest that FGFR3 phosphorylates PARP1
at Y158 to enhance PARPI resistance.

p-Y158 PARPI enhances BRGI recruitment and resolves talazoparib-
induced PARP trapping. Next, we investigated how p-Y 158 of PARP1
contributes to PARP1 resistance. Since Y158 is located within the
DNA-binding zinc finger domain of PARPI1, we first examined
whether its phosphorylation affects PARP1 enzymatic activity. To
do this, we treated PARP1IVT and PARP1Y!*F BR cells with MMS
and analyzed PARylation levels via Western blot using an anti-PAR
antibody (Supplemental Figure 8, A and B). The results showed sim-
ilar PARylation signals between PARP1YT and PARP1Y!5¢F BR cells,
suggesting that the PARylation activity of PARP1 remains intact
in PARP1Y!® BR cells. These findings indicate that PARPi resis-
tance mediated by PARP1 p-Y158 is not directly linked to changes
in PARP1 enzymatic activity.
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Beyond the inhibition of PARP enzymatic activity, PARPis
can exert cytotoxic effects by trapping PARP1 onto damaged DNA
(3). With this insight in mind, we extended our examination to the
influence of p-Y158 PARP1 on talazoparib-induced chromatin
PARP trapping. After permitting cells to repair DNA in the pres-
ence of talazoparib following MMS treatment, levels of chromatin-
associated PARP1 remained notably elevated in PARP1Y!5F BR
cells when compared with PARP1WT BR cells (Figure 5, A and B).
Conversely, chromatin-associated PARP1 levels in PARP1Y!%P BR
cells closely resembled those observed in PARP1WT BR cells (Fig-
ure 5, A and B). These observations support our hypothesis that
p-Y158 PARPI is less susceptible to talazoparib-induced PARP
trapping. This further underscores the role of FGFR3 activation
in enhancing PARPi resistance by diminishing PARP trapping. In
support of this, we found that PD173074 effectively extended tala-
zoparib-induced PARP1 trapping in BR#09 and BR#17 cells (Fig-
ure 5, C-F). Consequently, we concluded that FGFR3-mediated
PARPiI resistance is brought about by phosphorylation of PARP1
at the Y158 residue, which thereby decreases the extent of PARP
trapping resulting from PARPi.

Next, we aimed to elucidate the mechanisms through which
FGFR3 contributes to the release of PARP1 trapping. To this end,
we used the PANTHER overrepresentation test (http://pantherdb.
org/) to analyze the mass spectrum results of FGFR3-interacting
proteins in response to talazoparib treatment in SUM149 parental
and BR#09 cells. Analyzing the gene ontologies of FGFR3-interact-
ing proteins, we noted that several molecules exhibited enrichment
in BR#09 cells but not in SUM149 parental cells. This included
proteins involved in nucleosomal DNA binding pathways (Supple-
mental Table 1). Among the enriched FGFR3-interacting proteins
in BR#09 cells, Brahma-related gene 1 (BRG1), a chromatin-remod-
eling protein known to interact with PARP1 to regulate HR repair
(23-25), stood out. This prompted us to explore whether FGFR3
contributes to PARP1-related DNA repair through the regulation of
the PARP1-BRG1 interaction. To investigate this, we examined chro-
matin-bound BRGI in BR cells expressing PARP1WT, PARP1Y!58D,
or PARP1Y$, Intriguingly, both PARPIYT and PARP1Y!5? BR
cells showed increased levels of chromatin-bound BRG1 during the
repair of talazoparib- and MMS-induced DNA damage. In contrast,
PARP1Y'58F BR cells showed no increase in chromatin-associated
BRG1 (Figure 6A and Supplemental Figure 8C). Consistent with
this result, the association of PARP1 with BRG1 after PARPI treat-
ment was increased in PARP1Y!%P BR cells whereas it was decreased
in PARP1Y58F BR cells compared with PARP1YT BR cells (Figure
6B). Notably, a similar trend to that of chromatin-bound BRG1 was
observed for chromatin-bound MRE11 protein (Figure 6A and Sup-
plemental Figure 8D), providing further confirmation of the crucial
role of p-Y158 PARPI in upholding HR repair via the BRG1 axis.
To further verify the role of BRG1 in FGFR3-mediated PARPi resis-
tance, we investigated the effects of combining PARPi and FGFRi
in the presence and absence of a BRG1 inhibitor (BRGi). Our results
showed that the combination of PARPi and FGFRi exhibited a sig-
nificant effect compared with the single treatment, but the addition
of a BRGi did not further enhance the effect of the combination
(Figure 6C). These findings support the hypothesis that the effects of
the PARPi and FGFRi combination are mediated, at least in part,
through inhibition of the BRG1-mediated mechanism.
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Figure 4. FGFR3 phosphorylates PARP1 at Y158, promoting PARPI resistance. (A) BR#09 and BR#17 cells treated with 0.01% MMS and indicated inhibi-
tors (Tala, 100 nM talazoparib; PD, 10 uM PD173074; Combo, Tala+PD) were subjected to PLA using FGFR3 and PARP1 antibodies. Nuclear PLA signals were
quantified as mean + SD from 3 independent experiments; scatterplots show all cells counted. Dunnett’s test: *P < 0.05 and **P < 0.01. Representative
images are shown in Supplemental Figure 6, B and C. (B and C) BR#09 (B) and BR#17 (C) cells with endogenous PARP1 knockdown (shPARP1) were rescued
by exogenous expression of PARPTVT, PARP1"5¢2, or PARP1'%", PARP1 expression was validated by Western blot (left). Cell survival with talazoparib treat-
ment was assessed by MTT assay (right); mean + SD from at least 3 independent experiments. (D) BR#09 and BR#17 cells expressing PARP1"T, PARP1"'*80,
or PARP1Y% were treated with MMS (0.01%) and talazoparib (200 nM) for 30 minutes, followed by incubation with 100 nM talazoparib after MMS removal
for indicated durations. yH2AX foci were quantified by immunofluorescence (BlobFinder). Scatterplots represent mean + SD from 3 independent experi-
ments; scatterplots show all cells counted. One-way ANOVA with Tukey's test was performed to compare time points within each mutant cell line: *P <
0.05; **P < 0.01; ***P < 0.001. Representative images are shown in Supplemental Figure 7C. (E) BR#09 and BR#17 cells expressing PARP1VT, PARP1%®,
or PARP1Y%% were treated with talazoparib and PD173074 (constant ratio) for 6 days. Cell survival was determined by MTT assay, and combination index
(C1) was calculated using CompuSyn. Fa, fraction affected. Results (mean from at least 3 experiments) are shown for BR#09 (left) and BR#17 (right). (F)
BR#17 cells treated with 0.01% MMS plus 100 nM talazoparib (Tala), 10 uM PD173074 (FGFRI), or their combination were subjected to immunoprecipitation

with anti-p-PARP (p-Y158) antibody, followed by Western blotting.

Since MRE11 — a protein known to interact with BRG1 to
promote HR DNA repair — was not detected in the mass spec-
trometry analysis of FGFR3-interacting proteins, we proposed the
following model: FGFR3 first phosphorylates PARP1 at Y158,
which leads to the recruitment of BRG1. BRGI then facilitates the
subsequent recruitment of MRE11, thereby enhancing HR DNA
repair. This process releases PARPi-induced trapping and therefore
contributes to PARPI resistance (Figure 6D).

Combinations of FGFRi and PARPi display tolerable toxicity while
inhibiting tumor growth in orthotopic xenograft TNBC models. To ascer-
tain the potential of synergism in an in vivo context, we used xeno-
graft tumor mouse models originating from BR#09 and BR#17

:

cells, with the aim of evaluating the efficacy of the FGFRi and
PARPi combination in curtailing tumor growth. In these mod-
els, mice were treated with inhibitor concentrations that mirrored
or were lower than the equivalent recommended human doses
(26-28). Notably, treatment with olaparib alone exhibited limited
tumor growth inhibition, and AZD4547 alone exhibited only mar-
ginal growth inhibition in the BR#17 model (P = 0.0192 at day
57), while exerting no growth impact on BR#09 tumors (Figure
7A). In stark contrast, the combined administration of olaparib
and AZD4547 exerted significant tumor growth inhibition in both
models (BR#09, P < 0.0001; BR#17, P = 0.0046 compared with
AZD4547 alone and P < 0.0001 compared with vehicle and olapa-
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Figure 5. Inhibition of FGFR-mediated PARP1Y158 phosphorylation prolongs PARP trapping. (A and B) BR#17 cells expressing PARP1"T, PARP1"*%, or
PARP1"“8F were harvested at different time points after 40 minutes of treatment with 100 nM talazoparib and 0.01% MMS, and subjected to chromatin
fractionation, followed by Western blot (A). Chromatin-bound PARP1 signal intensities were normalized to histone H3 and compared with that of the

cells at the beginning of DNA repair (0 minutes after releasing from talazoparib and MMS) (B). Means + SD from 5 individual repeats are shown in the
histograms. One-way ANOVA was used for statistical comparisons: *P < 0.05. (C-F) BR#09 and BR#17 cells were pretreated with 10 uM PD173074 for 2
hours, followed by a 40-minute incubation with either PD173074 (10 uM) plus talazoparib (100 nM) plus MMS (0.01%), or PD173074 (10 uM) plus talazoparib
(100 nM). Also, these cells were treated with only talazoparib (100 nM) plus MMS (0.01%) for 40 minutes. After drug removal, these cells were harvested at
0, 30, or 60 minutes and subjected to chromatin fractionation. The chromatin-bound PARP1 levels in BR#09 (C) and BR#17 (E) were then determined by
Western blot analysis. PARP1 signal intensities of BR#09 (D) and BR#17 (F) cells were normalized to histone H3 and compared with that of cells treated
with talazoparib and MMS (MMS +, PARPi +, FGFRi +, 0 minutes). Mean + SD from 4 individual repeats are shown in the histogram. One-way ANOVA with

Tukey’s test was used for statistical comparisons: *P < 0.05 and **P < 0.01.

rib alone; Figure 7A). Kaplan-Meier analyses further demonstrat-
ed that the combination of olaparib and AZD4547 substantially
extended animal survival in both models (Figure 7B).

Similar results were obtained using the talazoparib and
PD173074 pair (Figure 7C). First, we had to choose an appropriate
dose for PD173074, since it is not for use in clinic so there is no
human dose to convert. To this end, we calibrated its concentration
for animal use through empirical analysis. Our animal experiments
revealed that talazoparib induced FGFR3 phosphorylation, and
that PD173074 dose-dependently inhibited talazoparib-induced
FGFR phosphorylation in tumor tissues harvested 3 days after
treatment (Supplemental Figure 9A). Notably, a subset of mice
treated with 20 mg/kg PD173074 per day alongside talazoparib

J Clin Invest. 2025;135(14):e173757 https://doi.org/10.1172/)CI173757

experienced more than 10% weight loss (Supplemental Figure 9B).
Consequently, a maximal dose of 15 mg/kg PD173074 per day,
devoid of any discernible effect on body weight (Supplemental Fig-
ure 9C), was selected for subsequent animal studies. As anticipat-
ed, individual administration of talazoparib or PD173074 failed to
impede tumor growth in either the BR#09 or the BR#17 model.
However, in both models, the combined application of talazoparib
and PD173074 exhibited significant tumor growth inhibition (P <
0.0001 in both models; Figure 7C), leading to prolonged animal
survival, while none of the treated animals experienced weight loss
despite the prolonged treatment period (Supplemental Figure 9,
C and D). Remarkably, both combinations of PARPi and FGFRi
demonstrated the capacity to impede tumor growth and extend

:



e

RESEARCH ARTICLE

The Journal of Clinical Investigation

A WT Y158D Y158F HA-PARP1  HA-PARP1 HA-PARP1
0 10 30 60 0 10 30 60 0O 10 30 60 (min) Q 0O w Qw
- 250 EB o 83 S
BRG1 o o T T p——— . - =T T ;;; > >
MRE11 - - . — _ 75
BRG1/PARP:1.0 1.3 0.8 PARP1 E
PARP1 | - = a»
HI | o o v o o —— - - TUbu“nEI-
IP: HA IP: control
37 Input
[ae] =
L2 1
o Single-strand DNA break  Double-strand DNA break
14 .e
& MROONR  YRGE SONR
0 .0 . ‘v
31 DNA damage l b
s} recognition
< 2
E 1- 7\ II \V7,
0 + PARPI/ \ ARE
GFRi
C A
YLy
O 11 \V7,
:\; 100 l Release f
%‘ 80 b chromosome
c b °
) b
S 0 . 1 Ty ||||||| T
° i) 3 0
g I3
o 40 ° Cc
"% i .
© End ONOF L /L 8ONC
o 20 * l processing YL,
o
Control  Tala PD BRGi Tala Tala t l
ipo +Do I, T
+ BRGi

l Unresolved PARP trap T

Homologous recombination 1
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to immunoprecipitation with anti-HA or control IgG, followed by Western blot with the indicated antibodies. (C) BR#17 cells were cultured in the presence
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tance via HR repair regulated by the FGFR3/PARP1/BRG1 complex.

animal survival, all while maintaining normal animal body weight
in PARPi-resistant xenograft mouse models. We also verified the
effect of the combination of PARPi and FGFRIi in another resis-
tance TNBC xenograft model using BT549 breast cancer cells as
well as a TNBC patient—derived xenograft (PDX) model. PARPi
and FGFRIi exhibited the synergistic effect on BT549 cells in vitro
(Figure 2C). Similarly to the xenograft models using BR cells, the
combination of a PARPi and an FGFRIi significantly suppressed
cancer growth compared with monotherapy in both models (Figure
7D and Supplemental Figure 9E).

Furthermore, we subjected the combination’s toxicity to scruti-
ny using a syngeneic 4T1 model. Encouragingly, the combination
of talazoparib and PD173074 performed better than single-agent
treatments in restraining tumor growth over a 2-week treatment
regimen before proceeding to toxicity assessments necessitating
euthanasia (Supplemental Figure 9F). Notably, levels of blood urea
nitrogen, alanine aminotransferase, and aspartate aminotransfer-
ase in these animals fell within the normal range for BALB/c mice
(Figure 7E), thereby indicating the absence of substantial perturba-
tion to normal kidney or liver function. Moreover, the absence of
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The top graph shows BR#09 xenografts (n = 5), and the bottom graph shows BR#17 xenografts (n = 4). Tumor volumes were measured over time and
analyzed by 1-way ANOVA with Tukey's test (mean + SD; **P < 0.01and ***P < 0.001). (B) Survival curves corresponding to the mice in A; BR#09 (top) and
BR#17 (bottom). (C) Tumor growth in BR#09 (n = 5) and BR#17 (n = 6) xenograft models treated with talazoparib and PD173074, analyzed by 1-way ANOVA
with Tukey's test (mean + SD; ***P < 0.001). (D) The tumor chunks of TNBC PDX model (BCX.070) were inoculated into the fourth mammary fat pad of
female nude mice. Once tumors reached 80-100 mm?, mice were treated orally with vehicle (n = 3), olaparib (n = 4), AZD4547 (n = 4), or the combination

(n = 4). Data are presented as the mean + SEM; 1-way ANOVA with Tukey's test (***P < 0.001). (E) Blood chemical test from 6 BALB/c mice treated with
talazoparib and PD173074. Mean values and individual data points are shown. Dotted lines represent the reference levels of alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and blood urea nitrogen (BUN) in BALB/c mice.

weight loss over a 50-day treatment period in both models (Supple-
mental Figure 9, C and G) strongly suggests that the combination
holds promise for well-tolerated long-term therapy.

p-Y158 PARPI is clinicopathologically relevant in TNBC with PARPi
resistance. Given the convergence of in vitro and in vivo evidence
substantiating the involvement of p-Y158 PARP1 in PARPI resis-
tance, we undertook the development of a monoclonal antibody
against p-Y158 PARPI1 for use in tumor immunohistochemistry
(IHC) staining. This effort culminated in the successful detection of
p-Y158 PARP1 in tumor tissues from TNBC patients (Supplemen-
tal Figure 10A). We then conducted an analysis on PDX tumors,
derived from individuals who participated in previous clinical trials
involving talazoparib for breast cancer treatment (29, 30). Intrigu-
ingly, we observed elevated levels of p-Y158 PARP1 in talazoparib-
resistant PDX tumors compared with the talazoparib-sensitive
tumors (Figure 8, A and B).

To contextualize these findings, we compared the IHC scores
for p-Y158 PARP1 and p-FGFR in these PDX models. Notably, we
discovered that the p-Y158 PARP1 IHC score exhibited a stronger
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correlation with PARPi resistance (P = 0.03) compared with the
p-FGFR THC score (P = 0.66) (Tables 1 and 2 and Supplemental
Table 2). Furthermore, by examining PDX models derived from the
same patients before and after talazoparib treatment, we discerned
higher levels of p-Y158 PARPI1 in the post-talazoparib-treatment
models relative to their corresponding talazoparib-sensitive models
(Supplemental Figure 10B).

Moreover, we extended this investigation to include BRCAI-
mutated tumors from both TNBC and HER2 breast cancer patients
who exhibited PARPi resistance in clinical settings. Importantly,
these tumors showed elevated p-Y 158 PARP1 levels (Figure 8, C and
D). This cumulative evidence led us to conclude that p-Y158 PARP1
holds greater promise as a biomarker for predicting PARP1 resistance
in TNBC patients compared with p-FGFR, which may detect vari-
ous p-FGFRs including p-FGFR1, p-FGFR2, and p-FGFR3.

‘We also analyzed RNA-Seq data from 7 paired BRCA I-mutated
patient samples (baseline vs. 8 weeks of talazoparib treatment) from
the previous clinical trial (7, 31) (Figure 8, E and F). BRCA rever-
sion has been found in other cohorts, particularly in 20%-40% of
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Table 1. Pivot table analysis of IHC scores of p-FGFR in PDX models

p-FGFR IHC score

Response to PARPi High Low Grand total
Resistance 6 7 13
Sensitive 5 4 9
Grand total n n 22

P =0.66. The P value was calculated using the y? test.

various tumors that progressed from PARPi treatment and/or plat-
inum-based therapy (32-34). However, we did not identify BRCAI
reversion in this dataset, likely because of the lack of biopsies col-
lected after disease progression from long-term talazoparib treat-
ment. In contrast, our analysis revealed a trend toward increased/
maintained FGFR3 gene expression in biopsies taken during PARPi
treatment compared with baseline (pretreatment) biopsies in
patients resistant to talazoparib — those who did not achieve com-
plete responses after treatment. Conversely, patients who achieved
complete responses exhibited decreased FGFR3 gene expression in
their biopsies during treatment compared with their baseline biop-
sies. Although the P value (0.057) did not reach statistical signifi-
cance because of the small sample size, and no post-treatment biop-
sies were available because of the original trial design, this finding
provides further support for our hypothesis that sustained FGFR3
expression contributes to development of PARPI resistance.

Discussion
The emergence of PARPis as a therapeutic strategy has revolu-
tionized the treatment landscape for BRCA1/2-mutated breast and
ovarian cancers. However, the development of resistance to these
agents poses a significant challenge, necessitating the exploration
of novel strategies to overcome resistance mechanisms and improve
treatment outcomes. In this study, we unveiled a previously unrec-
ognized role of FGFR3 in mediating PARPI resistance in TNBC.
Our comprehensive investigation encompassed both in vitro and in
vivo experiments, providing insights into the molecular underpin-
nings of this resistance mechanism and identifying potential bio-
markers for stratifying patient populations for improved therapeutic
strategies. The phenomenon of PARP trapping, wherein PARP1
becomes immobilized on damaged DNA, has been established as
a major contributor to PARPi-induced cytotoxicity. However, the
factors that amplify PARP trapping remained elusive. We hypoth-
esized that kinase-mediated protein phosphorylation could modu-
late PARP trapping efficiency, and our study illuminated a pivotal
role of FGFR3 in this process.

Although FGFR3 is not the only RTK that contributes to PAR-
Pi resistance (35—41), it is the first one described that contributes
to PARP trapping release. Mechanistically, our study elucidated
the role of FGFR3 in mitigating PARP trapping and facilitating
DNA repair. We showed that FGFR3 phosphorylates PARP1 at
Y158, and that p-Y158 reduces chromatin trapping of PARP1
without affecting its enzymatic activity; in addition, the combina-
tion of FGFRi and PARPi prolongs PARP trapping by decreasing
BRG1-mediated HR efficiency without increasing the amount of
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DNA damage. The fact that chromatin-bound BRG1 levels were
reduced in cells expressing the unphosphorylatable Y158F mutant
of PARP1 underscored the regulatory role of p-Y158 PARPI1 in
this axis. Notably, our study also unveiled the clinical potential of
p-Y158 PARPI as a biomarker for PARP1 resistance. IHC analyses
in PDX tumor tissues exhibited elevated p-Y158 PARPI levels in
talazoparib-resistant tumors. This observation suggests that p-Y 158
PARPI1 holds promise as a predictive biomarker for identifying
patients who may not benefit optimally from PARPi monotherapy,
thereby facilitating personalized treatment strategies.

Given the results of the current study, several factors are worthy
of future investigation. Structurally, the Y158 amino acid is adja-
cent to the PARPI zinc finger 2 domain’s zinc ion binding resi-
dues (C125, C128, H159, and C162) and DNA-interacting residues
(L151/1156) (42, 43), indicating that Y158 may also stabilize the
protein tertiary structure (Supplemental Figure 10C). In addition,
previous studies showed that PARP1 contributes to double-strand
DNA break repair by regulating nucleosome density, and that
PARylated chromatin recruits BRG1 to DNA damage sites (24).
However, we found that PARP1Y!58F has PARylation activity simi-
lar to that of PARP1YT, but with less capability to retain BRG1 onto
DNA (Figure 6 and Supplemental Figure 8). Our results suggest
that PARP1 not only contributes to initial recruitment of BRG1
through PAR but also facilitates HR by retaining BRG1 at DNA.

Limitations of the current study primarily arise from the struc-
tural conservation among FGFR family members; FGFR1-3 may
not contribute to PARPI resistance equally. Because the autophos-
phorylation sites on FGFR1-3 are highly conserved (44), the anti-
bodiesrecognizing p-FGFR can cross-react with FGFR1-3, and thus
the p-FGFR signal cannot reflect the quantity of p-FGFR3 accu-
rately in Western blot analysis and IHC staining. Using CRISPR/
Cas9 knockout screening and drugZ analysis (45), we found that
knocking out FGFR2, 3, or 4 sensitized BR cells to talazoparib
(drugZ score < 1), whereas knocking out FGFR1 did not induce
PARPI sensitization in the BR cells tested (Supplemental Table 3).
Although we cannot rule out the possibility that PARP1 Y158 res-
idue can be phosphorylated by other FGFR members in various
cancer types, we found that Y158 phosphorylation is predicted to
be mediated only by FGFR3 among the FGFR family using the
algorithm of group-based phosphorylation site predicting analysis
(http://gps.biocuckoo.cn/) (13). Therefore, p-Y158 PARP1 could
be a better biomarker in predicting FGFR3-mediated PARPI resis-
tance than p-FGFR in breast cancer tissues.

PLA and coimmunoprecipitation of PARP1 and FGFR3
showed their interaction even in untreated cells (Figure 4A and

Table 2. Pivot table analysis of IHC scores of p-Y158 PARP1
in PDX models

p-Y158 PARP1IHC score

Response to PARPi High Low Grand total
Resistance 9 4 13
Sensitive 2 7 9
Grand total n n 22

P =0.03. The P value was calculated using the y* test.
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Figure 8. p-Y158 PARP1 is detectable in TNBC patient tumors and PDX models with talazoparib resistance. (A and B) p-Y158 PARP1 was detected in tis-
sues of TNBC PDX tumors. IHC staining with 3,3'-diaminobenzidine chromogen for monoclonal antibody against p-Y158 PARP1. Representative images and
the H-scores of p-Y158 PARP1 are shown in A and B, respectively (n = 9 for sensitive model, n = 13 for resistant model). Scale bars: 100 um. (C and D) p-Y158
PARP1 was detected in tumor tissues from patients with BRCAT-mutated TNBC or HER2" breast cancer with known talazoparib resistance (n = 2 each).

The images and the H-scores of p-Y158 PARP1 are shown in € and D, respectively. Scale bars: 1 mm. (E and F) Baseline (pretreatment) core needle biopsies
were collected from treatment-naive patients with BRCA-associated breast cancers who consented to receive neoadjuvant talazoparib monotherapy on
clinical trial. FGFR3 expression levels (log TPM[FGFR3]) were determined using RNA-seq data from paired biopsies — collected at baseline and at week 8
(W8) of treatment — from a cohort of 7 HER2-, BRCAT-mutated patients (E). Patient treatment outcome was determined by the end of the clinical trial and
grouped into pathological complete response (pCR; n = 4) and residual tumor burden (RCB; n = 3). The FGFR3 expression level (log TPM[FGFR3]) was deter-

mined by analysis of RNA-Seq data (E). Detailed tumor characterization and RNA-Seq data can be found in a previous publication (32). Mann-Whitney
U test was used to compare the change of FGFR3 expression level between pCR and RCB patients (F).

Supplemental Figure 6, A—C), indicating baseline FGFR3-PARP1
interaction in the nucleus under physiological conditions. Although
we did not test multiple cell lines, this interaction was also observed
in parental SUM149 cells (Supplemental Figure 6A), and nucle-
ar p-FGFR signal was also detected in PDX tumors (Supplemen-
tal Figure 10B), supporting its broad relevance. However, p-Y158
PARPI IHC score correlated more strongly with PARPI resistance
(P = 0.03) than p-FGFR THC score (P = 0.66) (Tables 1 and 2 and
Supplemental Table 2), suggesting that PARP1 Y158 phosphoryla-
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tion, rather than FGFR3-PARP1 interaction, may be more specifi-
cally associated with FGFR3-mediated PARPi resistance.

Moreover, PARPis primarily induce double-strand breaks
during S phase (46), while FGFRis are known to cause G,/ G, cell
cycle arrest. Therefore, FGFRi-induced G /G, arrest may interfere
with the effects of PARPis in certain cancer cell populations. Given
this, a sequential treatment strategy — administering PARPi first,
followed by FGFRi — may be more effective. This hypothesis war-
rants further investigation in future studies.
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In conclusion, our study has unveiled a previously unrecog-
nized role of FGFR3 in mediating PARPI resistance in TNBC
through the phosphorylation of PARP1 at Y158. This resistance
mechanism involves a reduction in PARP trapping efficiency and
altered DNA repair dynamics. The synergistic potential of FGFRi
and PARPi combination therapy, as evidenced in both in vitro and
in vivo models, presents an exciting avenue for overcoming PARPi1
resistance. Furthermore, the identification of p-Y158 PARPI as
a biomarker holds significant promise for guiding treatment deci-
sions and optimizing therapeutic outcomes for TNBC patients.
This study not only deepens our understanding of PARPI resistance
mechanisms but also provides a foundation for the development of
innovative treatment strategies in the realm of precision oncology.

Methods

Further information can be found in Supplemental Methods.

Sex as a biological variable. Our study exclusively examined female
mice since the disease modeled is mainly relevant in females.

Y158-phosphorylated PARPI antibody generation. Mouse anti—phos-
pho-PARP1 Y158 antisera were generated by immunization of 20
mice with phospho-PARP1 Y158 KLH hot peptide (KLH-C-EK-
PQLGMIDRW-pY-HPG-S-FVKNREE) once every 2 weeks. Binding
affinity specificities of the antisera were evaluated by enzyme-linked
immunosorbent assay and Western dot blot with hot peptide (C-EK-
PQLGMIDRW-pY-HPG-S-FVKNREE) and cold peptide (C-EKPQL-
GMIDRW-Y-HPG-S-FVKNREE). From the monoclonal antibodies
developed, clone 2A1.3 (IgG) was used for immunoprecipitation, and
clone 2G9.2 (IgM, 1:50) was used for IHC analysis.

Tissue samples and IHC staining. The tissues for generating breast can-
cer patient—derived xenograft models were collected under MD Ander-
son Cancer Center Institutional Review Board—approved protocols.
Clinical information of BCX models was listed in a previous publica-
tion (29). The human breast cancer tissue samples were collected accord-
ing to University of Texas MD Anderson Cancer Center Institutional
Review Board guidelines (protocols ABT-888 phase 2 AbbVie and 2014-
0045 Talazoparib Neoadjuvant). All samples were from female patients
with breast cancer. TNBC case 1 (ER", PR, HER2") received PARPi sin-
gle-agent treatment; TNBC case 2 (ER-, PR, HER2") was treated with
PARPI and received platinum for metastatic disease on trial. HER2" case
1 (ER*, PR*, HER2") received PARPI single-agent treatment; HER2"
case 2 (ER*, PR*, HER2") received PARPi single-agent treatment.
Paraffin-embedded slides were immersed in Histo-Clear (National
Diagnostics, catalog HS-200) followed by ethanol for deparaffinization.
Heat-induced epitope retrieval was performed with Tris buffer (pH 9.0).
Slides were blocked with 3% hydrogen peroxide, BLOXALL blocking
solution (Vector Laboratories, catalog SP-6000), and normal goat serum
before being incubated with primary antibody against p-Y158 PARP1
(clone 2G9.2, 1:50) or p-FGFR (Biorbyt, catalog orb156865; 1:25).
Biotinylated goat anti-mouse IgM antibody (Vector Laboratories, cata-
log BA-2020) and ABC-HRP kit (Vector Laboratories, catalog PK-6100)
were used for signal amplification. Zeiss Zen software was used with
a Zeiss LSM 710 confocal microscope for immunofluorescence stain-
ing imaging. Zeiss AxioVision was used with a Zeiss light microscope
for comet assay imaging. Celigo version 5.0 was used with a Nexcelom
Celigo Imaging Cytometer for colony formation imaging and analyses.

Statistics. For Western blot signal quantification, signal intensities
were analyzed using Image Studio Lite (version 5.2, LI-COR Bioscienc-
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es). Signals of PARP1, PARylation, FGFR3, and p-FGFR were first nor-
malized to housekeeping proteins (tubulin, actin, or GAPDH) of each
sample before being normalized to the control groups. Every independent
experiment repeat was quantified individually. Fold changes in West-
ern blot signals were analyzed by a nonparametric Friedman test using
GraphPad Prism 8.0 software. P values less than 0.05 were considered
statistically significant: *P < 0.05, **P < 0.01, and ***P < 0.001. Com-
bination index experiments were designed according to the Chou-Tala-
lay method (47), and results were calculated using CompuSyn software
(http://www.combosyn.com/). Pivot table analysis was performed using
Microsoft Excel and the P value was assessed using the y? test.

Study approval. Animal studies were performed following a protocol
(no. 00001250) approved by The University of Texas MD Anderson
Cancer Center Institutional Animal Care and Use Committee. The
patient-derived xenograft mouse models were generated under MD
Anderson Cancer Center Institutional Review Board—approved pro-
tocols (LABO07-0950, principal investigator Funda Meric-Bernstam) as
stated in the previous study introducing these models (29).

Code availability. BlobFinder (48) and CompuSyn (http://www.
combosyn.com/) open-source code was used for analyses performed
in the current study. The following commercial code was also used
for data analyses: Image Studio Lite (https://www.licor.com/bio/
image-studio-lite/), Aperio ImageScope (https://www.leicabiosystems.
com/digital-pathology/manage/aperio-imagescope/), GraphPad Prism
8, and TriTek CometScore freeware v1.5.

Data availability. Values for data points in figures are reported in the
Supporting Data Values file. All the datasets generated and/or analyzed
during the current study are available on reasonable request.
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