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Poly(ADP-ribose) polymerase (PARP) inhibitors (PARPi) induce
cytotoxicity in homologous recombination repair (HR)-deficient (HRD)
cancers by trapping PARP1on chromatin, thereby causing irreparable
replication-associated DNA damage. Although increased clearance of
trapped PARP1 from chromatin reduces the sensitivity of cancer cells to
PARPi, details surrounding this process remain unclear. PARPi exposure is
knownto cause increased autophagy flux, whereas autophagy inhibition
can hypersensitize cells to PARPi. Our study reveals that trapped PARP1 is
cleared vianucleophagy, with the selective autophagy receptor TEX264

and its partner segregase p97 (also known as VCP) orchestrating this
process. TEX264 interacts directly with trapped PARP1, linking it to the
autophagosomal protein LC3 for degradation. Disrupting this pathway,
either chemically or genetically, increases PARP1 trapping, resulting in
protein aggregates, DNA damage and cell lethality, ultimately re-sensitizing
PARPi-resistant cells. We conclude that nucleophagy serves a cytoprotective
role by targeting PARPi-induced trapped PARP1 for degradation.

In 20 years of clinical trials', six PARP inhibitors (PARPi) have been
approved for the treatment of homologous recombination repair
(HR)-deficient (HRD) breast, prostate, pancreatic and ovarian
cancers®. This represents the first synthetic lethality-targeted
therapy, whereby HRD- cells, most commonly those with mutations
in BRCA1 or BRCA2, display up to 1,000-fold more selectivity to
PARPi than their wild-type (WT) counterparts®”’. PARPi target the key
DNA damage repair (DDR) enzyme PARP1, involved in single-strand
break (SSB) response®, replication fork stability’ and ligation of
Okazaki fragments'.

All clinically approved PARPi are nicotinamide analogues that bind
the catalytic site of PARP1 (ref. 7). Synthetic lethality was first attributed
to catalytic inhibition of PARPI, leading to accumulation of SSBs that

collapseintoirreparable double-strand breaks (DSBs) during S phase
in HRD-cancers®”. However, the discovery that cytotoxicity of different
PARPidoes notdirectly correlate with catalytic inhibitory potency, and
thatloss of PARP1 confers resistance”, revealed an additional cytotoxic
mechanism: upon PARP inhibition, PARP1 becomes tightly bound
to DNA, a phenomenon known as PARP1 trapping'>". The trapping
potency of each PARPi strongly correlates with its cytotoxicity, dem-
onstrating the importance of this mechanism for PARPi response® ™,
Talazoparib is the most potent clinically approved PARP1 trapper”*¢,
used as amonotherapy to treat human epidermal growth factor recep-
tor 2 (HER2)-negative, BRCA-mutated locally advanced or metastatic
breast cancer, and in clinical trials for other cancers’. Trapping of PARP1
on DNA damage sites and unligated Okazaki fragments is thought to
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cause collisions with the replisome and fork stalling, which, in HRD
or BRCA1/2-defective cells, collapse into unrepaired DSBs, leading to
celldeath*"* ™,

Despite their early promise, PARPi resistance, both acquired and
de novo, is a major clinical concern®"”'®, In ovarian cancer, approxi-
mately 40% of patients with germline BRCA mutations show no
response to olaparib®2° or rucaparib**. This underscores the limited
predictive power of current biomarkers, as deleterious BRCA/HRD
mutations do not always reflect real-time HR function, therapy sen-
sitivity or resistance dynamics**>>*. The only clinically well-validated
resistance mechanisms are BRCA/HR gene reversions and epigenetic
regulation that restores HR, observed in hundreds of patients®* .
Pre-clinical evidence also indicates (1) non-reversion mutations that
restore HR in BRCAl-defective cancers via loss of DNA end resection
inhibitors®*~'; (2) restored fork stability through inhibiting nuclease
recruitment®; (3) loss of poly(ADP-ribose) glycohydrolase expres-
sion*; (4) upregulation of the ABCBI1 efflux transporter, which lim-
its PARPi accumulation®*¢; and (5) PARP1 mutations that abolish
trapping'-?. Greater insight into trapped PARP1 biology is necessary
to define clinically relevant resistance mechanisms and improve
therapeutic outcomes.

Oneareaofinterestisthe proteolytic processing of trapped PARP1.
The metalloprotease SPRTN*® and the unfoldase/segregase p97 (also
knownas VCP or Cdc48)* extract trapped PARP1 from chromatin. Viaits
cofactor UFD1, p97 recognizes trapped PARP1 that has been SUMOylated
and ubiquitylated by PIAS4 and RNF4, respectively, and extractsit from
chromatinthroughits central pore®. p97,a promising druggable target
with an inhibitor in clinical trials, resolves various protein-induced
DNA lesions, including TOP1cc*® and trapped PARPI (refs. 39,41), whose
covalent or non-covalent association with DNA causes cytotoxic repli-
someblockade*. Given the broad roles of p97 in chromatin-associated
processes, including DNA repair***, defining its regulation by cofactors
andits downstream processing is crucial for therapeutic development.
Our group recently uncovered an autophagy-dependent pathway by
which p97 processes TOP1cc lesions from chromatin®. This pathway
requires the p97 cofactor and selective autophagy receptor TEX264,
which bridges topoisomerase inhibitor-induced TOP1ccto autophago-
somes for degradation, preventing cytotoxic protein aggregates, limit-
ing genome instability and shaping colorectal cancer responses to the
topoisomerase linhibitor Irinotecan.

Bulk autophagyisacellular homeostasis pathway, best character-
ized under starvation, in which substrates are engulfed by elongating
double-membrane phagophores that form autophagosomes, which
then fuse with hydrolase-containing lysosomes®. Selective autophagy
targets specific cargo via ATG8-family proteins on the growing phago-
phore, such aslipidated LC3, often using selective autophagy receptors
(SARs) like TEX264 (refs.49,51,52), which recognize specific substrates
and bridge them to ATGS8-family proteins®**. Clinical trials with
autophagy inhibitors chloroquine and hydroxychloroquine, mainly
incombination therapies, show positive results, but the development
of additional inhibitors is limited by tolerability*. All four US Food and
Drug Administration (FDA)-approved PARPi upregulate autophagy,
confirming cryoprotection in multiple cell lines and patient-derived
xenografts®*, but the role of autophagy in PARPi response requires
further clarification for clinical translation.

To advance this, we investigated how trapped PARP1 is cleared
from chromatin. We show that PARPi-induced autophagy is cytoprotec-
tiveandinteracts with trapped PARP1. Autophagy clears trapped PARP1
viathe SARTEX264 and its partner p97, which remove trapped PARP1
from chromatin and deliver it to the lysosome. Disrupting this path-
way causes accumulation of cytotoxic PARP1 aggregates and genome
instability, increasing cell lethality, including in PARPi-resistant cells.
These findings support a TEX264-mediated nucleophagy pathway that
promotes survival of HRD, particularly BRCA1-deficient mammalian
cells and may have clinical relevance.

Results

Autophagy is upregulated upon PARPi treatment, with a
cytoprotective effect

PARPi induce trapping of PARP1 on chromatin, the proposed major
mechanism of PARPi cytotoxicity'>>'>¢*%, Recent work has suggested
thattrapped PARP1canbe extracted from chromatin by the enzymatic
activities of ATPase p97 and SPRTN protease, similar to other DNA-pro-
tein crosslinks (DPCs)***%¢¢% potentially contributing to PARPi resist-
ance. Through an RNA sequencing (RNA-seq) approach, we explored
which protein homeostasis systems may be differentially expressed upon
PARPi treatment, suggesting their potential involvement in trapped
PARP1repair. We performed RNA-seq on triple-negative breast cancer
(TNBC) CAL51 cells after 24 h of treatment with potent PARP1-trapping
talazoparib. As expected, we observed upregulation of genes related
to DDR, replication stress, apoptosis, G1/S cell cycle checkpoint and
mitotic checkpoint (Extended DataFig.1aand Supplementary Table1).
Top hits include CDKN1A and BTG2, involved in p53-dependent G1/S
checkpoint DDR signalling®®, MDM2, a p53 regulator that also has
p53-independent roles in DNA synthesis and repair regulation®® and
BAX, a pro-apoptotic protein’ (Fig. 1aand Supplementary Table 2). By
probing with acomprehensive gene list for the autophagy pathway”’, we
observed upregulation of 31autophagy-related genes upon treatment.
Significantly upregulated genes included SESN1, SESN2 and DRAM1
(Fig. 1a and Supplementary Table 2), which are transcriptionally acti-
vated by pS3 under genotoxic stress to promote autophagy’. Inaccord-
ance with this, numerous studies show upregulation of autophagy in
cells and patient-derived xenografts treated with PARPi** >, We also
probed with a Gene Ontology (GO) term list for proteasome-mediated
ubiquitin-dependent catabolic processes (GO:0043161). Only 15 genes
were differentially expressed (7 significantly upon treatment), but there
was no differential expression with a GO list specific for the proteasome
complex itself (GO:0000502). In fact, most proteasome-associated
genesidentified were E3 ligases, components of E3 ligases or E2 conjugat-
ingenzymeswell established in DDR and cell cycleregulationin response
to stress, such as MDM2, FBXW7 and UBE2C (Supplementary Table 2).
Core proteasome protein transcripts are some of the most consistently
expressed in human cancer cells”. While their lack of differential expres-
sionisunsurprising, few genes known to positively regulate the protea-
some (five genes from GO:1901800) were differentially expressed. This
suggests that PARPi may not induce proteasomal degradation to the
same extent as autophagy.

To further explore whether autophagy is important in cel-
lular response to PARPi, we explored two previously published
whole-genome CRISPR screens for loss of autophagy factors affect-
ing sensitivity to PARPi. One screen was performedin Brca2” Trp537"
mouse mammary KB2P-3.4 tumour cells (ref. 75) treated with the PARPi
AZD-2461 (ref.76), while the other was performed in human RPE-hTERT
TP537"BRCAI cells treated with olaparib®.. Following functional
enrichmentanalysis across four databases, we identified several signifi-
cantly enriched gene sets related to autophagy among the sensitivity
candidates (Extended Data Fig.1b), suggesting that loss of these genes
confers sensitivity to PARPi. Regulation of macroautophagy emerged
asone of the most significantly enriched pathways. We found that loss
ofahandful of core autophagy factors significantly sensitizes cells to
PARPi. Theseinclude genes encoding ATG7, ATG14, ULK1and GABARAP.
Loss of autophagy regulators USP7 (ref. 77), USP8 (refs. 78,79), CUL3
(ref.80) and p97 * implicate cell sensitivity to PARPi (Fig. 1b). Several of
thedepleted genesareinvolvedinlysosome biogenesis and function, or
aresubunits of v-ATPase, which is key in autophagic degradation (Fig.1b
and Extended Data Fig. 1c). Fromthese data, impaired autophagy seems
to cause increased sensitivity to two different PARPi and in cell lines
with either BRCAlor BRCA2 deficiency, which constitute the majority
of tumours treated with PARPi in the clinic.

To further understand the role of autophagy in PARPi response,
we turned to mass spectrometry data from our previous work®’,
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Fig.1| PARPi-induced upregulation of autophagy has a cytoprotective,
trapping-related effect. a, Volcano plot showing differential gene expression
in CALS1 cells comparing talazoparib (Tala; 100 nM, 24 h) to untreated cells by
RNA-seq. Differential gene expression analysis was performed using DESeq2,
with Pvalues adjusted (P,4) for multiple testing using the Benjamini-Hochberg
false discovery rate (FDR) method. The grey line indicates an adjusted P value
of 0.05.b, Violin plots showing selected autophagy-related depletion hits from
whole-genome CRISPR screens performed in mouse KB2P-3.4 (BRCA2-
knockout) cells (top) and in human RPE-hTERT BRCAI™" cells (bottom) treated
with AZD2461and olaparib, respectively’’°. ¢, Mass spectrometry data

from ref. 39 of PARPLinteractions enriched under PARP1-trapping conditions
(Tala+MMS) by PARP1 WT-APEX2-eGFP proximity labelling. PSM, peptide-
spectrum matches. d, Colony-formation assay in HeLa cells treated with
talazoparib and bafilomycin A1 (Baf; 25 nM) or torin-1(Torin; 150 nM) for 24 h.
n=3biological replicates; mean + s.e.m.; two-way analysis of variance (ANOVA)
with Sidak’s multiple comparisons test. e,f, Cell viability measured by resazurin
assay in WT HelLa cells, doxycycline (Dox)-inducible HeLa cells depleted of ATG7

with shRNA (shATG7), or HeLa cells with stable knockdown (KD) of syntaxin-17
(STX17), treated with either talazoparib (e) or veliparib (f) for 24 h, followed by
48 hrecovery.n =3biological replicates; mean + s.e.m.; two-way ANOVA with
Sidak’s multiple comparisons test. g, Immunofluorescence with detergent
pre-extraction to detect trapped PARP1 fociin cells depleted for the indicated
proteins using siRNA and treated with talazoparib and MMS. siCtrl, control
siRNA. Scale bars, 10 pm. h, Quantification ofimmunstaining in g from two
biological replicates and n = 371 (siCtrl untreated); n = 172 (siCtrl Tala + MMS);
n=148 (sip97 Tala+ MMS); n = 164 (siATG7 Tala + MMS) cells. Normalization

was performed by dividing each point by the mean of siCtrl treated within
eachreplicate. Data are shown as box-and-whisker plots with median (centre
line), interquartile range (IQR; box limits, 25th-75th percentiles), and whiskers
extending to 1.5 x IQR; outliers are shown as individual points. Statistical analysis
was performed using one-way ANOVA with Sid4k’s multiple comparisons test.
NS, notsignificant; *P < 0.05; *P < 0.01; **P < 0.001; ****P < 0.0001. Exact Pvalues
and source numerical data are available in Source Data.
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which identified trapped PARP1-interacting proteins defined by
PARP1-APEX proximity labelling. Interestingly, in gene set enrichment
analysis, autophagy appeared as the eighth most significant gene set
enriched under PARP1-trapping conditions (Extended Data Fig. 1d).
To explore this, we probed this dataset with the same autophagy
gene list used when analysing RNA-seq data and identified 22
autophagy-related proteins interacting with trapped PARP1 (Fig. 1c
and Supplementary Table 3). Alongside many autophagy regulators,
we identified ATG9A and ATG16L1, two key regulators of autophago-
some biogenesis, indicating the proximity of trapped PARP1 with
the core autophagy machinery. Despite a lack of enrichment in our
RNA-seq data, the proteasome ranked 14th by significance in gene set
enrichment analysis (Extended Data Fig. 1d), with four proteasome
subunits (PSMA6, PSMBS, PSMD2 and PSMD12) identified in the PARP1
interactome (Fig. 1c). Proteasomal degradation of trapped PARP1in
basal conditions is well characterized® **. The presence of so many
core autophagy genes in the trapped PARP1 proteome indicates a
potential direct role of autophagy in regulating chromatin-bound
PARP1. When considering this alongside its upregulation by RNA-seq
(Fig. 1a) and in previous literature, as well as the PARPi-sensitizing
effect of autophagy gene loss observed in CRISPR screens (Fig. 1b
and Extended Data Fig. 1b), autophagy seems an attractive target for
further exploration.

We began by exploring how modulation of autophagy impacts
cellular response to PARPi. We treated cells with talazoparib in com-
bination with either bafilomycin Al, to impede autophagy through
inhibition of lysosome acidification, or torin-1, toboost autophagic flux
through mTOR inhibition. Torin-1 treatment caused a striking resist-
ance to talazoparib, while inhibition of autophagy with bafilomycin
Alincreased sensitivity (Fig. 1d). AsmTOR has multiple functions, we
combined torin-1treatment with depletion of ATG7, an El-like enzyme
involved in conjugating LC3 to the membrane during phagophore
formation and expansion®®* (Extended Data Fig. 2a). Resistance to
talazoparib was partially but significantly reversed by ATG7 deple-
tion, suggesting that PARPi resistance induced by torin-1is very likely
due to increased autophagy flux. We confirmed the association of
autophagy and PARPi genetically through autophagy inhibition either
by depletion of ATG7 with short hairpin RNA (shRNA) or knockdown of
syntaxin-17, an autophagosomal SNARE protein that regulates multiple
autophagic processes, including autophagosome membrane fusion
with the lysosome®*®, Depletion of either of these autophagy fac-
tors increased the sensitivity of cells treated with talazoparib (Fig. 1e
and Extended Data Fig. 2b). Depletion of ATG9A, a lipid scramblase
involved in phagophore formation and identified as an interactor
of PARP1 (Fig. 1c), also caused increased sensitivity to talazoparib
(Extended DataFig. 2c,d). While the reversal of torin-1-induced PARPi

resistance by ATG7 depletion may be merely an additive effect, we have
demonstrated PARPi hypersensitivity by autophagy inhibition using
both genetic and chemical tools. This is in line with our findings from
the CRISPR screen data (Fig. 1b and Extended Data Fig.1b) and various
recent studies showing increasing sensitivity to PARPi by autophagy
inhibition®*"*°~%?, This suggests, as previously seen, that upregulation
of autophagy upon PARPi treatment has a cytoprotective effect.

PARPi sensitivity boosted by autophagy impairment hasbeen pre-
viously demonstrated, and various explanations have been suggested.
These include PARPi-induced upregulation of PTEN to promote cyto-
protective autophagy in response to PARPi-induced ROS*and nuclear
localization of p62, indirectly causing an upregulated HRR pathway®’.
Under conditions that induce or block trapped PARP1 delivery to the
lysosome, we did not observe a considerable and consistent changein
the nuclear localization of p62 (Extended Data Fig. 2e), indicating an
alternative role of autophagy.

Notably, we did not observe the same cytoprotective effect of
autophagy when cells were treated with veliparib, a PARPi that inhibits
PARPI catalytic activity but causes only weak, if any, trapping'*'®, with
neither bafilomycin Al nor torin-1treatment affecting cell sensitivity
(Fig.1f). Thisindicates that the observed effect s linked to PARP1 trap-
ping. Using detergent pre-extraction to remove soluble proteins, but
not those that are tightly bound to chromatin, we visualized trapped
PARP1 on chromatin by immunofluorescence under trapping condi-
tions, when cells were treated with talazoparib and a low dose of the
alkylating agent methyl methanesulfonate (MMS)*° (Fig. 1g,h and
Extended Data Fig. 2f). PARP1 is only visualized on chromatin under
trapping conditions, confirming the efficacy of this assay for detecting
specifically trapped PARP1. Trapped PARP1 levels were significantly
increased (~1.7-fold) upon autophagy inhibition by depletion of ATG7
(Fig. 1h), similar to p97-depleted cells, which are known to accumu-
late trapped PARP1 (ref. 39). Altogether, this suggests that autophagy
upregulation upon PARPi treatment has a cytoprotective effect by
restricting accumulated trapped PARP1.

Trapped PARP1 s processed by autophagy

As trapped PARP1 levels were increased upon autophagy inhibition
and early-stage autophagy core machinery was found in proximity to
trapped PARP1 by mass spectrometry (Fig. 1c), we hypothesized that
trapped PARP1 could be cleared by autophagy. To explore this, intact
lysosomes were isolated from HeLa and CALS51 cells expressing lyso-
somal transmembrane protein TMEM192-3HA by amethod known as
LysolP (immunoprecipitation of intact lysosomes) to analyse lysosomal
contents® (Fig. 2a) in control and PARP1-trapping conditions. PARP1
was localized in the lysosome and accumulated considerably under
PARP1-trapping conditions in both HeLa and CALS51 cells (Fig. 2b,c

Fig.2 | Trapped PARP1is processed by selective autophagy. a, Schematic of
the LysolP workflow, whereby TMEM192-3HA is stably expressed in cells treated
with bafilomycin Al, thenimmunoprecipitated toisolate intact lysosomes. HA,
haemagglutinin. Panel a created in BioRender; Torrecilla, I. https://biorender.
com/55xhb64 (2026). b, LysolP in HeLa cells treated with the indicated drugs

for 3 h, showing the accumulation of PARP1in the lysosome under trapping
conditions. ¢, Quantification of PARP1levelsin b, normalized to untreated cells.
n=>3biological replicates; mean + s.e.m.; one-way ANOVA with Sidak’s multiple
comparisonstest.d, LysolP in HeLa cells treated with either talazoparib

(Tala; 200 nM) or veliparib (Veli; 5 M) for 3 h. e, Quantification of PARP1levels
indnormalized to talazoparib-treated cells. n = 5biological replicates; mean £ s.e.m.;
one-way ANOVA with Sidak’s multiple comparisons test. f, Schematic showing
the methodology of the mCherry-GFP reporter assay. PARP1 tagged with
mCherry and GFPis transiently expressed in cells and visualized by either fixed
or liveimaging. GFP is quenched in acidic environments, so only the red signal is
detected in the lysosome. This can be reversed by treatment with bafilomycin Al,
which neutralizes the lysosome. g, Fixed images from the mCherry-PARP1-GFP
reporter assay in HeLa Dox-inducible shATG?7 cells treated with the indicated

drugs for 3 h. Scale bars, 10 pm. Zoomed images show puncta indicated by white
boxes; scale bar, 2 um. h, Quantification of mCherry-GFP punctaing.n = 6 (Tala
+MMS); n =5 (Tala+ MMS + Baf); or n = 3 (Dox and Tala + MMS + Dox) biological
replicates; mean +s.e.m.; mixed-effect model with Sidak’s multiple comparisons
test. i, Representative z-projected images from live-cellimaging of HeLa cells
transfected with the mCherry-PARP1-GFP reporter fusion protein (19 h after
transfection) and stained with LysoView680. Time stamps indicate the elapsed
time from the start of imaging for the event shown; the times of talazoparib and
MMS addition are indicated in brackets in the first panel. Degradation of the
lysosomal substrate occurred at 27 min. Scale bars, 10 pm; inset scale bars, 1 pm.
Jj,Imaris 3D rendering at 5 min, 7 min and 27 min of the nucleus and surrounding
lysosomes as categorized by mCherry-PARP1-GFP and LysoView680,
respectively. Arrows mark the same lysosome as shown in i. Yellow, nucleus; near
transparent, lysosomes; red, mCherry-PARP1-GFP in acidic environment (GFP
quenched). Scale bar, 2 pm. NS, not significant; *P < 0.05; **P < 0.01; **P < 0.001;
***+p < (0.0001. Exact Pvalues, source numerical dataand unprocessed blots are
available in Source Data.
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and Extended Data Fig. 3a,b). Lysosomal PARP1 levels upon trapping
were increased further by treatment with bafilomycin Al, stabilizing
its contents, further confirming that PARP1 localizes in the lysosome
(Fig.2b,c). PARP1was more extensively localized to the [lysosome when

treated with the strong PARP1-trapping inhibitors talazoparib and
niraparib, compared with veliparib, aweak trapper of PARP1 (Fig.2d,e
and Extended DataFig.3c,d). In CAL51 cells expressing either WT PARP1
(PARP1"") or a trapping-impaired mutant PARP19€!P-119Ki205 (pARP1*S)Y,
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only PARP1"" waslocalized to the lysosome (Extended Data Fig. 3a,b).
Whole-cell levels of PARP1% were lower than PARP1YT, but even when
its lysosomal level was normalized against this across seven biological
repeats, we observed a robust reduction in lysosomal PARP1* com-
pared with PARPI"", highlighting that only trapped PARP1 s processed
in this way. To further validate this, we used a modified version of the
well-recognized mCherry-GFP autophagy reporter assay, whereby
cells were transfected with a PARP1 construct tagged with mCherry
and green fluorescent protein (GFP). This construct is well expressed
andremainsintact during treatment with talazoparib and bafilomycin
Al (Extended Data Fig. 3e). In most cellular compartments, includ-
ing the nucleus, both mCherry and GFP will fluoresce and colocalize.
However, inthe acidicenvironment of the lysosome, GFP is quenched,
so only the mCherry signal is observed® (Fig. 2f). The PARP1 reporter
is predominantly localized in the nucleus, where the red and green
signals were observed most strongly and colocalized. However, under
trapping conditions, cytosolic red puncta of PARP1formed (Fig. 2g,h),
indicatingits localization to the lysosome. These fluoresced both red
and green when bafilomycin Alwas added to neutralize the lysosomal
pH and prevent quenching of the GFP signal, confirming the specificity
of this assay for lysosome-localized PARP1 (Fig. 2g,h). Depletion of ATG7
reduced the number of cytosolic puncta to background levels seen
without treatment, further confirming that PARP1 exits the nucleusin
an autophagy-dependent manner upon trapping. To further confirm
thelocalization of PARP1 to the lysosome after treatment, we visualized
mCherry-GFP-tagged PARP1 in cells stained with a lysosome dye by
liveimaging. Within minutes of treatment, lysosomes approached the
nuclear periphery and strongly colocalized with the PARP1 signal as it
exited thenucleus (Fig. 2i,j, Extended Data Fig. 3f,g and Supplementary
Videos1and 2). Puncta emerged from the nucleus and accumulated
over the 1-h assay. They localized with lysosomes for ~20 min before
degradation and lysosome dispersal. Rendering enhanced separa-
tion of the green signal from the background and improved lysosome
visualization. Together, this further confirms that PARP1 localizes to
the lysosome under PARPI-trapping conditions.

To confirm whether this lysosomallocalization of trapped PARP1
isdependent on autophagy, we depleted ATG7 and assessed lysosomal
PARP1 levels by LysolP and the mCherry-PARP1-GFP reporter assay.
Depletion of ATG7 almost entirely abolished both the recruitment of
PARP1 to the lysosome under trapping conditions (Fig. 3a,b) and the
accumulation of red PARP1 puncta (Fig. 2g,h). We observed a similar
effect when autophagy wasinhibited through depletion of syntaxin-17
(Fig.3c,d), ATG9A or beclin-1 (Fig. 3e,f). Asthese proteins have distinct
functions at different stages of autophagy, this demonstrates that
PARP1is processed by autophagy under trapping conditions.

Autophagosomal processing of trapped PARP1 is dependent
on p97, ubiquitination and SUMOylation

Having demonstrated that processing of trapped PARP1 occurs via
selective autophagy, we next wanted to explore whether this occurs
downstream of the previously described p97-dependent extraction of
trapped PARP1from chromatin®. Besidesits chromatin role in remov-
ing various DNA-associated substrates, p97 was also implicated in
autophagy and moves between the cytoplasm and nucleus depending

on cellular need’~**. However, the role of p97 in autophagy remains
to be fully understood. Using LysolP to assess PARP1levelsin the lyso-
some under trapping conditions, we inhibited p97 with the specificand
clinically relevant inhibitor CB-5083 (ref. 41). CB-5083 treatment sig-
nificantly reduced the accumulation of PARP1in lysosomes (Fig.3g,h),
suggesting arole for p97 in mediating this process.

p97isrecruited totrapped PARP1 partly through SUMOylation and
subsequent ubiquitylation®, with the latter often involved in selective
autophagy. Inhibition of either ubiquitination or SUMOylation caused
reduced lysosomal engulfment of PARP1 under trapping conditions
(Fig.3i,j). Trapped-PARP1 ubiquitination has previously been shown to
be mediated by the SUMO-targeted E3 ubiquitin ligase RNF4 (ref. 39).
Modulating RNF4 activity, either by expressing its dominant-negative,
enzymatically inactive M136A + R177A variant (RNF4"") or by over-
expressing WT (RNF4"T), did not affect lysosomal PARP1 levels
(Extended Data Fig. 3h,i). This negates the role of RNF4-mediated
ubiquitination of PARP1in the autophagic processing of trapped PARP1.
Instead, RNF4-mediated ubiquitination of trapped PARP1 likely medi-
atesits proteasomal degradation, as hasbeen described for most other
substrates’ . In the p97-RNF4 pathway previously described, p97
isrecruited to ubiquitinated PARP1 by cofactor UFD1 (ref. 39). As with
RNF4 modulation, depletion of UFD1did not affect trapped PARP1lev-
elsinthelysosome (Extended DataFig. 3j,k). Altogether, this suggests
thatthe previously described RNF4-UFD1-p97 pathway acts separately
from the autophagy-mediated processing of trapped PARP1. p97 is
stillinvolved but must rely on other unknown SUMO and/or ubiquitin
ligases and p97 cofactor(s) acting to facilitate this pathway.

Selective autophagy of trapped PARP1 is TEX264-dependent
but nuclear pore-independent

To further understand the processing of trapped PARP1, we wanted to
identify the SAR responsible. TEX264 has recently beenidentifiedasa
SAR for the endoplasmic reticulum under starvation conditions®*>%,
and asap97 cofactor and SAR essential for the removal of TOP1cc from
chromatinby autophagy*®*°. Due to the similarity between TOP1cc and
trapped PARP1 in blocking replication machinery, alongside the abil-
ity of TEX264 to act asboth a SAR and p97 cofactor*®***7, we explored
whether TEX264 may act in this pathway. We tested TEX264-KO (7)
cells for their sensitivity to talazoparib and niraparib and found that
loss of TEX264 led to a profound increase in sensitivity of both HeLa
and CALS51 cells (Fig. 4a-d and Extended Data Fig. 4a). Similar to the
modulation of autophagy (Fig. 1d,f), this effect was not observed in
cells treated with veliparib (Fig. 4e,f). This suggests that the function
of TEX264 in protecting against PARPi-induced cell death is linked to
trapped PARP1. To confirm this, TEX264 was depleted, and PARPi sensi-
tivity was assessed in cells expressing either PARP1"T or amutant previ-
ously shown toinduce PARPi resistance by preventing PARP-trapping
(PARP1P-#deM4PD L TEX D64 depletion selectively hypersensitized PAR-
P17 cells to talazoparib but not cells expressing the trapping-defective
mutant (Fig. 4g). A considerable accumulation of trapped PARP1 was
also observed after either depletion or knockout of TEX264 in three
different human cell lines, including HeLa, CAL51 and MDA-MB231
(Fig. 4h-j and Extended Data Fig. 4b-f). The level of trapped PARP1
observed was equivalent to the depletion of a previously identified

Fig.3| Trapped PARPL1is processed by p97, ubiquitin and SUMO-dependent
autophagy. a, LysolP in HeLa cells with depletion of ATG7 by siRNA.

b, Quantification of PARP1levelsin a, normalized to the treated control. ¢,d, As
inaandb, butin either WT cells or cells with stable knockdown of syntaxin-17
(STX17*). e, Fixed images from the mCherry-PARP1-GFP reporter assay in HeLa
cells depleted of either ATG9A (siATG9A) or beclin-1(siBECN1) with siRNA and
treated with theindicated drugs for 3 h. Scale bars,10 pm. Zoomed image shows
punctaindicated by a white arrowhead; scale bar, 2 um. The brightness and
contrast in the zoom panel has been adjusted compared with the larger images to
better show the puncta. f, Quantification of mCherry-GFP punctain e. g, LysolP

inHeLa cells treated with talazoparib and MMS, combined with p97 inhibitor
CB-5083 (10 uM). h, Quantification of PARP1levels in g, normalized to the
treated control. i, LysolP in HeLa cells treated with the indicated drugs, including
ubiquitination inhibitor MLN-7243 (5 uM) or SUMOylation inhibitor ML-792
(1uM).j, Quantification of PARP1 levels ini, normalized to the treated control.
Quantificationgraphsinb,d,f,h present threeindependent replicates and inj
present four independent replicates; mean + s.e.m.; one-way ANOVA with Sidak’s
multiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
Exact Pvalues, source numerical data and unprocessed blots are available in
Source Data.
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cofactor, UFD1, supporting that TEX264 acts as a physiologically rel-

evant modulator of trapped PARP1 levels.

Tofurther understand therole of TEX264 in this pathway, we exam-
ined previously published TEX264 interactomes. Intwo interactomes,

PARP1wasidentified as one of the top hits***". In line with this, TEX264
co-immunoprecipitated from chromatin-bound GFP-tagged PARP1
(Fig. 5a). As expected from previous work®, p97 interacted with
PARP1specifically under trapping conditions (Fig. 5a). The interaction
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dataand unprocessed blots are available in Source Data.

between TEX264 and chromatin-bound PARP1 also increased ~40%
after treatment (Fig. 5a,b). Depletion of TEX264 reduced the levels of
p97, on chromatin, and at trapped PARP1, similar to what has previ-
ously been observed with UFD1 depletion® (Fig. 5a,c). This suggests
that TEX264 acts as a p97 cofactor to aid p97 recruitment to trapped
PARP1. To determine whether PARP1 and TEX264 interact directly,
we expressed and purified GFP-PARP1 and TEX264 from an Escheri-
chia coliexpression system and performed aninvitro pulldown assay
by isolating PARP1 on PARP1-trap beads. TEX264 directly binds to
PARP1, but not to the PARP1-trap beads alone (Extended Data Fig. 5a).
Toexplorethisinteraction further, we performed hydrogen-deuterium

exchange mass spectrometry (HDX-MS), where a difference in deu-
terium uptake in TEX264 peptides indicates a region of interac-
tion with PARP1 (Supplementary Tables 6 and 7). Multiple regions
showed abig difference in deuterium uptake, most prominently inan
o-helix immediately following the gyrase inhibitory-like (Gyrl-like)
domain, and from Ser272to the C terminus, where the LC3-interacting
region (LIR)**? and p97-interacting SHP motifs**?’ are located
(Fig. 5d, Extended Data Fig. 5b,c and Supplementary Tables 3 and 4).
Aninvitro pulldown using either a fragment of TEX264 containing
only the Gyrl-like domain or the C-terminal half, or a TEX264 frage-
ment containing both regions of interest, demonstrated that only
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the C-terminal half interacts with PARP1 (Extended Data Fig. 5d). We
tested theimportance of both regions for TEX264-PARPlinteraction
incells by expressing TEX264 lacking these regions (TEX264-272 and
TEX264-Ac-helix) (Fig. 5e and Extended Data Fig. 5e). While loss of
the a-helix had no impact on the interaction (Extended Data Fig. Se),
loss of the C terminus from S272 onwards completely abolished the
interaction of TEX264 with chromatin-bound PARP1 (Fig. 5e). These
findings confirmed that a motifin the extreme C terminus is required
for the PARP1-TEX264 interaction.

To visualize the TEX264-PARP1 interaction beyond the chro-
matin context, we carried out proximity ligation assays (PLAs)
between GFP-tagged PARP1 and V5-tagged TEX264 (Fig. 5f and
Extended Data Fig. 5f). We were able to visualize this interaction and,
consistent with our co-immunoprecipitation experiments, observed
thatitincreasedin thenucleus (Fig. 5f,g). The PARP1-TEX264 PLA signal
is partially localized around the nuclear periphery, where TEX264 is
known to localize due to its transmembrane N-terminal leucine-rich
region*’. Despite the predominantly nuclear localization of PARP1
(ref.100), we observed a marked increase in PLA signal in the cytosol
following PARPi treatment (Fig. 5f,g), further supporting our hypoth-
esis that TEX264 acts as aSAR of trapped PARP1.

To explore the role of the LIR and SHP domains of TEX264 in the
autophagosomal processing of trapped PARP1, we performed LysolP
in TEX264 7 cells (Fig. 5h). Notably, the loss of TEX264 impaired the
accumulation of PARP1inlysosomes under trapping conditions. Com-
plementation of the TEX264-null background with TEX264 " restored
lysosomal PARP1 levels. However, mutation of the LIR domain ablated
lysosomal PARP1 (Fig. 5h,i). As the LIR is a crucial motif for bridging
substrates to LC3 localized in the autophagosomal membrane'?, this
suggests that TEX264 acts as a SAR for trapped PARPL. Similar to p97
inhibition, mutation of the TEX264 SHP domain also impaired PARP1
accumulation in lysosomes under trapping conditions (Fig. 5h,i). Of
note, the SHP* and LIR* TEX264 variants were also unable to rescue
PARPi sensitivity in TEX2647" cells (Fig. 5j and Extended Data Fig. 5g),
further confirming that these two TEX264 functions, SAR and p97
cofactor, work synergistically.

TEX264 localizes to the endoplasmic reticulum (ER) and to both
theinnerand outer nuclear membranes, as shown by electron micros-
copy'?%. We confirmed this localization using PLA between lamin A/C-
GFP and TEX264-V5 (Extended Data Fig. 6a). However, how PARP1 is
exported from the nucleus for autophagosomal processing remains
unclear.Lamin A/C, another nucleophagy substrate'**'%*,is phospho-
rylated by ATR in response to DNA damage, promoting local nuclear
envelope rupture'®'°¢, Recent work on TEX264-dependent autophago-
somal processing of TOP1cc has shown that ATR activity is required for
the transport of TOP1from the nucleus to lysosomes, but that this pro-
cess does not depend on nuclear pore activity*. To determine whether
this also applies to trapped PARP1 processing, LysolP was performed

under trapping conditions in cells treated with either ATR inhibitor
VE-822 or nuclear pore inhibitor leptomycin B (Extended Data Fig. 6b-
e). Inline with previous work, leptomycin B did not affect lysosomal
PARP1 levels (Extended Data Fig. 6b,c) while ATRi caused a significant
reduction (Extended DataFig. 6d,e). TEX264-dependent processing of
TOPlccwas hypothesized to occur through ATR-induced local disrup-
tions of the interphase nuclear membrane, likely via phosphorylation
and removal of lamin A/C. Notably, under PARP-trapping conditions,
lamin A/C was detected in lysosomes in a leptomycin B-independent
manner (Extended Data Fig. 6b,c). This fits the model that trapped
PARP1 exits the nucleus through ATR-induced local disruptions in
lamin A/C architecture.

Disruption of the p97-TEX264 autophagy axis causes
PARPi-induced replication-associated DNA damage

Having established the role of p97-TEX264-mediated selective
autophagyinremoving PARPi-induced trapped PARP1, we next sought
to explore how its disruption affects cells. Trapped PARP1 causes
increased replication stress, DSBs'”"'%° and replication-associated
single-stranded DNA gaps"°"? suspected to result from collisions
between the replication fork and trapped PARP1, as well as PARP1
trapping on unligated Okazaki fragments. Analysis of RNA-seq data
comparing WT and TEX264 7 cells treated with talazoparib showed
significant differential expression of 60 and 37 DDR-related genes
in HeLa and CALS51 cells, respectively (Extended Data Fig. 7a and
Supplementary Tables 4 and 5). This suggests that TEX264-deficient
cells exhibit altered DDR under PARPi treatment. In accordance with
this, we observedincreased levels of phosphorylated (p) RPA and pCHK1
in TEX2647" cells in response to PARPi (Extended Data Fig. 7b), sug-
gesting increased ATR signalling associated with replication stress.
There were also heightened levels of the DDR markers phosphorylated
H2AX (y-H2AX), RPA and 53BP1, with 1.4-, 2.1- and 1.8-fold increases,
respectively (Extended Data Fig. 7c,d). The same effect was observed
in CAL51 cells (Extended Data Fig. 7e,f), but only in response to tala-
zoparib and not veliparib, supporting that this DNA damage arises in
response to accumulated trapped PARP1 when TEX264 fails to clear it
from chromatin.

Astherole of TEX264 inrepair of trapped PARP1seems to depend
onitsdual function as aselective autophagy receptor and p97 cofactor,
we next explored how theinterruption of these functions affects cellu-
lar response to PARPi. In TEX264 7 cells complemented with TEX264"T,
talazoparib-induced RPA and y-H2AX levels were restored to those
observed in WT cells (Extended Data Fig. 8a,b). However, mutation
of either the SHP or the LIR domains failed to restore RPA and y-H2AX
levels. We observed the same effect on DNA damage foci when we
inhibited p97 with CB-5083 (Extended Data Fig. 8c,d) or autophagy
through ATG7 depletion (Extended Data Fig. 8e-g). It is worth noting
thatwe did not detect anincrease in PARPi-induced y-H2AX foci under

Fig. 5| TEX264 serves as a p97-mediated selective autophagy receptor for
trapped PARP1. a, Co-immunoprecipitation (co-IP) of GFP from chromatin of
CALSI cells stably expressing PARP1-GFP after treatment with talazoparib and
MMS for 3 h. b, Quantification of TEX264 levels in the GFP-precipitate fraction
ina, normalized to PARP1signal to account for differences in binding to beads
and to the untreated level. n = 3 biological replicates; mean + s.e.m.; two-sided
unpaired Student’s ¢-test. ¢, Quantification of p97 levels in chromatin (left)
and GFP-PARP1 co-IP (right) in a, normalized to PARP1 levels. n = 3 biological
replicates; mean +s.e.m.; two-sided Student’s unpaired ¢-test. d, Structure of
TEX264 with enlarged blue regions indicating altered deuterium uptake upon
PARP1bindingin HDX-MS with 30 s of labelling. a-helix and C-terminal regions
are labelled as areas with altered deuterium uptake. The heatmap indicates
a0-20% difference in deuterium uptake. e, Co-immunoprecipitation of GFP
from chromatin of HeLa cells stably expressing PARP1-GFP after treatment
with talazoparib and MMS for 3 h. Schematics (left) show the TEX264 variants
compared with amap showing sites of interest highlighted by HDX-MS. f, PLA

between GFP and V5in cells stably expressing PARP1-GFP and either TEX264-V5
orempty vector (EV)-V5 after treatment with talazoparib for 3 h. Scale bars,

10 um. g, Quantification of foci in fin whole cell, cytosol or nuclei. Data represent
n=3biological replicates. Box-and-whisker plots as in Fig. 1h. Statistical analysis
was performed using one-way ANOVA with Sid4k’s multiple comparisons test.

h, LysolPin HeLa cells stably expressing TMEM192-3HA with or without
TEX2647". TEX264-V5 variants (SHP*and LIR*) are transiently expressed where
indicated., Quantification of PARP1levelsin h, n = 3 biological replicates, except
for TEX2647" cells, which was included in two replicates, normalized to the WT
control; mean + s.e.m.; one-way ANOVA compared with WT. j, Colony-formation
assay in WT CAL51 cells, TEX2647" cells or TEX2647" cells stably expressing
indicated TEX264 variants, treated with talazoparib for 24 h. Six technical
replicates from two biological replicates; mean + s.e.m.; two-way ANOVA
compared with WT.*P< 0.05; *P< 0.01; **P < 0.001; ***P < 0.0001. Exact Pvalues,
source numerical dataand unprocessed blots are available in Source Data.
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p97i conditions, as CB-5083 is known to impair ATM kinase activity™?,

the central kinase for phosphorylation of H2AX in response to DNA
damage'. Altogether, these findings complement our earlier data
showingincreased sensitivity to talazoparib upon chemical or genetic
inhibition of autophagy (Fig.1d,e).

Autophagy is essential for clearing PARP1 aggregates induced
by trapping

Cellsexhibitincreasedreplicationstressand DNA damage when trapped
PARP1 is not efficiently cleared by TEX264-mediated autophagy.
Previous studies have shown that p97, through its UFD1 cofactor,
removes trapped PARP1from chromatin via a proteasome-dependent
pathway?®. This raises the question of why the newly identified
p97-TEX264-autophagy pathway is also important for cell survival.
Notably, disruption of the p97-UFD1 pathway, either by UFD1 deple-
tion or by CB-5083 treatment (p97i), further increased the sensitivity
of TEX2647" cells to talazoparib (Fig. 6a, b and Extended Data Fig. 9a),
supportingthe notionthat the p97-UFD1-proteasome pathway operates
in parallel with the p97-TEX264-autophagy pathway. Moreover, this
suggests that TEX264 may also have arolein processing trapped PARP
independently of p97 (Fig. 6b). This also highlights that the clearance of
PARP1from chromatin by p97 aloneis insufficient to promote cell sur-
vival. One of the key functions of autophagy is the clearance of protein
aggregates'™, and misfolded p97 substrates are thought to accumulate
as aggregates"*" if not properly processed. In fact, camptothecin, a
TOP1inhibitor, was previously shown to induce TOP1 aggregation at
doses at which clearance of TOP1cc depends on autophagy®. Using a
dye to stain aggregated proteins, ProteoStat, we confirmed by both
FACS and immunofluorescence that aggregates accumulated during
sustained talazoparib treatment (Fig. 6¢,d and Extended Data Fig. 9b).
Aggregate accumulation persisted when autophagy was inhibited
with bafilomycin Al, and these aggregates colocalized with LAMP1
(Fig. 6d), supporting the conclusion that PARPi-induced aggregates are
degraded by autophagy. Purification of insoluble aggregates showed
that they contained high levels of PARPL, and that aggregated PARP1
increased substantially when talazoparib treatment was combined
with bafilomycin Al (Fig. 6e). Of note, PARP1 aggregates did not form
in cells expressing PARP1*, a variant that cannot bind DNA/chroma-
tin (Fig. 6e). Overall, these findings indicate that autophagosomal
processing of trapped PARP1 is key to preventing the accumulation
of cytotoxic PARP1 aggregates and that PARP1 aggregation depends
on PARP1binding/trapping to chromatin.

The p97-TEX264 autophagy axis is relevant to PARPi
resistance

PARPi resistance is a major clinical concern. To explore whether
TEX264-mediated selective autophagy (nucleophagy) of trapped
PARP1may be relevantin the context of PARPiresistance, we used RPE1

TPS37~hTERT BRCAI™" cells that had acquired resistance to olaparib
following prolonged exposure. When compared with olaparib-naive
cells, we observed aresistance to both talazoparib (Fig. 6f) and olaparib
(Fig. 6g), as expected. Of note, depletion of either TEX264 or ATG7 in
resistant cells considerably re-sensitized them to both PARPi, with the
strongest effect observed with the more potent trapper talazoparib
(Fig. 6f,g and Extended Data Fig. 9¢). This suggests that impairing the
clearance of trapped PARP1 by TEX264-mediated selective autophagy
could partially overcome PARPi resistance. Given that the TEX264 -
nucleophagy axis isimportant for genome stability and cell survivalin
response to trapped PARP1, and that BRCAl-deleted yet PARPi-resistant
cellsare hypersensitive to TEX264 inactivation, we asked whether this
pathway has clinical relevance. We analysed RNA-seq data from the
SCAN-B (Sweden Cancerome Analysis Network - Breast)"® cohort of 7,743
patients withbreast cancer to examine the relationship between TEX624
expressionand the homologous recombination status of these cancers.
We focused on TNBC as previous reports have observed that survival
trends and homologous recombination status differ between TNBC and
HER2" or ER" subtypes"®", Although there were no overall survival dif-
ferences between patients with homologous recombination-proficient
(HRP) and homologous recombination-deficient (HRD) TNBC breast
cancer (Extended Data Fig.10a), we observed a strong and significant
survival difference in patients with HRD related to TEX264 expression
(Fig. 6h and Extended Data Fig. 10b,c), which was absent in patients
with HRP (Fig. 6i and Extended Data Fig. 10d). Patients with HRD
breast cancer with low TEX264 messenger RNA expression showed
approximately 28% better long-term survival, for example, at 10 years.
These clinical correlational datasupport our findings that a functional
TEX264-mediated nucleophagy pathway (for example, high TEX264
expression) promotes breast cancer cell survival and is consequently
associated with reduced overall patient survival (Fig. 6j).

Discussion

Understanding how trapped PARP1 is regulated is key to elucidating
resistance. Weidentify adirectrole for selective autophagy in response
to PARPi (Fig. 6j). The selective autophagy receptor TEX264 works with
LC3 and the ATPase p97to process trapped PARP1from chromatinand
deliver it to lysosomes. This depends on SUMOylation and ubiquit-
ination, but not on the SUMO-dependent E3 ligase RNF4, previously
implicated in proteasomal degradation of trapped PARPI (ref. 39).
Mutations disrupting TEX264 interaction with LC3 (LIR) or p97 (SHP)
impair PARP1deliverytolysosomes, increase PARPi-induced DNA dam-
age and sensitize cells to talazoparib, indicating that TEX264 functions
asboth an autophagy receptor and a p97 cofactor.

TEX264-driven selective autophagy of PARP1 is tightly coupled
to PARPi-induced PARP1trapping and aggregate formation, enabling
lysosomal translocation (Fig. 2b—d). A PARP1 mutant unable to bind
chromatin does not form aggregates, cannot be delivered to

Fig. 6 | Loss of autophagy-dependent clearance of trapped PARP1leads to
accumulation of cytotoxic PARP1aggregates and can overcome acquired
PARPi resistance. a, Colony-formation assay in WT or TEX2647 HelLa cells
depleted of UFD1using siRNA and treated with talazoparib for24 h.n=3
biological replicates; mean + s.e.m.; two-way ANOVA. b, Cell viability by
resazurin assay in WT or TEX2647~ HeL a cells treated with talazoparib with

or without p97 inhibitor (p97i) CB-5083 (200 nM) for 24 h, followed by 48 h
recovery.n =3 biological replicates; mean +s.e.m.; two-way ANOVA. ¢, Levels
of protein aggregates measured by FACS using proteostat dye in cells treated
with talazoparib and MMS for 2 h, then talazoparib alone for 18 h. Fold change
is compared with the untreated. n = 4 biological replicates; mean +s.e.m.;
two-sided unpaired Student’s t-test. d, As in c but with aggregates visualized
by immunofluorescence, showing accumulation of aggregates that colocalize
with LAMP1 under trapping conditions when combined with bafilomycin Al
treatment. Scale bars, 10 pum. e, Fractionation of CALS1 cells stably expressing
PARP1"T or PARP1* into the soluble fraction, SDS-soluble fraction containing

chromatin, and SDS-insoluble fraction containing protein aggregates.
Immunoblotting determined PARP1 levels in each fraction. f,g, Cell viability
measured by resazurin assay in RPE1 TPS37"hTERT BRCAI™" cells, either naive
orresistant to olaparib. Resistant cells are depleted by siRNA of TEX264
(siTEX264), ATG7 (siRNA) or a luciferase control (siCtrl). Treatment is with
talazoparib (f) or olaparib (g) for 6 days. Twelve technical replicates across
four biological replicates; mean + s.e.m.; two-way ANOVA. h,i, Kaplan-Meier
plots of SCAN-B TNBC (n = 712) in HRD (h) and HRP (i) tumours (n =203 and
509, respectively). Homologous recombination status was annotated using a
228-gene expression signature'* and compared against TNBC from The Cancer
Genome Atlas (TCGA)-BRCA (n = 312) with known HRD status. Pvalues were
calculated using alog-rank test. j, Model of the TEX264-p97-autophagy axis
intrapped PARP1 repair. Inhibition of this process leads to cell death, whereas
boosting this pathway results in cells developing resistance to PARPi. *P < 0.05;
**P<0.01;**P < 0.001; ***P < 0.0001. Exact Pvalues, source numerical data and
unprocessed blots are available in Source Data.

Nature Cell Biology | Volume 28 | June 2026 | 1219-1234

1229


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-026-01961-5

lysosomes and fails to kill cancer cells in
and Extended Data Fig.3aandb).

Other substrates of nucleophagy, such as lamin B1 and lamin
A/C,interact with LC3 and are degraded by autophagy in response to

oncogenic or genotoxic stress, inducing senescence'®'**, Similarly,
TOP2-DPCsand damaged DNA are detected in nuclear buds after etopo-
side treatment in an autophagy-dependent manner'?°, underscoring
the role of selective autophagy in processing nuclear material under

TEX2647" cells (Fig. 4g, 6e
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genotoxic stress. Our work on TOP1cc shows that mammalian cells
use the p97-TEX264 system to remove DNA lesions to lysosomes*’. We
therefore propose that TEX264-mediated selective autophagy of DNA
lesions (nucleophagy) is a specialized DNA repair pathway for tightly
bound chromatin protein lesions prone to aggregation, such as TOP1cc
and trapped PARP1 (Fig. 6d,e).

For both TOP1cc*’ and trapped PARP1, autophagic processing of
DNA lesionsisindependent of the nuclear pore (Extended DataFig. 6b,c).
Although the mechanism of nuclear envelope transitis not fully under-
stood, dynamins promote nuclear envelope remodellingand budding
of vesicles containing damaged DNA for autophagic clearance™. Con-
sistent with this, we observed nuclear envelope buddingin talazoparib-
and MMS-treated cells, where trapped PARP1 exits the nucleus and
merges with lysosomes (Fig. 2i,j, Supplementary Videos 1 and 2 and
Extended Data Fig. 3f,g). Similar mechanisms have been reported in
yeast, where adynamin 1-like protein mediates the removal of nuclear
and inner nuclear membrane cargos to lysosomes'?. Alternatively, the
autophagy process we identified could represent microautophagy'®,
in which lysosomes would directly engulf PARP1 without its previous
sequestrationinanautophagosome. Visualization of the phagophore by
electronmicroscopy surrounding trapped PARP1, would clarify whether
trapped PARP1is processed by the selective autophagy (nucleophagy)
pathway we propose or by microautophagy.

Autophagy has context-dependent roles in cancer®, and its func-
tion in the PARPi setting is similarly debated”. Our data, together
with most literature** ™, indicate that PARPi induces autophagy as a
protective mechanism (Fig.1). PARPi generates reactive oxygen species
(ROS) and upregulates PTEN, a negative regulator of mTOR, thereby
enhancingautophagy, which clearsROS and whose inhibition sensitizes
cellstoolaparib through ROS accumulation. Increased autophagy also
promotes homologous recombination, increasing BRCA1and RAD51
recruitment to PARPi-induced lesions®'**, Although we do not define
anew mechanism of PARPi-induced autophagy, we reveal adirect cyto-
protective role of nucleophagy in processing trapped PARP1.

Pre-clinical studies in cell lines and organoids show that com-
bining PARPi and autophagy inhibitors is a promising strategy®’,
and autophagy upregulation is associated with olaparib resistance
in multiple cancer types, where its inhibition re-sensitizes resistant
cells®*'*, However, targeting autophagy is challenging due to its
pleiotropic effects during tumourigenesis, metastasis and within the
tumour microenvironment, reflected in mixed clinical responses to
chloroquine derivatives?*'?

Inour study, cells rendered resistant by chronic olaparib treatment
were re-sensitized to PARPiby TEX264 or ATG7 knockdown (Fig. 6f,g),
suggesting that specifically inhibiting nucleophagy of trapped PARP1
may overcome resistance while limiting off-target effects of broader
autophagy inhibitors. Moreover, analysis of clinical data indicates
that TEX264 expression significantly influences overall survival in
patients with HRD breast cancer (Fig. 6h,i). These findings highlight the
importance of TEX264-mediated nucleophagy in maintaining genome
stability and its potential utility for predicting therapeutic responses
and overcoming acquired PARPi resistance.
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Methods
Most unique materials, if not commercially available, are readily avail-
able from the authors uponreasonable request.

Afulllist of materials used is provided in Supplementary Table 8.

Ethical statement
This research complies with all ethical regulations.

Cell culture, transfection and drug treatment

CALS51 (DSMZ, ACC 302), HeLa (ATCC, CCL-2), MDA-MB231 (ATCC,
Htb-26) and RPE TP537 hTERT BRCAI”~ were maintained in Dulbec-
co’s modified Eagle medium (DMEM), supplemented with 10% fetal
bovine serum and 1x penicillin-streptomycin (Sigma-Aldrich). Cells
were tested for Mycoplasma regularly. Cells were transfected with
siRNA using Lipofectamine RNAiMAX according to the manufacturer’s
instructions, with experiments carried out 72 h after transfection.
Transient transfection with plasmids was carried out using FUGENE HD
Transfection reagent for microscopy-based experiments and polyethyl-
eneimine (PEI) transfection reagent for all other experiments, with both
used according to the manufacturer’s instructions. Drug treatments
were as indicated in the figure legends, with a vehicle control used
where appropriate. Talazoparib was used at 200 nM, MMS at 0.01%
and bafilomycin Alat 50 nM unless otherwise stated.

Generation of plasmids and stable cell lines

To generate pLX313-V5_EV, two overlapping oligos were ligated into a
pLX313 backbone cleaved at the ECORV/NHel restriction digest sites
toinsertaSTOP codon after the V5 tag. Ligation was performed using
NEBuilder HiFi DNA Assembly, then transformed into NEB stable com-
petent E. colicells. Successfully transformed colonies were identified
by colony PCR and sequenced by Source BioScience. pLX313-TEX264-V5
variant plasmids were generated similarly, using the oligonucleo-
tides listed in the Supplementary Table 8. TEX264 fragments were
PCR amplified using Q5 High-Fidelity DNA polymerase. Full-length
PARP1was cloned into Ncol and BamHI restriction sites in the pNIC28
vector in a similar way. TEX264 (34-313; 34-185; 186-313) carrying a
TEV cleavage sequence on the 5’-end was cloned by the Phanta Flash
Super-Fidelity DNA Polymerase. The fragment was then inserted into
the pCold-Ivectorat the Ndel site using the ClonExpress Ultra One Step
Cloningkit V2. pmCherry-PARP1-eGFP was generated by the Genome
Engineering and Transgenics facility at the MRC Wetherall Institute of
Molecular Medicine. PARP1 complementary DNA was amplified from
an existing plasmid and cloned by InFusion (Takara) into pmCherry-
eGFP (Addgene, #86639) at Agel restriction sites. InFusion reactions
were transformed into Stable2 competent E. coli, and correct colonies
were identified by Agel digestion and single-molecule sequencing
(Oxford Nanopore).

CALS51 TEX2647 cells were created by CRISPR-Cas9 knockout
of TEX264 using TEX264 CRISPR-Cas9 KO Plasmid (h) and TEX264
HDR Plasmid (h). Plasmids were transfected into CALS51 cells using
Fugene, and then the transfected cells were selected with 2 pg mi™
puromycin. Single-cell colonies were isolated by limiting dilution and
validated for TEX264 loss by western blot. Cells were induced to stably
express TMEM192-3HA, TEX264"T-V5, TEX264M7"-V5, TEX264"% -
V5 or eEV-V5 using lentiviral transduction with the following plas-
mids: pLJC5-Tmem192-3xHA (Addgene, 02930), pLX313-TEX264-V5,
pLX313-TEX264-SHP*-V5, pLX313-TEX264-LIR*-VS5, pLX313-V5_EV-VS5.
Lentiviral particles were generated in HEK293T cells by transfection
withtransfer plasmid for gene of interest, pAmphoR envelope plasmid
and A8.2R packaging plasmid (both a gift from V. D’Angiolella), using
PEltransfection. After 72 h, viral particles were collected, filtered and
added to CAL51 PARP1Y™-GFP, CAL51 PARP1¥S-GFP, CALS51 TEX264 ",
Hela TEX2647 cells, as required, with 16 pg ml™ Polybrene. Puromycin
or hygromycin was used to isolate TEX264 or TMEM192-3HA trans-
duced cells, respectively, before isolating and expanding single-cell

colonies by limiting dilution. Colonies were screened by western blot
andimmunofluorescenceto select cell lines that were stably expressing
TEX264 variants at a similar level to the endogenous.

Human retinal pigment epithelial RPE1BRCAI™" cells transduced
withhTERT and TP53-deleted” were cultivated in monolayersin DMEM
supplemented with 10% fetal bovine serumin the presence of 2 ug ml™
blasticidin. To generate PARP inhibitor-resistant cells, BRCA1”~ RPE1
cells were grown in the presence of increasing doses of olaparib for
3 months. In brief, cells were seeded to 50% confluency and initially
treated with 20 nM olaparib. Cells were allowed to grow to 80-90%
confluency, while fresh medium supplemented with the drug was
replaced every 2-3 days. The concentration of olaparib was increased
by 25% each time the cells were passaged to a final concentration of
76.25 nM. Viability assays were conducted to confirm resistance to
PARP inhibitors.

The sources of previously generated plasmids and cell lines are
listed in Supplementary Table 8.

Purification of recombinant proteins

TEX264 purification. All the TEX264 proteins were expressed by the
pCold cold shock system. E. coliRosetta (DE3) strain carrying the cor-
responding plasmid was grown in LB medium at 37 °C with constant
shaking until OD600 reached ~0.8. The culture was cold-shocked
at 15 °C for 30 min without shaking. It was induced by IPTG at a final
concentration of 0.5 mM at 15 °C for 24 h. The collected cell pellet
was resuspended in Eq Buffer (50 mM Tris-HCI, pH 7.4, 150 mM NacCl
and 0.5 mM TCEP-HCI) containing 0.2 mM phenylmethyl sulfonyl
fluoride (PMSF) and one tablet EDTA-free protease inhibitor cocktail
(Roche) and then processed by sonication. The lysate was centrifuged
at20,000 rpm for 30 min.

To purify His—-TEX264 (34-313), the supernatant was loaded onto
a5-mlHiTrap QFF column (Cytiva, 17515601) pre-equilibrated with Eq
Buffer. A linear 8 CV gradient of 150 mM to 1 M NaCl was performed.
TEX264 was eluted at arelatively lower salt concentration. Purer frac-
tions were concentrated for the final SEC purification via a HiLoad
16/600 Superdex 200 pg column (Cytiva, 28-9893-35) with the SEC
Buffer (50 mMHEPES, pH7.4,150 mM NaCland 0.5 mM TCEP-HCI). His—
TEX264-Gyrl (34-185) was purified similarly, except that the Eq Buffer
wasadjusted to pH 8.5. Alinear 8 CV gradient of 50 mMto1 M NaClwas
performed. Purer fractions were concentrated for the SEC purification
viaaHiLoad 16/600 Superdex 75-pg column (Cytiva, 28-9893-33) with
the same SEC Buffer. It was further concentrated as the final product.

His-TEX264-Cter (186-313) was purified by a one-step Ni-affinity
chromatography. In brief, the collected cell pellet was resuspended
in His-Eq Buffer (50 mM Tris-HCI, pH 7.4, 300 mM NaCl and 0.5 mM
TCEP-HCI) containing 0.2 mM PMSF, 30 mMimidazole and one tablet
of EDTA-free protease inhibitor cocktail (Roche) and then processed by
sonication. The lysate was centrifuged at 20,000 rpm for 30 min. The
supernatant from centrifugation was thenloaded onto a10-ml HisTrap
HP column (Cytiva, 17524802). His-TEX264-Cter was eluted with His-Eq
Buffer containing 300 mM imidazole. It was further concentrated as
the final product.

PARP1 purification. The E. coli Rosetta (DE3) strain carrying the
pNIC28-PARP1 plasmid was grown in LB medium at 37 °C with con-
stant shaking until OD,, reached ~1.0. The culture was induced by
IPTG at a final concentration of 0.5 mM at 20 °C overnight. The col-
lected cell pellet was resuspended in His-Eq Buffer (50 mM Tris-HCI,
pH7.4,300 mMNaCland 0.5 mM TCEP-HCI) containing 0.2 mM PMSF,
30 mMimidazole and onetablet of EDTA-free protease inhibitor cock-
tail (Roche) and then processed by sonication. The lysate was centri-
fuged at 20,000 rpm for 30 min. The supernatant from centrifugation
was then loaded onto a 15-ml HisTrap HP column (Cytiva). His—-PARP1
was eluted with His-Eq Buffer containing 300 mM imidazole. The elu-
tion was further concentrated for the SEC purification via a HiLoad
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16/600 Superdex200-pg column (Cytiva) with the SEC Buffer (50 mM
HEPES, pH 7.4, 150 mM NaCl and 0.5 mM TCEP-HCI). It was further
concentrated as the final product.

Immunofluorescence

Immunofluorescence was carried out as previously described®” with
detergent pre-extraction. Cells were seeded and grown on glass cov-
erslipsto 70-90% confluency. After one wash with PBS, pre-extraction
buffer (25 mM HEPES, pH 7.5, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl,,
300 mM sucrose and 0.5% (v/v) Triton X-100) was added on ice for
2-2.5 min. Cells were washed once with the same buffer without
Triton X-100 before fixing for 15 min on ice with 4% formaldehyde
in PBS. Coverslips were blocked with 5% BSA for 1 h at 37 °C, then
sequentially incubated with antibodies diluted in 2.5% BSA for 1 h at
room temperature. Antibodies used were anti-PARP1, anti-yH2AX,
anti-RPA, anti-53BP1, donkey anti-mouse Alexa Fluor 555 and don-
key anti-rabbit Alexa Fluor 488. Images were acquired using either
the Andor Dragonfly confocal or Nikon Ni-E widefield microscopes
and analysed with custom CellProfiler pipelines. For live-cell imag-
ing, cells were transfected with Lipofectamine 3000 (L3000001,
Invitrogen) to express the mCherry-PARP1-GFP reporter fusion
protein, and were seeded in 35-mm glass-bottom dishes (FD35-100,
WPI). LysoView680 (70086, Biotium) was added 30 min before begin-
ning the live imaging assay. Cells were imaged in FluoroBrite DMEM
(A1896701, Gibco) to reduce background fluorescence. Confocal
images were captured on an Olympus SpinSR SoRa spinning disc
confocal microscope usinga50-pum pinhole. A x60/1.30 NA lens was
used, and images were obtained using a Hamamatsu ORCA-Fusion
camera. The 3.2-um z-stacks were captured using a z-spacing of
0.4 um, over al-htime course at 30-s intervals. Theimages obtained
havea2,048 x 2,048-pixel resolution, with a pixel size of 0.107676 pm.
Maximum intensity projections (MIPs) were generated using CellS-
ens software. Post-acquisition image processing and analysis were
performed using Image]J/Fiji, and renderings were created in Imaris
(Oxford Instruments).

Western blot

Standard protocols were used for SDS-PAGE and subsequentimmuno-
blotting using either 0.22-um pore size PVDF (Bio-Rad) or nitrocellulose
(GE Healthcare) membranes to transfer proteins from homemade
polyacrylamide gels.

Cell survival assays

For colony-formation assays, cells were seeded in six-well plates at
1,000 cells per well for WT and 1,500 cells per well for TEX264 " cells.
After16 h, cells were treated for 24 h, then allowed to grow inrecovery
medium for 6-10 days until colonies were 20-50 cells in diameter.
Wells are washed with PBS, then fixed in 100% methanol for 10 min
before staining in crystal violet (1.23 mM crystal violet, 1% formalde-
hyde, 1% methanol and 1x PBS). Colonies were scanned and counted
using GelCount (Oxford Optronix). For resazurin assays, 500-1,000
cells per well were seeded in black-well flat-bottom 96-well plates. The
following day, treatment was added for the time described in the figure
legends. After treatment was complete, the medium was replaced with
fresh medium containing 30 ug ml™ resazurin for 4-6 h. Resazurin
medium was added to three empty wells to serve as a blank control.
Fluorescence was measured at 570 nmusing a plate reader. The aver-
age fluorescence detected in the blank sample was subtracted from
eachreadingto normalize for background signal. For both assays, all
conditions were in technical triplicate. Resazurin assays were more
commonly used when experiments required depletion by RNAI, as
this often affected colony formation. The shorter time course of resa-
zurin assays was also more suited to depletion-based experiments, as
low protein levels could be maintained more reliably than in longer
colony-formation assays.

Chromatin fractionation and co-immunoprecipitation
Chromatinfractionation and co-immunoprecipitation were performed
as previously described®. In brief, sub-confluent cells were collected
in PBS containing 3 mM EDTA. The nuclear pellet was isolated by lysis
inbuffer A (10 mM HEPES, pH 7.45,10 mM KCl, 340 mM sucrose, 3 mM
EDTA, 10% glycerol, protease and phosphatase inhibitors, NEM and
0.1% Triton X-100), then chromatin was isolated in buffer B (3 mM
EDTA, 0.2 mM EGTA, 5 mM HEPES, pH 7.9, protease and phosphatase
inhibitors and NEM). Soluble chromatin was recovered by digestionin
Benzonase buffer (50 mM Tris-HCI, pH 7.9,100 mM NacCl, 10 mM MgCl,
and 125 U ml™ benzonase). An input sample was taken, and 50 pg ml™
ethidium bromide was added to the remainder. PARP1-GFP was cap-
tured from the soluble chromatin fraction on GFP-trap beads, previ-
ously blocked in 5% BSA. Beads were washed three times for 15 min with
IP wash buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.5 mM EDTA,
0.05% Triton X-100, protease and phosphatase inhibitors and NEM),
before elution with Laemmli buffer.

Biochemicalisolation of aggregates

Theisolation of aggregates was performed as previously described®.
In brief, CALS51 cells were treated for 1 h with talazoparib and MMS,
followed by talazoparib with or without bafilomycin Al for 18 h. Cells
were collected and lysed with Benzonase to collect the soluble frac-
tion. The pellet was washed with a buffer containing 1.5% SDS to collect
the SDS-soluble fraction. The SDS insoluble fraction was solubilized
with 100% formic acid and sonication, before evaporating the formic
acid and resuspending the pellet in Laemmli buffer for running by
westernblot.

Proximity ligation assay

PLA was performed using the Duolink In Situ PLA kits, following the
manufacturer’s protocol. Either CALS51 cells stably expressing both
PARP1-GFP and TEX264-V5, or HeLa cells expressing lamin A/C-GFP
stablyand TEX264-V5 transiently, were seeded and grown on glass cov-
erslips to 70-90% confluency. After treatment, cells were fixed with 4%
formaldehydein PBS for 10 min, then permeabilized with 0.25% Triton
X-100 for 10 min. After three washes in buffer A (150 mM NaCl, 10 mM
Tris, pH 7.4 and 0.05% Tween 20), cells were blocked in the provided
blocking reagent. Further washesin buffer A were followed by incuba-
tion with anti-GFP and anti-V5 primary antibodies (1:500 dilution).
Coverslips were then incubated with PLA PLUS and MINUS probes.
Cellswereincubated with ligase followed by polymerase, with washes
inbuffer Abetween each step. Coverslips were then washed twice with
wash buffer B (100 mM NaCland 250 mM Tris, pH 7.5) before staining
with DAPI (1:1,000 dilution) for 10 min. Finally, coverslips were washed
twice with buffer A and once with 0.01x buffer B before mounting using
ProLong Glass Antifade Mountant. Images were acquired using a TCS
SP8 laser scanning confocal microscope (Leica). A x63 1.2 NA water
immersion objective lens was used for acquisition, with the confocal
pinhole size set to 111.4 pm. Images were scanned at 2,048 x 2,048,
with a pixel size of 90 nm. Analysis was carried out using ImageJ and a
bespoke pipeline on CellProfiler.

Immunoprecipitation of intact lysosomes

LysolP was performed as previously described®®. In brief, cells express-
ing TMEM192 were collected and washed in KPBS (136 mM KCl and
10 mM KH,PO,, adjusted pH 7.25 with KOH) before an input sample
was taken. Cells were homogenized with 15 strokes ina Dounce homog-
enizer, then centrifuged at 1,000g for 2 min. Supernatant containing
organelles, including lysosomes, was loaded onto anti-HA magnetic
beadsandincubated for15 minonarotatingwheelat4 °C.Beads were
washed five timesin KPBS, then eluted in Laemmli for analysis by west-
ern blotting. Quantification of band intensity was performed using
ImageJ. PARP1 levelsin the LysolP fraction were normalized by dividing
by the HA level in the LysolP fraction. Each set of biological replicates
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was then normalized to a single reference condition to express PARP1
levels as fold-change values.

mCherry-PARP1-GFP assay
For fixed imaging, cells transfected with mCherry-PARP1-GFP were
seeded on glass coverslips, as for immunofluorescence. After treat-
ment, coverslips were washed once in PBS and fixed with 4% formalde-
hydein PBS for 15 min, then washed three times with 0.01% BSA in PBS,
beforeincubationwith 4,6-diamidino-2-phenylindole (DAPI) for 30 min
inthe dark. After a further three washes, coverslips were mounted on
glassslides using Invitrogen ProLong Glass Antifade Mountant. Images
were acquired using a TCS SP8 laser scanning confocal microscope
(Leica), as described for PLAs, and analysed using Image]J. Quantifica-
tion was performed manually by observing the number of red cytosolic
puncta per cell, with only punctain proximity to the nucleus counted.
For live-cell imaging, cells transfected with Lipofectamine 3000
(L3000001, Invitrogen) to express the mCherry-PARP1-GFP reporter
fusion protein were seeded in 35-mm glass-bottom dishes (FD35-
100, WPI). LysoView680 (70086, Biotium) was added 30 min before
beginning the live imaging assay. Cells were imaged in FluoroBrite
DMEM (A1896701, Gibco) to reduce background fluorescence. Confo-
cal images were captured on an Olympus SpinSR SoRa spinning disc
confocal microscope using 50 pum pinhole. A x60/1.3 ONA lens was
used, and images were obtained using a Hamamatsu ORCA-Fusion
camera. The 3.2-pm z-stacks were captured using az-spacing of 0.4 pm
over a1-h time course at 30-s intervals. The images obtained have a
2,048 x 2,048-pixel resolution, with a pixel size of 0.107676 um. MIPs
were generated using the CellSens software. Post-acquisition image
processing and analysis were performed using Image]J/Fiji, and render-
ings were created in Imaris. Further details on image acquisition and
processing are provided in Supplementary Table 9.

Proteostat aggregates assay

For FACS, cells in six-well plates were treated with talazoparib and
MMS for 2 h, followed by treatment with talazoparib only for 18 h.
After collecting with trypsin, cells were washed in PBS, then the cell
pellet was resuspended in 200 pl PBS. This was added dropwise into
1 mlof 4% formaldehyde with slow vortexing. After 30 min of fixation
atroom temperature and one wash with PBS, cells were resuspended
and added as for fixation into 1 ml of permeabilization buffer (0.5%
Triton X-100 and 3 mM EDTA, pH 8.0) in PBS. After 30 min onice, cells
were washed with PBS. Cells were transferred through the cell strainer
cap of a FACS tube (352235, Corning) to remove debris, then centri-
fuged at 800g for 10 min. The cell pellet was resuspended in 500 pl of
PROTEOSTAT Aggresome Red Detection Reagent diluted 2,500-fold
in1x Assay Buffer and incubated for 30 minin the dark. Samples were
analysed in the FL3 channel of an LSR Fortessa. Immunofluorescence
of aggregates was carried out in a very similar way to standard immu-
nofluorescence, with the proteostat dye applied to coverslips after
fixation and permeabilization.

Invitro immunoprecipitation

The purification of required proteins is described in detail above.
PARP1-trap beads were washed in permissive buffer (50 mM HEPES,
pH 7.4, 500 mM Nacl, 0.01% Triton X-100 and 1 mM TCEP-HCI), fol-
lowed by blocking in the same buffer containing 5% BSA for 1 h. After
two further washes in permissive buffer, PARP1 was loaded in 150 pl
permissive buffer to a concentration of 2.5 M and incubated with
rotationfor1hat4 °C.Beads were washed three times with permissive
buffer, followed by one wash with a more stringent buffer containing
0.1% Triton X-100. TEX264 was incubated with blocked beads in paral-
lel to remove proteins prone to non-specific binding. TEX264 in the
supernatant was added to PARP1-bound beads in 150 pl permissive
buffertoaconcentration of 2.5 uM, and aninput sample was collected
beforeincubating with rotation for2 hat 4 °C.Beads were washed twice

with permissive buffer, then three times with stringent buffer before
resuspending in Laemmli buffer containing 100 mM dithiothreitol
(DTT) for analysis by western blot.

Hydrogen-deuterium exchange mass spectrometry

Sample preparation. We designed HDX-MS experiments to map the
PARPlinteractioninterface on TEX264, while also obtaining structural
and mechanistic insights into the complex formation itself. TEX264
protein stocks were provided at 20 pM in 50 mM TRIS and 10 mM
reduced glutathione. PARP1 protein stocks were provided at 19 uM
in 50 mM HEPES, 150 mM NaCl and 0.5 mM TCEP. TEX264 was incu-
bated with (holo-state) and without (apo-state) PARP1 for 60 min at
roomtemperature to enable the complete formation of the complex.
A molar ratio of 3:1 (PARP1:TEX264) was used. Samples were diluted
over the course of the labelling experiment to achieve a final TEX264
concentration of 20 pmol on the column.

Data acquisition. We implemented an HDX-MS strategy similar to
that, which we recently described"’. In brief, we prepared a deuterium
oxide D,0 (99+ %D, Cambridge Isotope Laboratories) labelling buffer
supplemented withidentical buffer conditions to those of the protein
stocks. The pH was corrected to pD 7.42 (pD = pH + 0.4). A quench-
ing buffer of 0.8% formic acid, pH 1.08 in H,0, was prepared. For the
labelling reaction, samples were diluted in the deuterium labelling
buffer in a 1:10 ratio to achieve a final excess D,0 concentration of
90%. Labelling time points of 0.5,10 and 60 min were sampled at 20 °C,
with matching non-deuterated controls in H,0 buffer. A minimum of
triplicate analyses was obtained for each time point and condition.
Atthe end of each labelling time, the reaction was stopped by adding
quench buffer (1:1 ratio) to reach a final pH of 2.49. Protein samples
were digested with a pepsin and protease XllIl acidic dual protease
column (2.1 x 3.0 mm; NovaBioAssays) at 8 °C for 3 min. Peptides
were subsequently trapped on a1.0 x 5.0 mm, 5.0-pum trap cartridge
(Thermo Scientific Acclaim PepMap100) for desalting using a flow
rate of 150 pl min™. Peptides were separated on a Thermo Scientific
Hypersil Gold column (50 x 1 mm, 1.9 um, C18) by a linear gradient of
5%to40%Buffer B (A, waterand 0.1% FA; B, ACN and 0.1% FA) and a flow
rate of 40 pl min™. To limit peptide carry-over, a protease wash of 2M
guanidine and 0.8% formic acid, pH 2.3 in H,0 was performed after
eachinjection. Tominimize back-exchange, the liquid chromatography
system was maintained at atemperature of 1.5 °C. Labelling, quenching
andonline digestionsteps were performed with the aid of an automated
HDX robot from Trajan Scientific and Medical, which was guided by
Chronos software (v.5.4.1). Samples were acquired in MS1 mode on a
Thermo Scientific Orbitrap Exploris 480 Hybrid mass spectrometer.

Data analysis. In the first instance, an unspecific digested database
of non-deuterated TEX264 and PARP1 peptides was generated in BioP-
harma Finder (v.5.2) using a data-dependent and targeted HCD-MS2
acquisitionregime. Processing and curation of the labelling datawere
performed with the aid of HDExaminer v.3.4.2 (Trajan Scientific and
Medical). The charge state with the highest quality spectra for all rep-
licates for each peptide across all HDX-MS labelling times was used in
the final analysis. AlphaFold was used to compare apo- and holo-states
of TEX264 and the impact of PARP1 binding. Significant differences
observed at each residue of the protein were used to map HDX-MS
consensus effects (based on overlapping peptides) onto the AlphaFold
model of TEX264. AllMS raw files were deposited in ProteomeXchange
(https://www.proteomexchange.org/) under the unique identifier
PXD071389.

RNA extraction and sequencing

For RNA-seq experiments, RNA was extracted from TEX2647 Hela
and CALSI cells using the GeneJet RNA purification kit, carried out
according to the manufacturer’s instructions. RNA was quantified
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by nano-drop to ensure the concentration was higher than 20 ng pl?,
and both the 260/230 and 260/280 ratios are above 2.0 to indicate
sufficient purity. Three biological repeats were sent to Novogene for
sequencing, RNA sample quality control, mRNA library preparation
(polyA enrichment), llluminasequencing and bioinformatic analysis.
Bioinformatic analysis performed by Novogene included (1) data qual-
ity control and filtering; (2) mapping to reference genome GRCh38/
hg38; (3) gene expression quantification and correlation analysis; (4)
differential expression analysis; (5) enrichment analysis; and (6) gene
setenrichment analysis.

Genome-wide CRISPR-Cas9 screens analysis

Genome-wide CRISPR/-Cas9 screens were previously published-®.
For the analysis in this study, quality control was performed using R
software (R Core Team, 2024). Sequence alignment and enrichment
analysis (day O versus PARPi-treated population) were carried out using
the MAGeCK Maximum Likelihood Estimation (MLE) module®! and
the R package MAGeCKFlute'. The dataset of MAGeCK MLE analysis
results of the CRISPR-Cas9 screen on RPE1I-hTERT cells was extracted
from the Supplementary Table 1 of Noordermeer et al.”. Datasets
were robustly z-normalized and filtered against an untreated control
population. Genes were considered depletion hits only when scoring
at least two s.d. under the median of each screen, under the treated
condition and not in an untreated control population. Functional
enrichment analysis was performed using the R package clusterPro-
filer'” onthe KEGG Pathways™*, Reactome', GO: Biological Process'™*
and Complex' databases.

Survival analysis based on TEX264 expression and HRD status
The unadjusted RNA-seq gene counts from the SCAN-B cohort"* were
obtained (https://data.mendeley.com/datasets/yzxtxn4nmd/4), and
read count normalization using DESeq2 (v.1.38.3) was conducted. The
analysis was limited to TNBC (n = 712) in the SCAN-B cohort, as HRD
survival trends were previously observed to differ between TNBC and
HER2" and ER* subtypes"™”,

To annotate the HRD status of each patient in the SCAN-B cohort,
a 228-HRD gene set from Jacobson et al.'*® was used, to carry out
non-negative matrix factorization (NMF package v.0.26, method = bru-
net, nrun =100) to identify gene expression signatures associated with
HRD. Inaddition, FPKM-normalized gene expression data from patients
with TNBC (n =312) in the TCGA-BRCA cohort were obtained from the
GDC Data Portal (https://portal.gdc.cancer.gov/) to correlate HRD
gene expressionsignatures in tumours previously annotated”® as HRD
and HRP. Signature tnbc.2 correlated with HRD tumours in the TCGA
cohort (Extended DataFig.10e) and matched signature scan-b 4, with
a Pearson correlation of 0.86 (Extended Data Fig. 10f) in the SCAN-B
cohort. SCAN-B TNBCs with proportion of scan-b 4 signature weights
>0.25were annotated as HRD.

SCAN-B tumours were stratified using TEX264 expression
based on quartiles, with the highest quartile as TEX264-high, the
lowest quartile as TEX264-low and the remaining tumours labelled
as TEX264-intermediate.

Survival analysis was performed in R using the survival pack-
age (v.3.5-5) with overall survival as the endpoint. Survival curves
were compared using Kaplan-Meier curves generated using the sur-
vminer (v.0.5.0) package, and statistical tests were performed using
alog-rank test.

Statistics and reproducibility

Image data analysis and representation were carried out using CellPro-
filer (Broad Institute) and Image]J (National Institutes of Health (NIH);
https://imagej.net/Fiji/Downloads).Images are shown with scale bars
of 10 pm unless otherwise stated. Graphs were plotted and statisti-
cal analysis was performed using Prism v.10 (GraphPad Software).
A minimum of 150 cells was quantified per condition. No statistical

method was used to predetermine the sample size for any experi-
ment, but sample sizes were comparable with those reported in similar
studies. CellProfiler ensured blinding during quantification to limit
bias. Data collection and analysis were not performed blind to the
conditions of other experiments, and investigators were not blinded
toallocation during experiments and outcome assessment. For some
imaging experiments with large datasets, Prism’s inbuilt rapid regres-
sion and outlier removal method was used. A g value of 1 was applied
to ensure any outliers were detected with an FDR <1%. No other data
were excluded fromthe analyses. Unless otherwise stated, experiments
were not randomized. All experiments were performed at least twice,
with the number of replicates indicated in the figure legends. Error
bars show s.e.m. Tukey box plots are standard, where the centre line
represents the median, the box indicates the interquartile range, and
whiskersindicate1.5 x interquartile range. Statistical significance was
assessed using two-sided Student’s t-tests, one-way ANOVA or two-way
ANOVA, as indicated in the figure legends. Where appropriate, multi-
ple comparison post hoc tests were applied as indicated in the figure
legends. Asterisks are used to indicate Pvalues (NS, P> 0.05; *P < 0.05;
*P<0.01;,***P<0.001;***P < 0.0001). Data distribution was assumed
to be normal, but this was not formally tested.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Alldatagenerated, analysed and used in this study areincludedin this
published article and its Supplementary Information and Source Data.
All other data supporting the findings of this study are available from
the corresponding author onreasonable request. All plasmids gener-
ated in this manuscript will be deposited in Addgene (https://www.
addgene.org/browse/). Plasmids should be requested directly from
Addgene. Celllines created in this study are available from the corre-
sponding author upon reasonable request. Source data from published
CRISPRscreens are availablein the European Nucleotide Archive (ENA)
under accession number PRJEB74933 for data from Dibitetto etal.” and
insupplementary table1ofNoordermeer et al.”. Published mass spec-
trometry data® are available in the ProteomeXchange Consortiumvia
the PRIDE partner repository (dataset identifier PXD024337). RNA-seq
datathatsupportthefindings of this study have been depositedinthe
Gene Expression Omnibus (GEO) under accession codes GSE277366.
Mass spectrometry data have been deposited in ProteomeXchange
with the primary accession code PXD071389. Microscopy data gener-
ated in this study have been deposited in the Biolmage Archive under
accession number S-BIAD3162 (https://www.ebi.ac.uk/biostudies/
bioimages/studies/S-BIAD3162), where they are freely available in a
lossless format. Source data are provided with this paper.
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CRISPR screens, shown in Fig. 1b ref. 31,76. Functional Enrichment analysis

was performed using the R package clusterProfiler on the KEGG Pathways,
Reactome, Gene Ontology: Biological Process and Complex databases. (c)

List of lysosome-related genes shown by blue dots in Fig. 1b. (d) KEEG pathway
enrichment analysis of PARP1 proximity labelling mass spectrometry data from
Krastev etal. (2022)*, performed using Enrichr. Terms were filtered for -log(P)
values > 2, and ranked from top to bottom by significance, with autophagy
appearing 8" and proteasome appearing 14,

Extended Data Fig. 1| Functional pathway analysis in PARPi response.

(a) Gene set enrichment analysis from RNA-seq of genes differentially expressed
after treatment with talazoparib (100 nM, 24 h). KEGG pathway enrichment
analysis was performed on differentially expressed genes identified by DESeq2
(FDR < 0.05) using Enrichr. Gene ratio represents the proportion of input genes
associated with each pathway. Pvalues were adjusted for multiple testing using
the Benjamini-Hochberg method and are indicated by colour. The number

of genes differentially expressed (gene count) is indicated by bubble size.

(b) Functional enrichment analysis combined from two whole-genome PARPi
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Extended Data Fig. 2| Additional datasupporting Fig. 1. (a) Cell viability t-test. (d) Immunoblot validating depletion of ATG9A in fig C. Representative
measured by resazurin assay in dox-inducible shATG7 HeLa cells treated with image of three biological replicates. (e) Cellular fractionation of HeLaWT and
talazoparib with or without torin-1 (150 nM) for 24 h, followed by 48 hrecovery. TEX264 7 cells treated with the indicated drugs for 3 h. The lower panel shows
n=3independent biological replicates, mean * s.e.m.; statistical analysis was quantification from 4 biological repeats. mean + s.e.m.; statistical analysis was
performed using two-way ANOVA with Dunnett’s multiple comparisons test. performed using one-way ANOVA with Dunnett’s multiple comparisons test.
(b) Immunoblot validating depletion of indicated proteins for Fig. 1e and f. Cell (), Immunoblotting validating depletion of p97 and ATG7 for experiments in
linesare HeLa WT (left lane), HeLa doxycycline-inducible shATG7 (middle lane) Fig.1gand h. Representative image of three biological replicates. Statistical
and HeLa STX17*® (right lane). (c) Cell viability measured by resazurin assay analyses are indicated in each panel. Statistical significance was defined as: ns,
inHela cells with depletion of ATG9A using siRNA, treated with talazoparib notsignificant; *P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001. Exact Pvalues,
for24 h, followed by 48 hrecovery. n =3 independent biological replicates, source numerical dataand unprocessed blots are available in Source Data.

mean + s.e.m.; statistical analysis was performed using two-sided unpaired
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Extended Data Fig. 3| Additional datasupporting Fig. 2 and Fig. 3.

(a) LysolP in CALS1 cells stably expressing either PARP1"" or DNA-binding mutant
PARP1del.p.119K120S (PARP1*) treated with the indicated drugs for 3 h.

(b) Quantification of (A). Lysosomal PARP1 signal intensity was normalized

by dividing by the input PARP1signal and lysoIP HA signal. n = 7 independent
biological replicates; mean + s.e.m.; statistical analysis was performed using
atwo-sided unpaired t-test. (c) LysolP in HeLa cells treated with the indicated
drugs, including niraparib (500 nM) for 3 h. (d) Quantification of PARP1levels
in (c), normalized to bafilomycin Al-treated. n = 3independent biological
replicates; mean + s.e.m.; statistical analysis was performed using a two-sided
unpaired t-test. (e) Immunoblot showing HeLa cells either untransfected or
transfected with mCherry-PARP1-GFP (mCh-P1-GFP) for 24 h, then treated with
theindicated drugs for 3 h. Representative images of two biological replicates
(f) Representative z-projected images from live-cell imaging of HeLa cells
transfected with the mCherry-PARP1-GFP reporter fusion protein (19 h post-
transfection) and stained with LysoView680. Time stamps indicate the elapsed
time from the start of imaging for the event shown; the times of Talazoparib and
MMS addition are indicated in brackets in the first panel. Imaging was stopped
before complete degradation of the [ysosomal content. Scale bar, 10 pm; inset
scale bar,1 um. Arrows mark two earlier events in the same nucleus occurring

15 minutes and 18 min after talazoparib and MMS addition, respectively. The
third event (denoted by the square) occurs at 24min30s after the addition of
talazoparib and MMS addition. (g) Two different orientations of the Imaris 3D
rendering at 6 minutes of the nucleus and surrounding lysosomes as categorized
by mCherry-PARP1-GFP and LysoView680, respectively. Arrows mark the

same lysosome as shown in (f). Yellow, nucleus; Near transparent, lysosomes;
Red, mCherry-PARP1-GFP inacidic environment (GFP quenched). Scale bar,

5 um. (h) LysolP in HeLa cells with overexpression of either RNF4 WT (RNF4%T")

or RNF4 dominant-negative M136A + R177A mutant (RNF4°") treated with the
indicated drugs for 3 h. (i) Quantification of PARP1 levels in (f), normalized to the
treated control. n =3 independent biological replicates; mean + s.e.m.; statistical
analysis was performed using one-way ANOVA with Siddk’s multiple comparisons
test. (j) LysolP in HeLa cells depleted of UFD1 using two different siRNA
sequences treated with the indicated drugs for 3 h. (k) Quantification of PARP1
levels in (H), normalized to the treated control. n = 3independent biological
replicates; mean + s.e.m. Statistical analysis was performed using one-way
ANOVA with Sidak’s multiple comparisons test. Statistical analyses are indicated
ineach panel. Statistical significance was defined as: ns, not significant; *P < 0.05;
**P < 0.01;***P < 0.001; ***P < 0.0001. Exact Pvalues, source numerical dataand
unprocessed blots are available in Source Data.
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Extended DataFig. 4| Additional data supporting Fig. 4. (a) Colony formation cells depleted of UFD1 by siRNA or with TEX264 7~ from 3 biological repeats

assayinHeLaWT and TEX264 7" cells treated with niraparib for 24 h. Data and n =393 (HelLasiCtrl Tala); n =446 (HeLa siUFD1 #1Tala); n = 275 (HeLa
represent three biological repeats; mean + s.e.m.; statistical significance was TEX264~/-Tala) cells. (f) Immunoblotting validating knockdown or knockout
assessed by two-sided paired t-test. (b) Images of trapped PARP1 as detected of proteinsin (e). Graphs in (c) and (e) are shown as box-and-whisker plots with
by pre-extraction immunofluorescence in MDA-MB231 cells depleted for median (centre line), interquartile range (box limits, 25th-75th percentiles), and
indicated proteins and treated with talazoparib and MMS. Scale bar, 10 um. whiskers extending to 1.5x IQR; outliers are shown as individual points. Statistical
(c) Quantification of trapped PARP1levels in (b) from two biological repeats analysisin (c) and (e) was performed using one-way ANOVA with Siddk’s multiple
andn =167 (siCtrlutd); n =161 (siCtrl Tala + MMS); n = 116 (siUFD1 Tala + MMS); comparisons test. Statistical significance was defined as: ns, not significant;
n=111(siTEX264 #1Tala+ MMS); and n =92 (siTEX264 #2 Tala + MMS) cells. (d) *P<0.05;*P<0.01; **P< 0.001; ****P < 0.0001. Exact Pvalues, source numerical
Validation of depletion for (b and ¢) by immunoblotting. (e) Quantification of dataand unprocessed blots are available in Source Data.
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Extended DataFig. 5| Additional data supporting Fig. 5. (a) Invitro

pulldown of PARP1-GFP combined with TEX264, showing interaction between
the two proteins. Representative images of three biological replicates.

(b) Hydrogen-Deuterium eXchange (HDX-MS) data showing changes in
deuterium exchange along the length of TEX264 when combined with PARP1 for
305,10 mins or 60 mins. The green boxes below highlight potential interacting
regions. (c) AlphaFold2-predicted structure of TEX264 (AF-Q9Y619-F1-v6) used
for mapping HDX-MS data. The top panel shows the predicted aligned error (pAE)
matrix. The bottom panel displays the structural model coloured according

to pLDDT score. (d) /nvitro pulldown of PARP1-GFP combined with TEX264""
(variant 1) or variants including either the C-terminal (2) or N-terminal (3) regions.
Variants 1and 2 display interaction, while variant 3 does not. Representative
images of three biological replicates. (e) Co-immunoprecipitation of GFP

from the chromatin fraction of HeLa cells stably expressing PARP1-GFP after
treatment with talazoparib and MMS for 3 h. Cells expressed either TEX264%""
oravariant lacking the a-helix region indicated in the schematic (above). The
schematic shows the alignment of this variant to sites of interest highlighted
by HDX-MS. Representative images of three biological replicates. (f) Control
conditions for proximity ligation assay between GFP and V5 in cells stably
expressing PARP1-GFP and either TEX264-V5 or empty vector (EV)-V5, shown
in Fig. 5f. Either or both anti-GFP or anti-V5 antibodies are used as indicated.
Scale bar is 10 pm. Representative images of three biological replicates.

(g) Immunoblot validating the stable expression of TEX264 variants in TEX264 ™7
CALS51cells used in Fig. 5j. Representative images of three biological replicates.
Source unprocessed blots are available in Source Data.
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Extended DataFig. 6 | Additional data supporting Fig. 5. (a) PLA between GFP
and V5inHeLa cells stably expressing lamin-GFP and transiently expressing
TEX264-V5. The PLA reaction was performed with anti-GFP and anti-V5 primary
antibodies, where indicated, showing the specificity of the PLA signal for TEX264
and lamin A/C in proximity. Scale bar, 10 um. (b) LysolP in HeLa cells treated

with theindicated drugs for 3 h, including nuclear pore inhibitor leptomycin B
(10 nM). (¢) Quantification of PARP1 levels in (b), normalized to treated control.
n=3independent biological replicates; mean + s.e.m.; statistical analysis was

performed using two-sided unpaired t-test. (d) LysoIP in HeLa cells treated

with theindicated drugs for 3 h, including ATM inhibitor VE-822 (1 uM).

(e) Quantification of PARP1 levelsin (d), normalized to the treated control.
n=3independent biological replicates; mean + s.e.m.; statistical analysis was
performed using one-way ANOVA with Siddk’s multiple comparisons test;
P=0.0258.Source numerical data and unprocessed blots are available in Source
Data.
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Extended DataFig. 7 | Disruption of TEX264 causes PARPi-induced
replication-associated DNA damage. (a) Volcano plot showing differential
gene expression in HeLa (left) or CAL51 (right) by RNA-seq. Comparison is
between TEX2647~and WT cells after treatment with talazoparib (100 nM,

24 h). Genes relating to DNA damage response are coloured as shown. TEX264
islabelled. Differential gene expression analysis was performed using DESeq2,
with Pvalues adjusted for multiple testing using the Benjamini-Hochberg
false discovery rate (FDR) method. The grey line shows the adjusted P-value

of 0.05. (b) Immunoblotting of replication stress markers in HeLaWT and
TEX264 7 cells treated with talazoparib for 24 h. (c) RPA, 53BP1and yH2AX foci
inHeLa WT and TEX264 7" cells after 24 hrs talazoparib treatment. Scale bar,
10 um. (d) Quantification of fociin (c). Data are from three biological replicates
andn=1,035(WTutd), n=826 (WT Tala); n =874 (TEX264~/-utd) and n = 724

(TEX264-/-Tala) cells. () yH2AX and RPA fociin CAL51 WT and TEX264 ™ cells
treated with either talazoparib or veliparib (10 pM) for 24 hrs. Scale bar, 10 pm.
(f) Quantification of foci in (e). Data are from 3 biological repeats and n = 461
(WT utd); n=356 (WT Tala); n =294 (WT Veli); n = 297 (TEX264—/-utd); n = 261
(TEX264~-/-Tala) and n =300 (TEX264~/- Veli) cells. Graphsin (d) and (f) are
shown as box-and-whisker plots with median (centre line), interquartile range
(box limits, 25th-75th percentiles), and whiskers extending to 1.5 IQR; outliers
are shown asindividual points. Statistical analyses in (d) and (f) were performed
using one-way ANOVA with Siddk’s multiple comparisons test. Statistical
significance was defined as: ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001;
***P < (0.0001. Exact Pvalues, source numerical dataand unprocessed blots are
available in Source Data.
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Extended Data Fig. 8 | Disruption of p97 causes PARPi-induced
replication-associated DNA damage. (a) yH2AX and RPA fociinHeLa WT,
TEX2647 or TEX264 7" cells stably expressing indicated TEX264 variants,
treated with talazoparib for 24 hrs. (b) Quantification of fociin (a). Data are

from four biological repeats and n =340 (WT utd); n =178 (WT Tala); n = 238
(TEX264—/-utd); n =189 (TEX264—-/-Tala); n =138 (TEX264—-/-+ WT Tala);

n =138 (TEX264~/- + SHP Tala); and n =150 (TEX264-/- + LIR Tala) cells.

(c) YH2AX and RPA fociin HeLa WT cells treated with talazoparib for 24 hrs with
or without CB-5083 (10 uM) for the last 4 hrs. (d) Quantification of fociin (c). Data
are from three biological repeats and n =456 (WT utd); n =385 (WT Tala); n =490
(WT CB-5083); and n =340 (WT CB-5083 + Tala) cells. (¢) yH2AX and RPA foci in
HeLa doxycycline-inducible shATG7 cells treated with talazoparib for 24 hrs with

Hxkk Axkk

RPA foci normalised

+ Tala + +

Dox o+

or without doxycycline. (f) Inmunoblot validating the reduction in PAR and ATG7
levels when doxycycline-inducible shATG7 cells are treated with talazoparib and
doxycycline, respectively. (g) Quantification of fociin (e). Data are from three 3
biological repeats and n =503 (utd); n =385 (Tala); n = 584 (Dox utd); and n = 416
(Dox Tala) cells. Graphsin (b), (d) and (g) are shown as box-and-whisker plots
withmedian (centre line), interquartile range (box limits, 25th-75th percentiles),
and whiskers extending to 1.5 IQR; outliers are shown as individual points.
Statistical analysesin (b), (d) and (g) were performed using one-way ANOVA with
Sidak’s multiple comparisons test. Statistical significance was defined as: ns, not
significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Exact Pvalues, source
numerical dataand unprocessed blots are available in Source Data.
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(b) Kaplan-Meier plot of SCAN-B TNBC by TEX264 expression based on the
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XX X XK

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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X X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection No code or software was used to collect data.

Data analysis R software (R Core Team, 2024); R package clusterProfiler (DOI: 10.1016/j.xinn.2021.100141), MAGeCK Maximum Likelihood Estimation (MLE)
module (DOI: 10.1186/s13059-015-0843-6); R package MAGeCKFlute (DOI: 10.1038/s41596-018-0113-7); Image) (NIH, https://imagej.net/Fiji/
Downloads), CellProfiler (Broad Institute, https://cellprofiler.org/), GraphPad Prism (GraphPad Software, https://www.graphpad.com).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data generated, analysed and used in this study are included in this published article and its supplementary Information. Source data from published CRISPR
screens is available in the European Nucleotide Archive under accession number PRJIEB74933 (https://www.ebi.ac.uk/ena/browser/view/PRIEB74933) for data from
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Dibitetto et al., (2024)73 and in Supplementary Table 1 of Noordermeer et al., (2018)30. Published mass spectrometry data39 is available in the ProteomeXchange
Consortium via the PRIDE partner repository (dataset identifier PXD024337). Source data for RNA-seq experiments is deposited in Gene Expression Omnibus and
can be accessed using the GEO accession number GSE277366. To review GEO accession GSE277366:

Go to https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE277366

Enter token ctmpawmobduxpgh into the box

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender This information was not collected as no research was conducted using human participants, their data or primary biological
material.

Reporting on race, ethnicity, or | This information was not collected as no research was conducted using human participants, their data or primary biological
other socially relevant material.

groupings

Population characteristics This information was not collected as no research was conducted using human participants, their data or primary biological
material.

Recruitment This information was not collected as no research was conducted using human participants, their data or primary biological
material.

Ethics oversight No ethics approval was required for this study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was not predetermined and varied based on experimental need. For microscopy experiments, a sample size was a minimum of
100 cells for each biological repeat, although this was often much higher due to higher availability of cells.

Data exclusions | No data were excluded from analyses.

Replication All findings were replicated over at least two biological repeats, but more often over three. Three technical replicates were included for cell
survival and viability experiments.

Randomization  Thisis not relevant to this study. To avoid bias during analysis, unbiased software such as CellProfiler was used where applicable.

Blinding Blinding was not used in this study. To avoid bias during analysis, unbiased software was used wherever possible instead of manual analysis.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies D ChIP-seq

Eukaryotic cell lines D Flow cytometry

D Palaeontology and archaeology IZI D MRI-based neuroimaging

D Animals and other organisms
Clinical data

D Dual use research of concern

|:| Plants
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Antibodies
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Antibodies used Anti-PARP1 (E102), ab32138, Abcam; Anti-yH2AX (P-Ser139), 05-636, Millipore; Anti-53BP1, 4937S, Cell Signalling Technology; Anti-
RPA32, 2208, Cell Signalling Technology; Anti-GFP antibody, ab290, Abcam; Anti-V5 antibody, R96025, Novex; donkey anti-Mouse
Alexa Fluor 555, A-31570, Invitrogen; donkey anti-Rabbit Alexa Flour 488, A-21206, Invitrogen; Anti-HA (Y-11), sc-805, Santa Cruz;
Anti-LC3B 2775S, Cell Signalling Technology; Anti-Atg7 [D12B11], 8558, Cell Signalling Technology; Anti-LAMP1, 21997-1-AP,
Proteintech; Anti-TEX264, Gift Fielden et al (2020); Anti-Vinculin (7F9), sc-73614, Santa Cruz; Anti-p97, 10736-1-AP, Proteintech; Anti-
histone H3, ab1791, Abcam; Anti-UFD1, 10615-1-AP, Proteintech; Anti-RNF4, NBP2-13243, Novus; Anti-STX17, HPAO01204, Sigma.

Validation Validation statements on manufacturer's websites are listed below:
Anti-PARP1 (E102), ab32138, Abcam: "Knockout Tested Rabbit Recombinant Monoclonal PARP1 antibody. Suitable for IHC-P, ICC/IF,
WSB, Flow Cyt (Intra) and reacts with Human samples. Cited in 133 publications."
nti-yH2AX (P-Ser139), 05-636, Millipore: "Anti-phospho-Histone H2A.X (Ser139), clone JBW301 is a well published Mouse Monoclonal
Antibody validated in ChIP, ICC, IF, WB. This purified mAb is highly specific for phospho-Histone H2A.X (Ser139) also known as
H2AXS139p"
Anti-53BP1, 4937S, Cell Signalling Technology: "S3BP1 Antibody detects endogenous levels of total 53BP1 protein independent of
phosphorylation."
Anti-RPA32, 2208, Cell Signalling Technology: "Monoclonal antibody is produced by immunizing animals with recombinant full-length
human MBP-RPA32 protein. The antibody binds within the carboxy-terminal sequence of RPA32."
Anti-GFP antibody, ab290, Abcam: Rabbit Polyclonal GFP antibody. Suitable for ICC, IP, EM, ELISA, WB, IHC-FoFr, IHC-P, IHC-Fr, IHC-
FrFl and reacts with Tag samples. Cited in 3369 publications. Immunogen corresponding to Recombinant Full Length Protein
corresponding to Aequorea victoria GFP."
Anti-V5 antibody, R96025, Novex: "This Antibody was verified by Relative expression to ensure that the antibody binds to the antigen
stated."
donkey anti-Mouse Alexa Fluor 555, A-31570: "Anti-Mouse secondary antibodies are affinity-purified antibodies with well-
characterized specificity for mouse immunoglobulins and are useful in the detection, sorting or purification of its specified target."
donkey anti-Rabbit Alexa Flour 488, A-21206, Invitrogen: "Anti-Rabbit secondary antibodies are affinity-purified antibodies with well-
characterized specificity for rabbit immunoglobulins and are useful in the detection, sorting or purification of its specified target"
Anti-HA (Y-11), sc-805, Santa Cruz: "epitope mapping within an internal region of the influenza hemagglutinin (HA) protein"
Anti-LC3B 2775S, Cell Signalling Technology: "LC3B detects endogenous levels of total LC3B protein. Cross-reactivity may exist with
other LC3 isoforms. Stronger reactivity is observed with the type Il form of LC3B."
Anti-Atg7 [D12B11], 8558, Cell Signalling Technology: "Atg7 (D12B11) Rabbit mAb recognizes endogenous levels of total Atg7
protein."
Anti-LAMP1, 21997-1-AP, Proteintech: "21997-1-AP targets CD107a / LAMP1 in WB, IHC, IP, ColP, ELISA applications and shows
reactivity with human samples."
Anti-TEX264, received as a gift but validated in Fielden et al (2020)
Anti-Vinculin (7F9), sc-73614, Santa Cruz: "vinculin Antibody (7F9) is an 1gG1 k mouse monoclonal vinculin antibody (also designated
Metavinculin antibody or VCL antibody) that detects the vinculin protein of human, mouse, rat and avian origin by WB, IP, IF and
IHC(P)"
Anti-p97, 10736-1-AP, Proteintech: "10736-1-AP targets VCP in WB, IHC, IF, IP, ColP, ELISA applications and shows reactivity with
human, mouse, rat samples."
Anti-histone H3, ab1791, Abcam: "A polyclonal rabbit antibody, supplied by Abcam, raised against Histone H3.1 (Human), cited in
5903 publications, with 245 published images. Applications used include WB, ChIP, IP, ICC-IF, and 17 others"
Anti-UFD1, 10615-1-AP, Proteintech: 10615-1-AP targets UFD1L in WB, IHC, IF/ICC, FC (Intra), IP, ELISA applications and shows
reactivity with human, mouse samples."
Anti-RNF4, NBP2-13243, Novus: "A polyclonal rabbit antibody, supplied by Novus Biologicals (a Bio-Techne brand), raised against E3
ubiquitin-protein ligase RNF4 (Human), cited in 2 publications."
Anti-STX17, HPA001204, Sigma: A polyclonal rabbit antibody, supplied by Atlas Antibodies, raised against Syntaxin-17 (Human), cited
in 32 publications."
Anti-mCherry [1C51], ab125096, Abcam: "Anti-mCherry antibody [1C51] (ab125096) is a House Mouse Monoclonal antibody and is
validated for use in ICC/IF, IHC-P, WB in human samples...has been cited over 186 times in peer reviewed journals and is trusted by
the scientific community."
Anti-alpha-Tubulin [TUBA1], T6199, Sigma: "...recognizes an epitope located at the C-terminal end of the a-tubulin isoform (amino
acids 426-430) in a variety of organisms (e.g., human, bovine, mouse, and chicken). The antibody is specific for a-tubulin in
immunoblotting assays and may be used for localization of a-tubulin in cultured cells or tissue sections."




Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

Clinical data

CAL51 (DSMZ, ACC 302), Hela (ATCC, CCL-2), MDA-MB231 (ATCC, Htb-26) RPE hTERT (ATCC, CRL-4000). Cell lines previously
generated in other studies are indicated in materials and methods. No primary cell lines were used.

Cell lines had been authenticated at the point of purchase from ATCC and DSMZ.
All cell lines were regularly tested for mycoplasmsa.

No misidentified cell lines were used in the study.

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.

Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.
Plants

Seed stocks This is not relevant to this study.

Novel plant genotypes  This is not relevant to this study.

Authentication This is not relevant to this study

Flow Cytometry

Plots
Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Cal51 cells were seeded in 6-well plates and treated with the appropriate drugs for 18 hours. Cells were harvested with
trypsin, washed in PBS, fixed with 4% formaldehyde, and permeabilised with Triton X-100 + EDTA. Cells were transferred
through the cell strainer cap of a FACS tube then stained with PROTEOSTAT® Aggresome Red Detection Reagent.

LSRFortessa X-20
BD FACSDiva, FlowJo

As no cell sorting was performed, the abundance of ProteoStat-positive cells was quantified directly within the total analyzed
population. Cells exhibiting protein aggregation were identified based on increased ProteoStat fluorescence intensity relative
to the unstained control, which was used to define the negative population. A positive control (MG-132-treated cells) was
included to confirm assay sensitivity and establish the expected range of increased aggregation.
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Gating strategy Cells were initially gated based on forward and side scatter (FSC-A versus SSC-A) to exclude debris. Doublets were excluded
using FSC-A versus FSC-H gating. As no viability dye was used, all singlet events within the FSC/SSC gate were included in
downstream analysis. ProteoStat fluorescence was analyzed within the singlet cell population. The boundary between
ProteoStat-negative and -positive populations was defined using the unstained control, which established baseline
autofluorescence. This threshold was applied consistently across all samples within each experiment. A positive control
(MG-132-treated cells) was used to verify detection of increased protein aggregation and to confirm appropriate placement
of the positive population. Aggregate levels were quantified as the median fluorescence intensity (MFI) of the ProteoStat
signal.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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	Nucleophagy removes cytotoxic trapped PARP1

	Results

	Autophagy is upregulated upon PARPi treatment, with a cytoprotective effect

	Trapped PARP1 is processed by autophagy

	Autophagosomal processing of trapped PARP1 is dependent on p97, ubiquitination and SUMOylation

	Selective autophagy of trapped PARP1 is TEX264-dependent but nuclear pore-independent

	Disruption of the p97–TEX264 autophagy axis causes PARPi-induced replication-associated DNA damage

	Autophagy is essential for clearing PARP1 aggregates induced by trapping

	The p97–TEX264 autophagy axis is relevant to PARPi resistance


	Discussion
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