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Abstract

Triple-negative breast cancer (TNBC) is the most aggressive subtype of breast cancer,
characterized by a poor prognosis due to the lack of effective targeted therapies. While poly
(ADP-ribose) polymerase (PARP) inhibitors benefit BRCA1/2-mutated TNBC, their efficacy in
BRCA wild-type tumors remains limited. In this study, we uncover a critical role of zinc finger
protein 689 (ZNF689) in regulating homologous recombination (HR) repair in TNBC. Our
findings reveal that ZNF689, upon phosphorylation by ATM, promotes NBS1 ubiquitination via
E3 ligase SKP2, leading to the stabilization of the MRN complex and subsequent ATM activation,
thereby facilitating HR repair. ZNF689 loss markedly enhances sensitivity to PARP inhibitors in
TNBC, particularly when combined with paclitaxel. Furthermore, PARP inhibitor upregulates PD-
L1 expression in ZNF689-deficient TNBC cells through activation of the STING pathway. Notably,
ZNF689 loss enhances the therapeutic efficacy of PARP inhibitor plus anti-PD-L1
immunotherapy. Together, these findings suggest ZNF689 as a crucial regulator of HR repair
and provide proof-of-concept for combining PARP inhibition and PD-L1 blockade in patients with

ZNF689-low TNBC.



Introduction

Triple-negative breast cancer (TNBC) is a heterogeneous and highly aggressive subtype of
breast cancer, associated with poor overall survival and a high risk of distant recurrence’.
Traditional chemotherapy has limited efficacy in TNBC?. A subset of TNBCs is BRCA-associated
and deficient in homologous recombination (HR) repair3. The inhibition of poly (ADP-ribose)
polymerase (PARP) in HR-deficient (HRD) tumors has demonstrated synthetic lethality through
diverse mechanisms, including the catalytic inhibition of PARP enzymes and the entrapment of
PARP-DNA complexes®*. Consequently, agents such as olaparib and talazoparib have exhibited
improved efficacy specifically in BRCA-associated breast cancers, when compared to standard
chemotherapy®’. However, these benefits are limited in BRCA wild-type (WT) cancers, which
are more prevalent in clinical practice. Therefore, identifying biomarkers for PARP inhibitor
(PARPI) response beyond BRCA status, as well as exploring effective combination strategies
with PARPI, are crucial for enhancing treatment efficacy in TNBC.

The generation of DNA double-strand breaks (DSBs) seriously threatens genomic stability
and cellular viability. To safeguard the accurate transmission of genetic information, cells activate
a DNA damage response (DDR) upon DSB induction. This response entails the activation of
kinases such as ATM, ATR, and DNA-PKcs, which subsequently phosphorylate downstream
substrates®. These events trigger a cascade of molecular events that include cell cycle arrest,
post-translational modification and transcriptional regulation of repair-related proteins, and

recruitment of repair proteins to the sites with damage®'°. Two main strategies have evolved to



repair DSBs: non-homologous end-joining (NHEJ) and HR'. NHEJ directly joins broken DNA
ends but can cause mutations'?, while HR is an error-free repair mechanism using a
homologous template’. Clinically, the integrity of the HR repair pathway is used to predict
patient responsiveness to PARPi'*. Therefore, identifying additional regulators of HR repair
could broaden the application of PARPI in treating TNBC, ultimately enhancing patient outcomes.

Zinc finger proteins (ZNFs) are among the most abundant transcription factor families in the
human genome and are involved in transcriptional regulation, chromatin remodeling, and
genome stability’®. While traditionally linked to gene expression control, emerging evidence
suggests that some ZNFs also contribute to the DDR, either by regulating DNA repair gene
expression or interacting with DNA repair complexes'®. ZNF689 is a nuclear C2H2-type KRAB-
ZNF family member'’, previously implicated in transcriptional regulation and cell cycle control in
various cancers'’'9, In our prior study, we identified ZNF689 as a key suppressor of intratumor
heterogeneity in TNBC, acting through TRIM28-mediated silencing of long interspersed nuclear
element 1 (LINE-1) retrotransposons via H3K9me32?°. ZNF689 deficiency led to LINE-1
reactivation and increased genomic instability?°. These findings prompted us to hypothesize that
ZNF689 may play a broader role in genome maintenance, including in DSB repair. However, its
involvement in DSB repair remains unknown.

In this study, we show that ZNF689 is recruited to DNA DSB sites via ATM-mediated
phosphorylation in TNBC. It stabilizes the MRN complex and activates ATM through NBS1

ubiquitination during HR repair. Additionally, PARP inhibition significantly upregulates PD-L1



expression in ZNF689-deficient TNBC cells via the STING pathway. Notably, ZNF689 loss

enhances the efficacy of combined PARPi and anti-PD-L1 in TNBC.



Results

ZNF689 loss impairs HR repair activity in TNBC.

To investigate the downstream pathways regulated by ZNF689 in TNBC, RNA sequencing
(RNA-seq) analysis was conducted in MDA-MB-231 cells. Gene set enrichment analysis (GSEA)
revealed significant enrichment of pathways related to DNA damage sites, homologous
recombination, and DNA repair pathways in ZNF689-silenced cells (Fig. 1a; Supplementary
Fig. 1a and Supplementary Table 1). Given that ZNF689 is a nuclear protein and harbors zinc
finger DNA binding motif'”, we reasoned that it might play a role in these important processes.
To further explore this, we assessed yH2AX level—a widely used marker of DNA damage
marked by Ser139 phosphorylation?'—at 0, 0.5, 3, 6, 12, and 24 h after ionizing radiation (IR)?*
24 In MDA-MB-231 and BT-549 cells transfected with control siRNA, yH2AX levels peaked at
early time points and progressively declined to baseline by 24 h, reflecting efficient activation
and resolution of the DDR. In contrast, ZNF689-silenced cells exhibited sustained yH2AX
signals during the later stages, indicative of delayed DNA repair (Fig. 1b and c). Specifically,
while the initial yH2AX induction during the peak signaling phase (4 h post-IR) remained
comparable between the groups, a pronounced retention of yH2AX emerged in ZNF689-
deficient cells during the repair resolution phase (= 6 h post-IR) (Supplementary Fig. 1b). The
chosen time course encompasses early sensing, active repair, and resolution phases, thus
enabling a comprehensive assessment of DDR dynamics?>26. These findings suggest that

ZNF689 is involved in the regulation of DDR and possibly the repair of DNA damage.



DNA DSBs are mainly repaired by HR and NHEJ repair pathways?’. To assess the effect of
ZNF689 on these pathways, we employed reporter systems to measure HR and NHEJ activity.
The HR reporter substrate (pDR-GFP) used the GFP gene, which was interrupted by an I-Scel
site. The functional GFP can only be restored by HR repair using the downstream iGFP
sequence as the template after I-Scel expression?® (Fig. 1d). Using U20S, MDA-MB-231 and
BT-549 DR-GFP cells, which harboring chromosomally integrated single-copy of the DR-GFP
construct, the percentage of GFP-positive cells was significantly reduced in cells treated with
siRNA against ZNF689 after exogenous expression of I-Scel, indicating a suppression of HR
repair pathway after ZNF689 loss (Fig. 1e and f; Supplementary Fig. 1c-e). Furthermore, we
utilized an NHEJ reporter system (EJ5-GFP), which consists of a puro gene inserted into an I-
Scel site located between the promoter and the open reading frame of GFP. GFP expression
can only occur through NHEJ repair pathway after the puro gene is excised by exogenous |-
Scel expression?® (Supplementary Fig. 1f). However, in contrast to the results of the HR
reporter assay, knockdown of ZNF689 in U20S, MDA-MB-231, and BT-549 cells stably
transfected with the EJ5-GFP plasmid did not result in any significant change in GFP-positive
rates (Supplementary Fig. 1g and h). These results suggest that ZNF689 mainly affects HR,
but not NHEJ repair pathway after DNA damage in TNBC.

HR repair is initiated by loading RAD51 onto the resected single-strand DNA (ssDNA), and
RADS51 foci formation is considered a marker of HR repair®. Consistent with the HR reporter

assay, ZNF689 knockdown in MDA-MB-231 cells resulted in a significant reduction in RAD51



foci formation (Fig. 1g). Moreover, ectopic BRCA2 expression failed to restore RAD51 foci in
ZNF689-depleted cells, suggesting that ZNF689 promotes HR repair through a BRCA2-
independent mechanism (Fig. 1g; Supplementary Fig. 1i and j). We also observed no
significant change in the formation of 53BP1 foci, a common indicator of activated NHEJ repair
pathway?', in MDA-MB-231 cells treated with siRNA against ZNF689 after the exposure to IR
(Supplementary Fig. 1k). Furthermore, ZNF689 depletion increased IR-induced chromosomal
aberrations, including chromosome breaks, rings, and arm losses, as determined by metaphase
spread analysis (Fig. 1h). In addition, we observed no significant changes in cell cycle
progression after ZNF689 knockdown (Supplementary Fig. 11). Collectively, our findings

suggest that ZNF689 loss impairs HR repair activity in TNBC.

Recruitment of ZNF689 to the DSBs sites depends on the Ser215 phosphorylation by ATM.
Next, we tested whether ZNF689 localized to DNA damage sites to support HR repair. Proximity
ligation assays (PLA) detected ZNF689—yH2AX colocalization in the nucleus after IR (Fig. 2a),
and immunofluorescence (IF) confirmed this colocalization (Supplementary Fig. 2a and b). To
assess the role of ZNF689 in MRN complex recruitment to DNA damage sites, we performed
chromatin immunoprecipitation (ChIP) assays targeting MRE11, RAD50, and NBS1 in U20S
DR-GFP cells. After the induction of DNA DSBs by I-Scel, DNA fragments associated with these
proteins were readily detected in control cells but were markedly reduced in ZNF689-depleted

cells (Fig. 2b). These results indicate that ZNF689 is required for efficient recruitment of the



MRN complex to sites of DNA damage. Electrophoretic mobility shift assays (EMSA)
demonstrated that ZNF689 is capable of binding to double-stranded DNA (dsDNA)
(Supplementary Fig. 2c-e), which is consistent with its structural features as a zinc finger-
containing transcription factor. Furthermore, competition assays with unlabeled DNA supported
this general dsDNA-binding activity.

The detection of DNA damage is orchestrated by upstream kinases such as ATM, ATR, and
DNA-PKcs, which phosphorylate their substrates that contain conserved serine/threonine-
glutamine (S/TQ) motifs®2. An antibody against p-S/TQ was utilized to test whether ZNF689
could be directly phosphorylated at S/TQ motif after DNA damage. We found that ZNF689 was
phosphorylated at S/TQ site in response to IR treatment (Fig. 2c). Notably, four SQ motifs,
including S215, S221, S355, and S494, are present in the human ZNF689 and conserved across
species (Fig. 2d). We thus generated S215A, S221A, S355A or S494A substitution mutant, in
which serine is replaced with alanine, to block its phosphorylation. Intriguingly, S215A, but not
the other three mutants, abolished ZNF689 phosphorylation in response to IR treatment (Fig.
2e), suggesting that ZNF689 is phosphorylated at S215 site after DNA damage. Indeed, the
phosphorylation-resistant mutant of ZNF689 (S215A) was unable to facilitate HR repair
(Supplementary Fig. 3a). Next, to identify the specific kinase responsible for ZNF689
phosphorylation upon DNA damage, we treated MDA-MB-231 cells with selective inhibitors
targeting ATM (ATMi, KU-55933, 10 uM), ATR (ATRi, Ceralasertib, 10 yM), and DNA-PKcs

(DNA-PKi, NU7441, 10 uM)33. Interestingly, only ATMi abolished IR-induced phosphorylation of



ZNF689, whereas ATRi and DNA-PKi had no significant effect (Fig. 2f), suggesting that this
phosphorylation event is specifically mediated by ATM. To further confirm these findings, we
performed siRNA-mediated knockdown of ATM, ATR, and DNA-PKcs. Consistent with the
pharmacological results, only ATM knockdown significantly reduced ZNF689 phosphorylation
following IR (Supplementary Fig. 3b and c). Together, these results demonstrate that ATM is
the primary kinase responsible for mediating DNA damage—induced phosphorylation of ZNF689.

To determine whether ZNF689 recruitment to DSBs depends on its phosphorylation, we
performed ChIP assays in U20S DR-GFP cells following siRNA-mediated ATM knockdown
(Supplementary Fig. 3d). ZNF689 binding to DNA fragments derived from DSB sites was
markedly reduced upon ATM depletion (Supplementary Fig. 3e), indicating that its recruitment
is ATM-dependent. Additionally, IF analysis showed that WT ZNF689 formed nuclear foci
concomitant with yH2AX after IR treatment, while the S215A mutant failed to do so (Fig. 2g),
indicating that S215 phosphorylation is required for ZNF689 recruitment. Notably, ATM
knockdown also reduced the recruitment of WT ZNF689 to DNA damage sites, supporting that
ATM is necessary for S215 phosphorylation and ZNF689 accumulation at DNA damage foci (Fig.
29). To confirm ATM directly phosphorylates ZNF689 at S215, an in vitro kinase assay showed
strong phosphorylation of WT but not S215A ZNF689 (Supplementary Fig. 3f). Co-
immunoprecipitation (co-IP) and in vitro pull-down further validated a direct interaction between
ATM and ZNF689 (Supplementary Fig. 3g and h). Thus, these results proved that ATM

phosphorylates ZNF689 at S215 in response to DNA damage, resulting in the recruitment of



ZNF689 to the sites of DNA damage.

ZNF689 directly interacts with NBS1 through its zinc-finger domains.

To test whether ZNF689 is associated with HR proteins, we performed the co-IP assay using
anti-ZNF689 antibody and the results showed that ZNF689 interacts with MRN complex
components, including MRE11, RAD50 and NBS1 in MDA-MB-231 and BT-549 cells (Fig. 3a;
Supplementary Fig. 4a). But we failed to observe any interaction between ZNF689 and other
HR machinery components including RAD51, RPA2 and CtIP without IR treatment (Fig. 3a;
Supplementary Fig. 4a). The reciprocal co-IP by the antibody against MRE11, RAD50 and
NBS1 confirmed the interaction between ZNF689 and MRN complex in MDA-MB-231 and BT-
549 cells (Fig. 3b; Supplementary Fig. 4b). To further validate these interactions, we performed
Stable Isotope Labeling by Amino acids in Cell culture (SILAC)-based proteomic analysis in
HEK293T cells expressing Flag-ZNF689, which revealed that the interaction between ZNF689
and the MRN complex was significantly enhanced after IR (Supplementary Fig. 4c and d). In
vitro pull-down assay using recombinant ZNF689, MRE11, RAD50 and NBS1 demonstrated the
direct binding relationship between ZNF689 and NBS1 (Fig. 3¢ and d). However, no direct
interaction was observed between ZNF689 and either MRE11 or RAD50 (Supplementary Fig.
4e). To further examine the association between ZNF689 and NBS1, PLA assays confirmed that
IR treatment promoted their physical interaction (Fig. 3e). To assess their dynamic recruitment

to DNA damage sites, we carried out time-lapse live-cell imaging following laser microirradiation.



Both GFP-ZNF689 and mCherry-NBS1 rapidly accumulated at irradiated sites, with recruitment
detectable within 60 s and increasing over time (Fig. 3f). In addition, co-IP and reciprocal co-IP
assays confirmed that the interaction between ZNF689 and NBS1 was strengthened after IR
exposure (Fig. 3g and h).

ZNF689 contains 12 zinc-finger domains (ZFDs) and a Kruppel-associated box domain®”.
We next tested which region of ZNF689 is responsible for interacting with NBS1 by expressing
NBS1 together with ZNF689 or its truncated mutants in HEK293T cells (Fig. 3i). The co-IP assay
revealed that the deletion mutant of ZFDs abolished the binding of ZNF689 with NBS1 (Fig. 3j).
Similarly, we generated deletion mutants of NBS1 (Supplementary Fig. 5a). The ZNF689-
binding region of NBS1 was mapped to the BRCT1 domain (Supplementary Fig. 5b).
Importantly, rescue experiments in ZNF689-deficient cells showed that both ZNF689-WT and
ZNF689-ZFD were sufficient to restore HR efficiency, whereas ZNF689-AZFD failed to do so,
indicating that the ZFDs are essential for ZNF689-mediated HR (Fig. 3k). Furthermore, we
identified ZFD3-6 as crucial for ZNF689-NBS1 binding, with ZFD3 playing the most critical role
(Supplementary Fig. 5¢ and d). Phosphorylation at S215 (located within ZFD3) enhanced
ZNF689-NBS1 binding, as the S215A mutation significantly impaired this interaction, suggesting
phospho-regulation of ZFD3'’s recruitment capacity (Supplementary Fig. 5e). Collectively,

these results suggest that ZNF689 directly interacts with NBS1 through its zinc-finger domains.

Phosphorylation-mediated ZNF689 promotes NBS1 ubiquitination through SKP2.



Previous studies have shown that NBS1 ubiquitination promotes DSBs repair by HR33-35, To
investigate whether ZNF689 regulates HR through this mechanism, we first observed that
ZNF689 robustly promoted NBS1 ubiquitination in vivo (Fig. 4a). Consistently, in ubiquitination
assays using NBS1 immunoprecipitated from cells with ZNF689 knockdown, IR-induced NBS1
ubiquitination was markedly reduced compared to control cells, indicating that ZNF689 is
essential for NBS1 ubiquitination in response to DNA damage (Fig. 4b). The partial reduction
observed upon ZNF689 knockdown also suggests that other cofactors may cooperate in this
process.

K48- and K63-linked ubiquitin (Ub) chains are the most well-studied, with K48 chains
regulating protein degradation. Although ZNF689 induced NBS1 ubiquitination, it did not
promote NBS1 degradation (Fig. 4a), suggesting that ZNF689 likely induces K63- rather than
K48-linked ubiquitination of NBS1. Indeed, ZNF689 WT, but not the phospho-dead mutant,
enhanced K63-linked ubiquitination of NBS1 (Fig. 4c). Since K63-linked ubiquitination provides
a docking site for protein-protein interactions3¢:37, these results indicate that ZNF689 mediates
the formation of K63-linked polyubiquitin chains onto NBS1.

It has been previously reported that the E3 ligases SKP2 and PELI1 directly induced the
K63-linked ubiquitination of NBS1333%5 we next determined if ZNF689 mediates NBS1
ubiquitination through SKP2 or PELI1. We found that depletion of SKP2 significantly inhibited
the ZNF689-induced K63-linked ubiquitination of NBS1 (Fig. 4d). However, the loss of PELI1

did not affect the overall ubiquitination levels of NBS1 induced by ZNF689 (Supplementary Fig.



6a). Further co-IP and reciprocal co-IP assays showed that the NBS1-SKP2 interaction was
reduced in ZNF689 knockout (KO) and S215A mutant cells, whereas the phospho-mimetic
S215D mutant enhanced the interaction, indicating that S215 phosphorylation is required to
promote NBS1-SKP2 binding (Fig. 4e-g; Supplementary Fig. 6b-d). Moreover, the IF assay
showed that ZNF689 KO markedly reduced the number of SKP2 foci upon DNA damage (Fig.
4h). Expression of WT ZNF689 rescued SKP2 foci formation, whereas the phosphorylation-
deficient S215A mutant did not (Fig. 4h). These findings suggest that ZNF689 is required for
efficient SKP2 recruitment to DNA damage sites. Taken together, these results demonstrate that
ATM-mediated phosphorylation of ZNF689 promotes K63-linked ubiquitination of NBS1 via the

E3 ligase SKP2.

ZNF689-mediated NBS1 ubiquitination stabilizes the MRN complex and promotes ATM
activation.

NBS1 ubiquitination has been shown to stabilize the MRN complex and activate ATM, facilitating
the repair of DSBs through HR3335. To investigate whether ZNF689-mediated NBS1
ubiquitination regulates the stability of the MRN complex upon DSB induction, we analyzed the
interaction between NBS1, MRE11, and RAD50 in ZNF689-depleted cells following IR treatment.
Notably, the interactions between NBS1 and both MRE11 and RADS50 were significantly
diminished in ZNF689-deficient cells after IR exposure (Fig. 5a; Supplementary Fig. 7a and

b). To further validate this recruitment at a defined chromosomal break, ChIP assays were



performed in U20S DR-GFP cells. ZNF689 depletion markedly reduced the binding of MRE11,
RAD50, and NBS1 at DSB sites (Fig. 5b). Previous studies have reported that SKP2 mediates
NBS1 ubiquitination at the K735 residue®. Consistent with the importance of this modification
site, we found that while NBS1 WT successfully restored MRN complex recruitment in ZNF689-
depleted cells, the NBS1 K735R mutant did not (Fig. 5b; Supplementary Fig. 7c).

Given the essential role of the MRN complex in DNA end resection, we evaluated the effect
of ZNF689 loss on DNA end resection by monitoring RPA2 foci. As expected, ZNF689 loss led
to a significant decrease in RPA2 foci following IR treatment (Fig. 5c¢). Consistently,
pharmacologic inhibition of MRE11 by mirin phenocopied the reduction of RPA2 foci, and mirin
treatment did not further suppress RPA2 foci in ZNF689-deficient cells (Fig. 5¢), suggesting that
ZNF689 acts in the same pathway as the MRN complex to promote end resection. Consistent
with the mechanism described above, overexpression of NBS1 WT restored RPA2 foci formation
in ZNF689 KO cells, whereas the NBS1 K735R mutant had no such effect (Fig. 5¢). These
results suggest that ZNF689-mediated ubiquitination of NBS1 is critical for stabilizing the MRN
complex and promoting DNA end resection.

We then explored the effect of ZNF689 loss on ATM activation. In ZNF689-depleted cells
following IR treatment, the interaction between NBS1 and ATM was impaired (Fig. 5d). The
levels of phosphorylated ATM (p-ATM) were significantly reduced following the loss of ZNF689
(Fig. 5e; Supplementary Fig. 7d). The co-localization of NBS1 with p-ATM was also

significantly reduced in ZNF689 KO cells (Fig. 5f). Our findings confirmed that in ZNF689 KO



cells, NBS1 WT successfully restored p-ATM levels and facilitated co-localization with p-ATM,
whereas the NBS1 K735R mutant was unable to achieve these effects (Fig. 5e and f).
Importantly, ZNF689 depletion did not reduce endogenous NBS1 protein levels (Fig. 5a). The
fact that overexpressed NBS1 WT restored MRN complex recruitment and ATM activation can
be explained by the law of mass action, where high protein concentrations compensate for
reduced binding affinity. Collectively, these data suggest that ZNF689-mediated NBS1
ubiquitination facilitates ATM activation at DNA damage sites and stabilizes the MRN complex,

thereby promoting HR repair.

ZNF689 loss confers sensitivity to PARPi in TNBC.

Since we found that ZNF689 loss leads to HR deficiency, we sought to explore the therapeutic
potential of PARPi in TNBC. We first depleted endogenous ZNF689 in MDA-MB-231 and BT-
549 cells harboring WT BRCA1/2 using ZNF689-specific sgRNAs. Compared to the control
group, ZNF689 KO groups were more sensitive to olaparib and exhibited significantly reduced
growth after olaparib treatment (Fig. 6a and b; Supplementary Fig. 8a and b). Patient-derived
organoid (PDO) facilitates drug tests that corroborate with patient responses38, we thus selected
three PDOs derived from TNBC patients harboring WT BRCA1/2 with diverse levels of ZNF689
expression (Fig. 6¢). Consistent with the above results, we also found that the sensitivity of
PDOs to olaparib increased along with the decrease in the ZNF689 expression level (Fig. 6d

and e). To further validate the role of ZNF689 in DNA repair and PARPI response, we performed



gain- and loss-of-function experiments in PDOs (Supplementary Fig. 8c). Overexpression of
ZNF689 in low-ZNF689 PDOs (PDO-3) conferred relative resistance to olaparib, whereas
knockout in high-ZNF689 PDOs (PDO-1) significantly enhanced olaparib sensitivity
(Supplementary Fig. 8d and e). Moreover, following IR, yH2AX levels were persistently
elevated in ZNF689-deficient PDOs but declined over time in controls (Supplementary Fig. 8d
and e), indicating impaired HR-mediated repair upon ZNF689 loss.

We next investigated whether olaparib exhibits therapeutic efficacy in vivo using MDA-MB-
231, a WT BRCA1/2 model known to show modest response to PARPi®°. We utilized xenograft
tumor models inoculated with MDA-MB-231 ZNF689 WT cells and ZNF689 KO cells and found
that olaparib treatment markedly inhibited the growth of ZNF689-loss MDA-MB-231 tumors in
mice compared with those with high ZNF689 expression (Fig. 6f-h; Supplementary Fig. 8f).
Furthermore, we collected two fresh TNBC tumors (TNBC-1 and TNBC-2) harboring WT
BRCA1/2 with varying levels of ZNF689 expression (Supplementary Fig. 8g and h). We
successfully established patient-derived xenograft (PDX) models (Fig. 6i). The PDX tumors
derived from TNBC-2, which had lower ZNF689 expression than TNBC-1 (Fig. 6j), showed
significantly greater sensitivity to olaparib than those from TNBC-1 (Fig. 6k; Supplementary
Fig. 8i). Together, these in vitro and in vivo results support the hypothesis that ZNF689 loss is
synthetic lethal with PARPi in TNBC cells.

Paclitaxel is one of the most commonly used chemotherapies in patients with TNBC".

Patients with defective homologous DNA repair pathways are known to be more vulnerable to



chemotherapy and PARPI treatment*>4!. Combining PARPi with paclitaxel may provide a greater
advantage in treating TNBC. Given that ZNF689 loss induces HRD, it was hypothesized that
olaparib may enhance the sensitivity of TNBC tumor cells to paclitaxel. Indeed, we examined
the in vivo combination efficacy of olaparib and paclitaxel in PDX models (Fig. 61). The results
showed that olaparib effectively synergized with paclitaxel in vivo (Fig. 6m and n). These
findings support the therapeutic potential of olaparib in combination with paclitaxel in ZNF689

loss TNBC.

The association between ZNF689, NBS1, p-ATM, and PARPi response in clinical samples.
To validate the clinical relevance of our findings, we conducted an investigation into the protein
expression levels of ZNF689, NBS1, and p-ATM in a cohort of TNBC patients using tissue
microarrays (TMAs) and immunohistochemistry (IHC) analysis (n = 269). Based on the positive
staining and intensity of these three markers, the samples were categorized into high-expression
and low-expression groups (Supplementary Fig. 9a). Our pathological analysis revealed
significant positive correlations between ZNF689 levels and the expression of NBS1 and p-ATM
(Supplementary Fig. 9b).

Given that elevated HRD scores predict better response to PARPi*?43, we examined the
association between ZNF689 expression and HRD scores in the FUSCCTNBC cohort. Our
analysis demonstrated that tumors with low ZNF689 expression exhibited higher HRD scores

(Fig. 7a). Importantly, this association was independent of BRCA mutation status, as ZNF689



expression showed no significant correlation with BRCA mutations in this cohort
(Supplementary Fig. 9c). Moreover, in the I-SPY2 trial, TNBC tumors with low ZNF689
expression showed enhanced PARPI7 signature scores (Fig. 7b), indicating a potential
sensitivity to PARPi*4. To further confirm the association between ZNF689 expression and the
effectiveness of PARPI, we performed IHC staining for the ZNF689 protein on pre-treatment
samples obtained from seven TNBC patients who underwent PARPI therapy at our center. The
results showed a significant reduction in ZNF689 expression in the three tumors that responded
to PARPI (Fig. 7c). Taken together, these findings provide compelling evidence of a negative
correlation between ZNF689 expression and the response to PARP inhibition in TNBC.

To assess the broader relevance of ZNF689 loss, we found that its depletion in luminal
breast cancer (MCF7, T47D, ZR-75-1), ovarian (OVCARS), prostate (LNCaP), and pancreatic
(BxPC-3) cell lines markedly increased DNA damage and enhanced sensitivity to PARP
inhibition (Supplementary Fig. 10a-f). In contrast, non-tumorigenic epithelial cells (MCF10A
and HMEC) did not exhibit such effects (Supplementary Fig. 10g and h). In addition, pan-
cancer analysis of TCGA data revealed that low ZNF689 expression was associated with HRD
or PARPI sensitivity signatures across multiple cancer types, including pancreatic and prostate
cancer, but not ovarian cancer (Supplementary Fig. 11a-e). These findings suggest that
ZNF689 may serve as a context-dependent regulator of HR and a predictive biomarker for

PARPI response beyond TNBC.



PARPi upregulates PD-L1 expression more potently in ZNF689-deficient TNBC via
activating the STING pathway.

Previous studies have shown that PARP inhibition upregulates PD-L1 expression and enhances
cancer-associated immunosuppression through cGAS/STING signaling in TNBC*. To
investigate this, we first assessed PD-L1 levels with and without ZNF689 KO following PARPI
treatment. Interestingly, olaparib significantly increased PD-L1 expression at the surface, mRNA,
and protein levels in ZNF689-deficient MDA-MB-231 cells (Fig. 7d-f). Consistently, a more
pronounced increase in PD-L1 levels was observed in ZNF689-deficient MDA-MB-231
xenografts (Fig. 7g). Next, we examined cGAS/STING activation in ZNF689 KO MDA-MB-231
cells. ZNF689 deficiency led to an increase in intracellular 2'3’-cGAMP (cGAMP) levels (Fig.
7h), a cyclic dinucleotide produced by cGAS that activates STING and promotes IRF3-mediated
transcription*®. Olaparib treatment further enhanced the activation of the STING/TBK1/IRF3
pathway in ZNF689-deficient MDA-MB-231 cells (Fig. 7i). Moreover, a higher proportion of
ZNF689-KO MDA-MB-231 cells contained micronuclei positive for the cytoplasmic DNA sensor
cGAS (Fig. 7j), aligning with the notion that micronuclear DNA is recognized by cGAS. Activation
of the STING pathway in tumor cells promotes the production of pro-inflammatory cytokines in
response to PARPi#’. Notably, olaparib induced a stronger production of IFN-B, CCL5, and
CXCL10 in ZNF689-deficient MDA-MB-231 cells (Fig. 7k and ). Furthermore, depletion of either
cGAS or STING reduced the expression of PD-L1 (Supplementary Fig. 12a-e) and

inflammatory genes (IFN-, CCL5, and CXCL10) (Supplementary Fig. 12f and g) in ZNF689-



deficient cells. Collectively, these results indicate that PARPi upregulates PD-L1 expression

more potently in ZNF689-deficient TNBC by activating the STING pathway.

PARPi enhances the therapeutic efficacy of PD-L1 blockade in ZNF689-deficient TNBC.
Building on our observations that PARP inhibition significantly upregulates PD-L1 in ZNF689-
deficient TNBC, we established 4T1 ZNF689 KO xenograft tumors in BALB/c mice to explore
whether combining PARP inhibition with PD-L1 blockade might enhance therapeutic efficacy
(Fig. 8a). Notably, ZNF689 deficiency synergized with both PARPi and anti-PD-L1 treatments,
leading to a significant reduction in 4T1 tumor growth (Fig. 8b and c; Supplementary Fig. 13a
and b). Additionally, we used flow cytometry to analyze the immune response within the tumors
post-treatment. The combined therapy resulted in a higher infiltration of CD4* and CD8* T cells
and elicited a robust immune response characterized by an increased proportion of GZMB*
CD8* and IFN-y* CD8* T cells compared to monotherapy alone (Fig. 8d; Supplementary Fig.
13c). Similar results were observed in the C57BL/6 mouse model using AT3 cells
(Supplementary Fig. 13d-h). These findings indicate that combining PARP inhibition with PD-
L1 blockade induces a potent T cell-mediated anti-tumor immunity in ZNF689-deficient TNBC.
We utilized a patient-derived tumor fragment (PDTF) platform*® to test if combining PARPI
with anti-PD-L1 therapy enhances the response in TNBC (Fig. 8e). Tumor samples from ten
TNBC patients were stratified into high (top five) and low (bottom five) ZNF689 expression

groups based on western blot analysis (Supplementary Fig. 13i). PDTFs from these samples



were treated with anti-PD-L1, with or without olaparib. Flow cytometry showed that in the low
ZNF689 expression group, the combination therapy significantly increased T cell activation
markers ICOS, CD137, and CD25 (Fig. 8f). Additionally, this group exhibited higher levels of
IFN-y and TNF-q, indicating a strong immune response (Fig. 8g). These results suggest that
the combination therapy induces a rapid reprograming of tumor microenvironment, enhancing T

cell activity, and may be effective for treating ZNF689-deficient TNBC.



Discussion
In this study, we established that ZNF689 loss impairs HR repair and increases the response of
TNBC cells to PARPI. Mechanistically, ZNF689 is activated by ATM-mediated phosphorylation
and is recruited to sites of DNA damage in an ATM-dependent manner. ZNF689 interacts with
NBS1 to promote K63-linked ubiquitination of NBS1 by enhancing its interaction with the E3
ligase SKP2. This ubiquitination stabilizes the MRN complex, enhancing ATM activation and
accelerating HR repair. In ZNF689-deficient TNBC, PARP inhibition significantly upregulates
PD-L1 expression and enhances the efficacy of PD-L1 blockade by activating the cGAS/STING
pathway, which promotes CD8" T-cell recruitment and boosts antitumor activity (Fig. 8h).
BRCA1 and BRCAZ2 are vital for genome integrity via HR*°. Mutations in these genes impair
DSB repair, leading to chromosomal instability and increased breast cancer risk®°. Although
PARPis have received approval for treating HER2-negative breast cancer associated with
BRCA1/2 mutations®74°, their therapeutic application has not yet been authorized for patients
without BRCA mutations. Hence, strategies that selectively disrupt HR in cancer cells hold
promise for extending benefit of PARPi to patients with BRCA-WT®'. Our study identifies
ZNF689 as an essential component of the HR repair machinery in TNBC. Previously
characterized as a transcription factor linked to various malignancies'”-°2-%, ZNF689 has been
shown in our prior research to limit intratumor heterogeneity in breast cancer by inhibiting LINE-
1 retrotransposition??. These findings complement our previous work, which showed that

ZNF689 deficiency promotes immunotherapy resistance via increased intratumoral



heterogeneity, by demonstrating a distinct, context-dependent role of ZNF689 in HR repair and
sensitization to PARPi and immune checkpoint blockade. Its role in DNA damage repair in breast
cancer had not been investigated until now. Notably, consistent with its function as a transcription
factor, we also noted that ZNF689 depletion leads to the downregulation of multiple HR genes.
Therefore, we cannot exclude the possibility that this transcriptional downregulation may also
be contributory to the observed HR defects, acting in concert with its direct role in the DDR.

Our findings reveal ZNF689'’s critical role in regulating HR repair in TNBC, suggesting an
important HR regulatory pathway. In vitro and in vivo assays confirm that ZNF689-deficient
TNBC tumor cells with BRCA-WT are more sensitive to PARPI. Furthermore, our findings in non-
TNBC models demonstrate that ZNF689 also functions as a context-dependent regulator of HR
repair. While our current study focuses on the pronounced HR dependency in TNBC, these
collective results suggest that ZNF689 plays a conserved role in maintaining genomic stability
across various cancer types. Therefore, our study provides deeper insights into HR regulation
and highlights the potential of ZNF689 loss as a predictive biomarker for PARPi response, both
in BRCA-WT TNBC patients and potentially beyond the TNBC context.

ATM is the apical kinase responsible for global orchestration of cellular responses to
DSBs?®%%. To fulfil this function, ATM phosphorylates hundreds of substrates in response to DNA
damage?®. In this study, we have identified ZNF689 as a previously unrecognized substrate of
ATM. Specifically, ATM directly phosphorylates ZNF689 at its S215 upon DNA damage, directing

its recruitment to DSB sites. Phosphorylation-resistant mutant of ZNF689 (S215A) failed to



localize to the sites of DNA damage, indicating the importance of ATM-dependent recruitment
of ZNF689 for its function in HR repair. Notably, ZNF689-mediated NBS1 ubiquitination is
essential for the activation of ATM at DSB sites. Therefore, ZNF689 and ATM mutually affect
each other through a positive feedback loop in promoting HR repair.

NBS1 is a multifunctional protein involved in various DDR pathways, including the
recognition and repair of DSBs, cell cycle checkpoint activation, and telomere maintenance®®.
One of the primary functions of NBS1 is its involvement in the recognition and repair of DSBs.
NBS1 acts as a sensor of DSBs, initiating the DNA damage signaling cascade and recruiting
the MRN complex to the site of damage®’. The MRN complex plays a critical role in processing
DNA ends and facilitating their repair through HR or NHEJ®%®%°, In this study, we demonstrate
that ZNF689 triggers K63-linked ubiquitination of NBS1 via the E3 ligase SKP2 when exposed
to genotoxic stress. While ubiquitination is typically linked to protein degradation, recent studies
indicate that NBS1 ubiquitination plays a critical role in ATM activation and HR repair following
DNA damage?®33. Our study reveals that ZNF689-mediated NBS1 ubiquitination acts as a
scaffold, stabilizing the MRN complex and facilitating the recruitment of ATM to DNA damage
foci, subsequently activating ATM. Importantly, since SKP2 is dispensable for basal MRN
formation3®, ZNF689 may stabilize the complex independently of NBS1 ubiquitination.
Furthermore, because MRE11 and RADS0 lack ubiquitin-binding domains, NBS1 ubiquitination
likely primarily drives its recruitment to DSBs?*, aligning with our observed recruitment defects.

Once recruited to the damage sites, we propose that ZNF689 functions as a damage-induced



structural brace for the MRN complex. During active DNA repair, the extensive, ATP-driven
conformational rearrangements of RAD50 and MRE11 impose significant conformational strain.
ZNF689 is specifically required after IR to reinforce the complex against the physical demands
of end resection, a requirement absent in the latent, undamaged MRN complex. Given that MRN
assembly is a prerequisite for recruiting CtIP to drive DNA end resection®’¢°, ZNF689 likely
supports this step by maintaining MRN integrity. Thus, the resection defects in ZNF689-deficient
cells are likely a downstream consequence of MRN destabilization, establishing ZNF689 as an
upstream regulator of the resection machinery. Notably, the DNA end resection defect observed
upon ZNF689 loss appears more severe than the corresponding reduction in HR efficiency. This
suggests that ZNF689 may possess additional roles in promoting DNA resection that are
partially independent of the core HR pathway, such as facilitating extensive resection beyond
what is strictly required for HR, or functioning at non-HR genomic sites.

PARPis have revolutionized the treatment of patients with BRCA1/2-associated breast
cancer, representing a pioneering targeted therapy capable of improving outcomes in patients
with hereditary tumors®'64. They are primarily investigated in combination with other therapies
for various solid tumors'. However, questions remain about the optimal use of PARPI, including
whether to use them in combination or as standalone maintenance therapy, and if in combination,
which drugs are best paired with PARPi>6¢, Our research demonstrates that combining PARPi
with paclitaxel, a widely used chemotherapeutic agent for TNBC, is a promising therapeutic

strategy in the context of ZNF689-deficient TNBC. These findings suggest an immediately



applicable treatment strategy for TNBC. Nonetheless, the precise mechanisms underlying the
synergy between PARPI and paclitaxel in ZNF689-deficient TNBC require further investigation.
Furthermore, PARPi markedly increased PD-L1 expression in ZNF689-deficient TNBC,
enhancing the effectiveness of PD-L1 blockade by activating the cGAS/STING pathway and
promoting CD8* T-cell recruitment, thus boosting antitumor activity. Preclinical studies confirm
that combining PARPi with immunotherapy enhances immune response and synergistically
inhibits tumor growth#”:67, In clinical settings, numerous trials have investigated the combination
of PARP inhibition with immune checkpoint blockade in TNBC and other cancers®-72. Our
findings uncover an uncharacterized mechanism for PARPi and provide additional rationale for
their combination with immunotherapies in treating TNBC, irrespective of BRCA mutation status.

This study has several limitations. The precise mechanism by which S215 phosphorylation
of ZNF689 influences NBS1 interactions with MRE11/RAD50 and SKP2 remains unclear. Given
that BRCT domains are known to bind phosphopeptides, it is possible that phosphorylation at
S215 induces the interaction with the BRCT domains of NBS1. We speculate that
phosphorylation may induce conformational changes in NBS1, enhancing MRN complex
assembly or SKP2 binding. However, this hypothesis awaits further structural validation.

In summary, our study not only identifies unrecognized functions of nuclear protein ZNF689
in HR-mediated DNA repair, but also demonstrates that PARPi alone or combined with anti-PD-
L1 immunotherapy could be potential treatment options for patients with TNBC exhibiting low

ZNF689 expression.



Methods

Ethical statement

We confirm that this research complies with all relevant ethical regulations. The collection and
use of patient-derived clinical samples were reviewed and approved by the Ethics Committee of
Fudan University Shanghai Cancer Center (FUSCC), and written informed consent was
obtained from all participants. All animal experiments were performed in accordance with the
protocols authorized by the FUSCC Institutional Animal Care and Use Committee (FUSCC-

IACUC-2022114).

Cell lines

Human cancer cell lines, including MDA-MB-231 (Cat# HTB-26; female), BT-549 (Cat# HTB-
122; female), MCF7 (Cat# HTB-22; female), T47D (Cat# HTB-133; female), ZR-75-1 (Cat# CRL-
1500; female), LNCaP (Cat# CRL-1740; male), and U20S (Cat# HTB-96; female), as well as
HEK293T cells (Cat# CRL-3216; female), non-tumorigenic epithelial cell lines MCF10A (Cat#
CRL-10317; female) and HMEC (Cat# PCS-600-010; female), and the murine mammary
carcinoma cell line 4T1 (Cat# CRL-2539; female), were obtained from the American Type
Culture Collection (ATCC). The human ovarian cancer cell line OVCARS (Cat# YC-B082; female)
and the murine mammary carcinoma cell line AT3 (Cat# YC-A159; female) were obtained from
Ubigene. All cell lines were maintained under standard culture conditions, routinely

authenticated via short tandem repeat (STR) profiling, and regularly tested for Mycoplasma



contamination.

Chemical products

The following chemicals were purchased from Selleck: KU-55933 (ATM inhibitor, Cat# S1092),
ceralasertib (ATR inhibitor, Cat# S7693), NU7441 (DNA-PKcs inhibitor, Cat# S2638), mirin
(MRE11 inhibitor, Cat# S8096), olaparib (PARP inhibitor, Cat# S1060), and paclitaxel (Cat#

S1150).

Plasmid construction, siRNA, sgRNA and transfection

Plasmids for Flag-ZNF689 (WT, S215A, S215D, S221A, S355A, S494A), Flag-ZNF689
truncation mutants (ZFD, A ZFD, A ZFD1-12), HA-NBS1 (WT, K735R) and HA-NBS1
truncation mutants (AFHA, ABRCT1, ABRCT2, AMA, AC) were synthesized by Synbio
Technologies (Suzhou, China). Plasmid transfections were conducted using Lipofectamine 2000
(Invitrogen). siRNAs were obtained from RiboBio (Supplementary Table 2) and transfected into
cells using Lipofectamine RNAIMAX (Invitrogen). The lentivirus-mediated CRISPR/Cas9 KO
vector targeting human or mouse ZNF689 was also sourced from Synbio Technologies (Suzhou,
China). Refer to Supplementary Table 3 for gRNA sequences. Cells at 30% confluence were
incubated in a medium containing optimal dilution of lentivirus mixed with polybrene. Following
48 h of transfection, cells underwent puromycin selection to establish stable transfected cell

lines.



RNA isolation and real-time quantitative reverse transcription (RT-qPCR)

Total RNA was extracted with the RNeasy kit (QIAGEN) and converted into cDNA using the
HiScript Il RT SuperMix with gDNA wiper (Vazyme). RT-gPCR was conducted with ChamQ
SYBR gPCR Master Mix (Vazyme) on a 7900HT Fast Real-Time PCR System (Applied

Biosystems). Primer sequences are listed in Supplementary Table 4.

RNA-seq and data analysis

Total RNA from MDA-MB-231 cells (transfected with control or ZNF689 siRNA; n = 3 biological
replicates) was extracted using the RNeasy kit (QIAGEN). RNA-seq library preparation and
sequencing were performed at Shanghai Majorbio Bio-Pharm Technology Co., Ltd. using the
HiSeq-2500 platform (lllumina). Raw sequencing reads were aligned to the human reference
genome (hg38) using HISAT2, and transcript abundance was quantified as fragments per
kilobase million (FPKM) using Cufflinks. GSEA was conducted using the GSEA v4.2 desktop

application.

HR and NHEJ repair assays
Cells integrated with DR-GFP or EJ5-GFP cassettes were utilized to assess HR or NHEJ
efficiency, respectively’. Cells transiently transfected with indicated plasmids or siRNA were

then transfected with I-Scel expression vector pCBAScel (Addgene). After 48 h, GFP-positive



cells were quantified via flow cytometry. HR or NHEJ efficiency was expressed as a percentage

relative to control cells.

Cell cycle analysis
Cells were harvested, washed with ice-cold phosphate-buffered saline (PBS), and fixed in 70%
ethanol overnight at 4°C. After PBS washing, cells were treated with RNaseA at room

temperature for 60 min, followed by the addition of propidium iodide for flow cytometry analysis.

Irradiation
Cells were exposed to IR at 6 Gy for PLA and IF assays, and at 10 Gy for western blot, co-IP,
and metaphase spread analyses. Unless otherwise indicated, cells were collected 4 h post-

irradiation for PLA and IF, 1 h for western blot and co-IP, and 2 h for metaphase spread analyses.

Metaphase spread assay

MDA-MB-231 cells were transfected with control or ZNF689 siRNA, followed by 10 Gy IR
treatment. 2 h post-IR, cells were treated with 100 ng/mL colcemid (Gibco) for 3 h, then
suspended in 0.56% KCI for 15 min at 37°C. The cells were fixed in methanol/acetic acid (3:1)
for 20 min, spread onto slides, and dried at room temperature. Slides were then mounted with

DAPI (Beyotime) and analyzed using a Leica DMi8 microscope (Leica Microsystems).



ZNF689 WT and S215A protein purification

The open reading frames (ORFs) of human ZNF689 WT and S215A were sub-cloned into
modified pCAG vector. The plasmid was transfected to suspension Expi293F cells using PEI.
After culture at 37 °C, 5% CO:z for 3 days, cells were collected and lysed in 30 mM HEPES (pH
8.0), 300 mM NaCl, 0.25% CHAPS, 5 mM ATP, 5 mM MgClz, 10% Glycerol and 2 mM DTT
at 4 °C for 30 min, and the insoluble fraction was removed by centrifugation at 38,000 x g for 30
min. Supernatants were incubated with 1IgG antibody-agarose for 4 h and washed extensively.

The fusion proteins were digested using ULP1 protease and then eluted with PBS buffer.

ATM protein purification

The ORF of human ATM was codon-optimized and sub-cloned into modified pCAG vector. The
plasmid was transfected to suspension Expi293F cells using PEI. After culture at 37 °C, 5% COz2
for 3 days, cells were collected and lysed in 50 mM HEPES (pH 7.4), 400 mM KCI, 20mM NaCl,
20% glycerol, 10 mM MgCl2, 0.5 mM PMSF, 1 mM TCEP, 5 mM ATP, 10 mM NaF, 1 pg/mL
Aprotinin/Pepstanin/Leupetin at 4 °C for 30 min, and the insoluble fraction was removed by
centrifugation at 38,000 x g for 30 min. Supernatants were incubated with IgG antibody-agarose
for 4 h and washed extensively. The fusion proteins were digested using 3C protease and then

eluted with 25 mM HEPES 7.4, 400 mM KCI, 15% glycerol, 10 mM MgClz, 1 mM TCEP buffer.

Pull-down assays



Fusion proteins (ZNF689, MRE11, RAD50, and NBS1) were purchased from Proteintech. For
GST pull-down, 2 ug of GST-tagged protein was incubated with 2 ug of His-tagged binding
partner and an anti-GST antibody in binding buffer (50 mM Tris-HCI, pH 7.5, 150 mM NacCl, 0.05%
NP-40, and protease inhibitor cocktail) overnight at 4 °C, followed by incubation with Dynabeads
Protein A/G (Invitrogen) for 1 h. For His pull-down, 2 pg of His-tagged protein was incubated with
2 ug of GST-tagged partner and Ni-NTA agarose beads (Qiagen) in the same buffer overnight
at 4 °C. Beads were washed five times and eluted by boiling in SDS loading buffer for 5 min. For
ATM pull-down, purified recombinant ATM protein was pre-bound to anti-ATM antibody-
conjugated Protein A/G agarose beads in binding buffer (20 mM Tris-HCI, pH 7.5, 150 mM NaCl,
1mM EDTA, 0.1% NP-40, and protease inhibitors) at 4 °C for 1 h with gentle rotation. Flag-
ZNF689 protein was then added and incubated for an additional 2 h. Beads were washed three

times and eluted in SDS loading buffer by boiling.

In vitro ATM kinase assay

Briefly, 10 ng of purified constitutively active ATM was incubated in kinase reaction buffer with 1
Mg of recombinant ZNF689 WT or S215A mutant protein. The reaction was initiated by adding
250 uM ATP supplemented with magnesium and manganese acetate, and allowed to proceed
at room temperature for 1 h. The reaction was terminated using the ADP-Glo Kinase Assay kit
(Promega), and luminescence was measured using a Synergy 4 plate reader (BioTek) according

to the manufacturer’s instructions.



Clonogenic cell-survival assay
MDA-MB-231 and BT-549 cells were treated with specified doses of olaparib and seeded into
6-well plates (500 cells per well). After 12 days, viable cells were fixed and stained with 0.25%

crystal violet. Colonies with more than 50 cells were counted.

EMSA
The DNA-binding ability of ZNF689 was assessed by EMSA. Biotin-labeled oligonucleotides
corresponding to blunt-end, 3’ overhang, 5 overhang, and single-stranded DNA were
synthesized based on the sequences listed in Supplementary Table 5. A common strand
(JYM696) was annealed with specific complementary oligonucleotides to generate the
respective double-stranded probes; single-stranded DNA consisted of JYM696 alone.

Binding reactions were carried out in a 20 yl volume containing 25 mM MOPS (pH 7.0), 50
mM KCI, 1 mM DTT, 1 mM MnClz, 1-2 nM biotin-labeled DNA probe, and recombinant ZNF689
protein at the indicated concentrations. After 15 min incubation at room temperature, samples
were resolved by 6% native polyacrylamide gel electrophoresis in 0.5 x TBE buffer. DNA-protein
complexes were transferred to a positively charged nylon membrane and detected using a
chemiluminescent EMSA kit (Beyotime). Signals were visualized using an Amersham Imager

600 (GE Healthcare).



Western blotting and co-IP assays

Western blotting was conducted using standard methods, with protein expression quantified via
ImagedJ as the ratio of test protein to internal control. Antibody details are in Supplementary
Table 6. For co-IP, cells were lysed in RIPA buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% NP-
40, 0.25% sodium deoxycholate, protease inhibitor cocktail). Lysates were incubated with
indicated antibodies overnight at 4°C, followed by precipitation with Dynabeads Protein A/G
(Invitrogen) for 2 h, washed five times with lysis buffer, and eluted with SDS loading buffer by

boiling for 5 min.

PLA

PLA was performed using the Duolink In Situ Red Starter Kit Mouse/Rabbit (Sigma-Aldrich)
according to the manufacturer’s instructions. Briefly, MDA-MB-231 cells seeded onto glass
slides, fixed with 4% paraformaldehyde, and permeabilized with 0.2% Triton X-100. After
blocking, cells were incubated with primary antibodies overnight at 4 °C, followed by incubation
with PLA probes (PLUS and MINUS) for 1 h at room temperature. Ligation and rolling circle
amplification were carried out using the supplied reagents, nuclei were counterstained with DAPI
(Beyotime), and images were acquired with a Leica DMi8 confocal microscope (Leica

Microsystems). Detailed antibody information is provided in Supplementary Table 6.

Laser micro-irradiation, imaging, and IF



DSBs were induced using a high-resolution spinning disk confocal microscope equipped with
the cellFRAP photomanipulation system (Spin SR, Olympus). MDA-MB-231 cells were
transfected with GFP-ZNF689 and mCherry-NBS1 expression plasmids and seeded onto glass-
bottom dishes (NEST). At 24 h post-transfection, cells were incubated with 10 uM 5-bromo-2’-
deoxyuridine (BrdU, Selleck) for 24 h prior to laser microirradiation. Laser-induced DSBs were
generated using a 405 nm fixed-wavelength ultraviolet laser in a temperature-controlled
chamber, with the following parameters: 20% laser intensity, 0.2 s exposure per 5 scan lines,
using a x100 oil immersion objective.

For IF, cells grown on glass coverslips were fixed with 4% paraformaldehyde, permeabilized
with 0.2% Triton X-100, and blocked with 10% normal goat serum in PBS. Primary antibodies
were incubated overnight at 4°C, followed by three PBS washes and incubation with fluorescent
secondary antibodies. After nuclear staining with DAPI (Beyotime), coverslips were mounted
and imaged using a Leica DMi8 microscope (Leica Microsystems). Colocalization analysis was
performed using Leica LAS X software. Detailed antibody information is provided in

Supplementary Table 6.

IHC
Human TMAs containing primary tumor samples from 269 female patients with TNBC, as well
as pre-treatment tumor tissue sections from seven female TNBC patients who received PARPI

therapy, were obtained from FUSCC. IHC staining was performed on representative formalin-



fixed, paraffin-embedded (FFPE) tissue sections from both the human TNBC cohorts and mouse
tumor xenografts using the following antibodies: anti-ZNF689, anti-NBS1, anti-p-ATM, and anti-
PD-L1. The immunoreactivity scores were calculated by multiplying the staining intensity (0 =
negative, 1 = weak, 2 = moderate, 3 = strong) by the percentage of positive staining (0 = 0%, 1
<10%, 2 = 11-50%, 3 > 50%). Low and high expression groups were defined according to the
median immunoreactivity score. Details on the antibodies used are provided in Supplementary

Table 6.

ChIP-PCR

U20S DR-GFP cells, carrying a chromosomal integrated single-copy of |-Scel site, were used
to detect protein recruitment to I-Scel endonuclease-induced DSB sites. Cells were transfected
with [-Scel plasmids to introduce DSBs. After 48 h, a ChlP assay was performed using the
SimpleChlIP® Enzymatic Chromatin IP kit (Cell Signaling Technology) according to the
manufacturer’s instructions. DNA associated with ZNF689, MRE11, RAD50, or NBS1 was
detected by PCR with primers targeting the I-Scel site. The primer sequences were: forward, 5'-
TACAGCTCCTGGGCAACGTG-3’; reverse, 5-TCCTGCTCCTGGGCTTCTCG-3'. The PCR
conditions were: 95 °C for 5 min (1 cycle); 95 °C for 45 s, 56 °C for 30 s, 72 °C for 30 s (35

cycles); and 72 °C for 10 min (1 cycle). The amplified products were analyzed on a 1.2% agarose

gel.



SILAC-based quantitative proteomic analysis

ZNF689 interactomes were analyzed using a 3-plex SILAC approach (n = 1 biological replicate
per condition; 3 samples pooled into one multiplexed run). Briefly, HEK293T cells expressing
vector control (light: LysO/Arg0) or Flag-ZNF689 (medium: Lys4/Arg6; heavy: Lys8/Arg10,
treated with 10 Gy IR for 1 h recovery) were subjected to anti-Flag immunoprecipitation. Proteins
were resolved by SDS-PAGE and in-gel digested with trypsin’4. Desalted peptides were
analyzed on a NanoElute 2 LC system coupled to a TimsTOF Pro 2 mass spectrometer (Bruker
Daltonics). Separation was performed on an AUR3-15075C18 column (lonOpticks) at 400
nL/min using a 60-min gradient (2.2% to 90% buffer B). The instrument operated in DDA-PASEF
mode with 10 PASEF scans per cycle, acquiring MS/MS spectra over a 100—1700 m/z range
and an ion mobility range of 0.6—1.6 V-s/cm>.

Raw MS files were processed using MaxQuant (v2.6.7.0)" against the Human UniProtKB
database (UP000005640). The false discovery rate (FDR) was strictly controlled at 1% for both
proteins and peptides. For statistical validation, the “ProteinGroups.txt” output was imported into
Perseus (v2.1.4.0)76. Specific interacting proteins were identified using the Significance B test
(P < 0.05), which evaluates whether a protein’s SILAC ratio significantly deviates from the
background distribution binned by protein intensity. The quantified ZNF689-associated proteins

are listed in Supplementary Data 1.

Ubiquitination assay



For the cellular ubiquitination assay, HEK293T cells were transfected with the specified plasmids
for 48 h and then harvested using a denaturing buffer (6 M guanidine-HCIl, 0.1 M
Na2HPO4/NaH2PO4, and 10 mM imidazole). Prior to immunoprecipitation, the denatured cell
extracts were diluted with a non-denaturing lysis buffer to restore conditions amenable to
antibody binding. The cell extracts were incubated with the target antibody for 3 h, washed, and

analyzed by western blot.

Cell survival assay

To assess the effect of olaparib on TNBC viability, cells were grown in 96-well plates at 2 x 103
cells per well and exposed to different concentrations of olaparib. After 72 h, the cells were
incubated with 10% CCK-8 (Vazyme) solution at 37 °C for 2 h. The cell survival percentages at
different concentrations were calculated by dividing the optical density (OD) of chemical-

containing wells by that of DMSO-contacting wells.

PDO

Fresh breast cancer tissues were minced into 1-2 mm fragments and digested with collagenase
and hyaluronidase in a digestion buffer (DMEM/F12 with 5% bovine serum albumin, insulin, and
hydrocortisone) for 2 h at 37°C. The tissue was then centrifuged at 350 g for 5 min. The samples
were resuspended in 10 mL of digestion buffer and passed through a 100 ym cell strainer

(Corning). After centrifugation at 350 g for 5 min, the pellets were resuspended in digestion



buffer and centrifuged again. Cell clusters were then resuspended in BME type-2 buffer
(Trevigen) and seeded onto a 12 mm, 0.4 ym inner Transwell chamber (Corning) precoated with
Matrigel. The suspension was solidified by incubating for 30 min at 37°C and 5% CO2 with 1 mL
of breast cancer organoid medium?38. The culture medium was replaced every 2-3 days. ZNF689
overexpression and KO PDOs were generated using a lentiviral transduction system.
Concentrated lentiviruses were mixed 1:1 with Matrigel, and organoids were embedded and
cultured in culture medium. At 72 h post-transduction, 2 pg/mL puromycin was added for 1 week
to select transduced cells, after which surviving organoids were used for subsequent
experiments. For olaparib treatment, organoids in good condition were harvested, dissociated
into single cells, and cultured with olaparib for 1 week. Cell viability was then assessed using
the CellTiter-Glo 3D cell viability assay (Promega) according to the manufacturer’s instructions.

Photos were taken on the last day to observe changes in the organoids under drug treatments.

Animal studies

All animal procedures were carried out in the specific pathogen-free (SPF) facility at FUSCC.
Female mice were housed at 20-23 °C and 50-60% humidity with a 12-hour light/dark cycle
and free access to food and water. To ensure objectivity, investigators were blinded to treatment
allocations during data collection and analysis. Tumor dimensions and body weights were
recorded every 3 days. Tumor volume (V) was calculated using the formula V = (width? x

length)/2. The maximal tumor burden permitted by the FUSCC-IACUC is 2000 mm?3, and we



confirm that this limit was not exceeded in any experimental procedures.

To evaluate the effect of ZNF689 on in vivo olaparib sensitivity, 24 female NOD/SCID mice
(5—-6 weeks old, n = 6/group) were orthotopically injected with 1 x 106 MDA-MB-231 cells (sgCtrl
or sgZNF689) into the mammary fat pads (MFPs). Once average tumor volumes reached 100
mm?, mice were randomized to receive vehicle or olaparib (50 mg/kg) via intraperitoneal (i.p.)
injection, 5 days per week for 3 weeks.

For PDX studies, 24 female NSG mice (5—6 weeks old, n = 6/group) were orthotopically
engrafted with TNBC-1 or TNBC-2 tumor fragments. Treatment began when tumors reached
~100 mm? with either vehicle or olaparib (50 mg/kg, i.p., 5 days per week for 4 weeks). For the
synergy assessment, 24 female TNBC-2 PDX-bearing NSG mice were randomized into four
groups: vehicle, paclitaxel (20 mg/kg, i.p., 6 doses total, every other day), olaparib (50 mg/kg,
i.p., 5 days per week), or the combination of both.

To investigate the efficacy of dual PARP and PD-L1 inhibition, we utilized female BALB/c (n
= 6/group) and C57BL/6 mice (n = 5/group), all 5-6 weeks old. Mice were orthotopically
challenged with 1 x 10° 4T1 or AT3 sgZNF689 cells. At a tumor volume of ~100 mm?, a 2-week
treatment was initiated: IgG control (100 ug, i.p., every 3 days), anti-PD-L1 antibody (100 ug,

i.p., every 3 days), olaparib (50 mg/kg, i.p., 5 days per week), or the combination regimen.

Flow cytometry analysis

Freshly excised tumors were collected postmortem and enzymatically digested in a solution



containing 0.5 mg/mL collagenase type | (Sigma-Aldrich), 1 mg/mL dispase (Roche), and 1
mg/mL hyaluronidase (Sigma-Aldrich), supplemented with antibiotics. Digestion was carried out
at 37°C for 1 h. The digested tissues were filtered through a 40-um strainer to yield single-cell
suspensions, followed by red blood cell lysis for 10 min at room temperature. For surface marker
analysis, single-cell suspensions were incubated with the appropriate fluorochrome-conjugated
antibodies for 30 min at 4°C in the dark. For intracellular staining of mouse GZMB and IFN-y,
cells were pre-stimulated with Leukocyte Activation Cocktail (BD Biosciences) for 6 h, followed
by surface and intracellular staining using the Cytofix/Cytoperm kit (BD Biosciences). A viability
dye was included to distinguish live from dead cells. All antibodies used for flow cytometry are
listed in Supplementary Table 6. Data were acquired and analyzed using CytExpert software

(Beckman Coulter).

PDTF cultures and analysis

Tissue samples designated for PDTF cultures were meticulously processed into 1-2 mm?3
fragments. These fragments were then embedded in a tailored artificial extracellular matrix
combined with Matrigel, and allocated within a 96-well plate. After stabilization at 37°C, they
received a tumor medium supplemented with either atezolizumab or olaparib. After incubation
for 48 h, the PDTFs were readied for flow cytometry. This procedure aimed to evaluate T-cell
activation using designated antibodies, including ICOS, CD137, and CD25. Subsequently, the

PDTFs were isolated, subjected to enzymatic digestion, and transformed into single-cell



suspensions. After a blocking phase, these cells were stained and analyzed. Moreover, 48 h
after culture, supernatants from the PDTF cultures underwent analysis to determine IFN-y and

TNF-a levels, using the ELISA kits (Lianke) following the manufacturer’s guidelines.

Calculation of HRD score

Unadjusted loss-of-heterozygosity (LOH), telomeric allelic imbalances (NtAl), large-scale
transitions (LST), and tumor ploidy were estimated using the scarHRD R package’’. For the
TCGA dataset, the HRD score was defined as the unweighted sum of LOH, NtAl, and LST. For
the FUSCCTNBC cohort, to account for ploidy effects’8, the HRD score was calculated as the

sum of LOH, NtAl, and a ploidy-adjusted LST score (LSTm = LST - 15.5 x ploidy).

cGAMP assay

For intracellular 2°3’-cGAMP quantification, MDA-MB-231 cells were seeded in 6-well plates. At
80-90% confluency, cells were washed twice with PBS, trypsinized, and collected by
centrifugation. Cell pellets underwent three cold PBS washes to remove phenol red, with all
steps on ice. Pellets were resuspended in protein extraction buffer and incubated for 5 min with
gentle shaking. Whole-cell lysates were centrifuged, and the supernatant was used for cGAMP
quantification via ELISA (Cayman Chemical) per the manufacturer’s instruction. Protein

concentration was determined and used to normalize cGAMP levels across samples.



Targeted sequencing of BRCA1/2

Genomic DNA was extracted and quantified using the Qubit® dsDNA HS Assay Kit (Thermo
Fisher Scientific). Targeted sequencing libraries were prepared using the GenSeizer MJ2020
BRCA I/ll Panel (Maojin), which amplifies all exons and splice junctions of BRCA1 and BRCA2
through multiplex PCR. Following two rounds of PCR amplification and AMPure XP bead
(Beckman Coulter) purification, libraries were quantified and pooled for sequencing. Paired-end
sequencing (PE150) was performed on the DNBSEQ-G99 platform (BGI Genomics). Raw
sequencing reads were quality-filtered using fastp, aligned to the human reference genome
(hg19) using BWA-MEM, and variant calling was performed using VarDict in amplicon mode.

Variants were annotated with ANNOVAR.

Statistics and reproducibility

The statistical details and methods are indicated in the figure legends or supplementary
information. Statistical analyses were performed using R software (v4.1.3) or GraphPad Prism
(v8.0.1). Statistical significance was evaluated using two-tailed unpaired Student’s t-tests, one-
or two-way ANOVA, Spearman correlation, two-tailed Wilcoxon tests, Pearson’s chi-squared
tests, or MANOVA, as denoted in the respective figure legends. A two-sided P value < 0.05 was
considered statistically significant. The data are presented as the mean + SD for a minimum of

three independent experiments unless otherwise indicated.



Materials availability
Plasmids and sequences generated in this study are available from the corresponding author

upon reasonable request.



Data availability
The RNA-seq data generated in this study have been deposited in the Genome Sequence

Archive (GSA) database under accession code PRJCA041856 (https://bigd.big.ac.cn/gsa-

human/browse/HRA018178). The targeted sequencing data of BRCA1/2 have been deposited

in the GSA database under accession code PRJCA042581 (https://bigd.big.ac.cn/gsa-

human/browse/HRA012188). The mass spectrometry proteomics data have been deposited in

the iProX partner repository under accession code PXD065248

(https://www.iprox.cn//page/SCV017.html?query=PXD065248). Data from the FUSCCTNBC

cohort are available in The National Omics Data Encyclopedia (NODE) under accession code

OEPO000155 (http://www.biosino.org/node/project/detail/lOEP000155). The |-SPY2 trial data

analyzed in this study are available in the GEO database under accession code GSE194040

(https://www.ncbi.nim.nih.gov/geo/query/acc.cgi?acc=GSE194040). The TCGA datasets

analyzed during the current study are available through the cBioPortal website

(www.cbioportal.org/). Source data are provided with this paper. The remaining data are

available within the Article, Supplementary Information or Source Data file.
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Figure Legends

Fig. 1. ZNF689 loss impairs HR repair activity in TNBC.

a GSEA of differentially expressed pathways in MDA-MB-231 cells transfected with siZNF689
or siCtrl. b, ¢ yYH2AX levels were assessed by western blot in siZNF689 and siCtrl MDA-MB-231
(b) and BT-549 (c) cells treated with IR (10 Gy) and collected at the indicated time points. d
Schematic of the DR-GFP reporter system used to assess HR repair efficiency. e, f U20S DR-
GFP (e) and MDA-MB-231 DR-GFP (f) cells were transfected with siZNF689 or siCitrl, followed
by I-Scel transfection. The percentage of GFP-positive cells was quantified by flow cytometry.
siBRCAZ2 served as a positive control. g IF analysis of RAD51 foci formation in MDA-MB-231
cells transfected with siCtrl, siZNF689, siBRCAZ2, or siZNF689 plus BRCA2 OE, following IR (6
Gy). Representative images and quantification of RADS51 foci per cell at 4 h post-IR are shown.
Scale bar, 10 ym. h Metaphase spread analysis of chromosomal aberrations in MDA-MB-231
cells transfected with siZNF689 or siCtrl, assessed 2 h after IR (10 Gy). Scale bar, 10 ym.
Results in b, ¢ were representative of n = 3 biologically independent experiments. Data in e-h
were presented as mean + SD of n = 3 biologically independent experiments. For GSEA in a,
significance was assessed by empirical permutation tests and adjusted for multiple comparisons
via false discovery rate (FDR). P values were determined by one-way ANOVA (e—g) or two-tailed
unpaired Student’s t-test (h). Source data are provided as a Source Data file. HR, homologous

recombination; IR, ionizing radiation; NES, normalized enrichment score; OE, overexpression.



Fig. 2. Recruitment of ZNF689 to the DSBs sites depends on the Ser215 phosphorylation
by ATM.

a Representative PLA images showing in situ co-localization of ZNF689 and yH2AX in MDA-
MB-231 cells at 4 h post-irradiation (6 Gy). Scale bar, 5 ym. b U20S DR-GFP cells were
transfected with siZNF689 or siCtrl, followed by I-Scel transfection to induce site-specific DNA
DSBs. ChIP was performed using anti-MRE11, RADS50, or NBS1 antibodies, and DNA fragments
were detected by PCR. Top: schematic overview of the ChlP assay; bottom: representative PCR
results. ¢ HEK293T cells were exposed to IR (10 Gy) and harvested 1 h later for IP with anti-
Flag antibody, followed by western blot analysis of ZNF689 phosphorylation using an anti-
phospho-ATM/ATR/DNA-PKcs substrate antibody. d Sequence alignment of the conserved
SQ/TQ DNA damage-responsive phosphorylation motifs in ZNF689 across species. e HEK293T
cells were transfected with the indicated Flag-ZNF689 phosphorylation site mutants and treated
with IR (10 Gy). ZNF689 phosphorylation was assessed 1 h post-IR by IP with anti-Flag followed
by western blot using the phospho-ATM/ATR/DNA-PKcs substrate antibody. f MDA-MB-231
cells were transfected with Flag-ZNF689 and pre-treated with ATM (10 uM), ATR (10 uM), or
DNA-PKcs (10 pM) inhibitors for 1 h prior to IR (10 Gy). Cells were harvested 1 h post-IR for IP
and phosphorylation analysis. g MDA-MB-231 cells were transfected with either WT or S215A
mutant Flag-ZNF689, with or without siATM, followed by IR (6 Gy). Co-immunostaining of Flag
and yH2AX was performed 4 h post-IR to assess recruitment to DSBs. Scale bar, 5 ym. Results

in a-c, e, f were representative of n = 3 biologically independent experiments. Data in g was



presented as mean + SD of n = 3 biologically independent experiments. P value was determined
by one-way ANOVA. Source data are provided as a Source Data file. ChlP, chromatin
immunoprecipitation; DSB, double-strand break; IP, immunoprecipitation; IR, ionizing radiation;

WT, wild-type.



Fig. 3. ZNF689 directly interacts with NBS1 through its zinc-finger domains.

a Co-IP of endogenous ZNF689 was performed in MDA-MB-231 cells without IR treatment using
an anti-ZNF689 antibody, followed by western blot analysis of the indicated HR proteins. b Co-
IP of endogenous ZNF689 and components of the MRN complex in MDA-MB-231 cells, followed
by western blot. ¢, d /n vitro pull-down assays using recombinant GST-ZNF689 (c¢) and His-
NBS1 (d), followed by western blot. The arrow indicates the specific band of GST-ZNF689. e
Representative images (left) and quantification (right) of in situ PLA signals of ZNF689 and NBS1
in MDA-MB-231 cells. Cells were treated with IR (6 Gy) and analyzed at 4 h post-irradiation.
Scale bar, 5 ym. f MDA-MB-231 cells were co-transfected with GFP-ZNF689 and mCherry-
NBS1 expression plasmids. At 48 h post-transfection, cells were subjected to laser
microirradiation, and recruitment of GFP-ZNF689 and mCherry-NBS1 to laser-induced DNA
damage stripes was monitored over time. Scale bar, 5 um. g, h Reciprocal co-IP of endogenous
ZNF689 (g) and NBS1 (h) in MDA-MB-231 cells 1 h after IR (10 Gy). i Schematic diagram of
Flag-ZNF689 and its deletion mutants. j Co-IP was performed in HEK293T cells expressing HA-
NBS1 and either WT or mutant Flag-ZNF689 constructs. k HR efficiency in U20S DR-GFP cells
transfected with siCtrl or siZNF689, with or without rescue using ZNF689-WT, ZNF689-ZFD, or

ZNF689-AZFD. Results in a-d, f-h, j were representative of n = 3 biologically independent

experiments. Data in e, k were presented as mean + SD of n = 3 biologically independent
experiments. P values were determined by one-way ANOVA. Source data are provided as a

Source Data file. HR, homologous recombination; IP, immunoprecipitation; IR, ionizing radiation;



WT, wild-type; ZFD, zinc-finger domain.



Fig. 4. Phosphorylation-mediated ZNF689 promotes NBS1 ubiquitination through SKP2.
a In vivo ubiquitination assay of NBS1 ubiquitination in HEK293T cells co-transfected with Flag-
ZNF689, HA-NBS1, and His-tagged ubiquitin (His-Ub). b In vivo ubiquitination assay of NBS1
ubiquitination in HEK293T cells with or without ZNF689 knockdown, performed 1 h after IR (10
Gy). ¢ In vivo ubiquitination assay of K63-linked NBS1 ubiquitination in HEK293T cells
transfected with either WT or S215A mutant Flag-ZNF689 and His-Ub, 1 h after IR (10 Gy). d In
vivo ubiquitination assay of NBS1 ubiquitination in HEK293T cells co-transfected with Flag-
ZNF689, HA-NBS1, and His-Ub, with or without siSKP2. e Co-IP of endogenous ZNF689 and
SKP2 in MDA-MB-231 cells, followed by western blot analysis. f, g Co-IP assays showing
altered interaction between SKP2 and NBS1 in ZNF689-KO MDA-MB-231 cells, using anti-
SKP2 (f) or anti-NBS1 (g) antibodies. h IF analysis of SKP2 recruitment to DNA damage sites
in ZNF689-KO MDA-MB-231 cells with or without re-expression of WT or S215A ZNF689. Cells
were irradiated (6 Gy) and fixed 4 h post-treatment. Quantification of SKP2 foci per cell is shown.
Scale bar, 5 ym. Results in a-g were representative of n = 3 biologically independent
experiments. Data in h was presented as mean + SD of n = 3 biologically independent
experiments. P values were determined by one-way ANOVA. Source data are provided as a

Source Data file. IP, immunoprecipitation; IR, ionizing radiation; Ub, ubiquitin; WT, wild-type.



Fig. 5. ZNF689-mediated NBS1 ubiquitination stabilizes the MRN complex and promotes
ATM activation.

a Co-IP analysis of NBS1 interactions with MRE11 and RAD50 in ZNF689-KO MDA-MB-231
cells at 1 h post-IR (10 Gy). b ChIP-PCR analysis showing the recruitment of MRE11, RAD50,
and NBS1 to I-Scel-induced DSB sites in the indicated U20S DR-GFP cells. ¢ IF analysis of
RPA2 foci formation in the indicated MDA-MB-231 cells at 4 h post-IR (6 Gy). Cells were
pretreated with the MRE11 inhibitor mirin (10 yM, 24 h) to evaluate MRN dependency. In rescue
experiments, ZNF689-KO cells were transfected with NBS1 WT or K735R prior to IR. Scale bar,
5 um. d Co-IP analysis of the interaction between NBS1 and ATM in ZNF689-KO MDA-MB-231
cells at 1 h post-IR (10 Gy). e IF analysis in MDA-MB-231 cells showing p-ATM foci formation
after 4h post-IR treatment (6 Gy) in ZNF689 KO cells, with restoration of either NBS1 WT or
K735R. Scale bar, 5 um. f IF analysis of the colocalization between NBS1 and p-ATM at 4 h
post-IR (6 Gy) in ZNF689-KO cells transfected with either NBS1 WT or K735R mutant. Scale
bar, 5 um. Results in a, b, d were representative of n = 3 biologically independent experiments.
Data in ¢, e, f were presented as mean + SD of n = 3 biologically independent experiments. P
values were determined by one-way ANOVA. Source data are provided as a Source Data file.
ChlIP, chromatin immunoprecipitation; IP, immunoprecipitation; IR, ionizing radiation; WT, wild-

type.



Fig. 6. ZNF689 loss confers sensitivity to PARPi in TNBC.

a Dose-response curves and half maximal inhibitory concentration (IC50) values of olaparib in
MDA-MB-231 cells expressing sgCtrl or sgZNF689. b Clonogenic survival assays of MDA-MB-
231 cells expressing sgCtrl or sgZNF689 treated with increasing concentrations of olaparib. ¢
Western blot analysis of ZNF689 expression in three patient-derived TNBC organoid models.
d, e Cell viability assays (d) and representative bright-field images (e) of the three TNBC
organoid models treated with 0, 10, or 30 yM olaparib. f-h Schematic of the MDA-MB-231
xenograft experiment in NOD/SCID mice. MDA-MB-231 cells expressing sgCtrl or sgZNF689
were implanted into the MFP. Once tumors reached ~100 mm?3, mice were randomized and
treated with vehicle or olaparib (50 mg/kg, 5 days/week for 3 weeks) (f). Tumor growth curves
(g) and endpoint tumor weights (h) are shown. n = 6 mice per group. i-k Schematic of TNBC
PDX model generation (i). Representative IHC images of ZNF689 expression in two TNBC
patients (j). Tumor growth curves of TNBC-1 and TNBC-2 PDXs treated with vehicle or olaparib
(50 mg/kg, 5 days/week for 4 weeks) (k). n = 6 mice per group. I-n Schematic of drug treatment
design in TNBC-2 PDX model. Mice were treated with vehicle, paclitaxel (20 mg/kg), olaparib
(50 mg/kg), or their combination for 4 weeks (l). Tumor growth curves (m) and endpoint tumor
weights (n) are shown. n = 6 mice per group. Results in ¢, e were representative of n = 3
biologically independent experiments. Data in a, b, d were presented as mean £ SD of n = 3
biologically independent experiments. P values were determined by one-way ANOVA (a, d, h,

n) or two-way ANOVA (b, g, k, m). Source data are provided as a Source Data file. Schematics



in f, i, and | were created in BioRender. Ge, L. (2026) https://BioRender.com/4rsz4kg. PDO,

patient-derived organoid; PDX, patient-derived xenograft; TNBC, triple-negative breast cancer.


https://biorender.com/4rsz4kg

Fig. 7. PARPi upregulates PD-L1 expression more potently in ZNF689-deficient TNBC via
activating the STING pathway.

a, b Comparison of HRD scores in the FUSCCTNBC cohort (a) and the PARPi response
signature in the I-SPY2 trial (b) between ZNF689-high and -low groups, stratified by median
MRNA expression. ¢ IHC assessment of ZNF689 in tumors from PARPi-treated TNBC
responders (n = 3) versus non-responders (n = 4). Created in BioRender. Ge, L. (2026)

https://BioRender.com/4rsz4kg. d-f Surface PD-L1 (d), PD-L1 mRNA (e), and total PD-L1

protein (f) levels in MDA-MB-231 sgCtrl or sgZNF689 cells treated with olaparib (10 uM, 24 h).
g IHC of PD-L1 in xenograft tumors derived from MDA-MB-231 sgCtrl or sgZNF689 cells treated
with olaparib (60 mg/kg). n = 6 mice per group. Scale bar, 50 um. h, i Intracellular cGAMP levels
(h) and western blot of STING pathway activation (i) in cells treated as in d. j IF images of
cGAS/DAPI staining (left), quantification of micronucleated cells (middle), and cGAS-positive
micronuclei (right) in indicated cells. Scale bar, 10 ym. k, | RT-gPCR of IFNB, CCLS, and
CXCL10 mRNA (k) and ELISA of secreted IFN-B (I) from cells treated as in d. Results in f, i
were representative of n = 3 biologically independent experiments. Data in d, e, h, j-I were
presented as mean = SD of n = 3 biologically independent experiments. For violin plots (a, b),
the shape represents data distribution. For embedded box plots, the center line represents the
median, bounds show the 25th and 75th percentiles (interquartile range, IQR), and whiskers
extend to minimum and maximum values within 1.5 x IQR. P values were determined by two-

sided Wilcoxon tests (a, b), two-tailed unpaired Student’s t-test (¢) and one-way ANOVA (d, e,


https://biorender.com/4rsz4kg

g, h, j, k, ). Source data are provided as a Source Data file. FFPE, formalin-fixed, paraffin-

embedded; HRD, homologous recombination deficiency; PARPi, PARP inhibitor.



Fig. 8. PARPi enhances the therapeutic efficacy of PD-L1 blockade in ZNF689-deficient
TNBC.

a-d Schematic of the 4T1 mouse xenograft model. 4T1 sgZNF689 cells were implanted into the
MFP of BALB/c mice. Once tumors reached ~100 mm?3, mice were randomized into four groups
and treated for 2 weeks with either IgG control (100 ug, every 3 days), anti-PD-L1 antibody
(aPD-L1, 100 ug, every 3 days), olaparib (50 mg/kg, 5 days per week), or the combination of
aPD-L1 and olaparib (a). Tumor growth curves (b), endpoint tumor weights (c), and flow
cytometry analysis of tumor-infiltrating CD4* T cells, CD8* T cells, GZMB* CD8" T cells, and
IFN-y* CD8* T cells (d) are shown. n = 6 mice per group. e-g Overview of the PDTF platform
(e). Delta values of T cell activation markers (ICOS, CD137, CD25) (f) and cytotoxic markers
(IFN-y, TNF-a) (g) between aPD-L1 monotherapy and aPD-L1 plus olaparib combination were
compared in tumors with low and high ZNF689 expression. n = 5 per group. h Schematic model
summarizing the proposed mechanism of this study. Data were presented as mean + SD. P
values were determined by two-way ANOVA (b) or one-way ANOVA (c, d) and two-tailed
unpaired Student’s t-test (f, g). Source data are provided as a Source Data file. Schematics in

a, e, and h were created in BioRender. Ge, L. (2026) https://BioRender.com/4rsz4kg. HR,

homologous recombination; PARPI, PARP inhibitor; TNBC, triple-negative breast cancer.
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