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radioresistance and PARP inhibitor
resistance in triple-negative breast cancer

Poly (ADP-ribose) polymerase inhibitors (PARPi) are used to
treat ovarian cancer and triple-negative breast cancer
(TNBC) with defective homologous recombination repair
pathways. However, de novo and acquired PARPi resistance
limits clinical benefits." The MRE11-RAD50-NBS1 (MRN)
complex mediates the sensing, processing, and signaling of
DNA double-strand breaks (DSBs) and plays important roles
in the efficacy of PARPi and radiation treatment,” and yet
the mechanisms for the regulation and degradation of the
MRN complex are not well understood. ZRANB1, also known
as Trabid, is a breast cancer-promoting deubiquitinase that
preferentially cleaves K29-, K33-, and K63-linked ubiquitin
chains,® but its role in therapy resistance remains unknown.

To systematically identify the potential substrates and
downstream pathways of ZRANB1, we performed a BiolD-
based interactome analysis along with SILAC-based quan-
titative proteomic profiling (Fig. S1A), by using a stable
MYC-BiolD2-tagged ZRANB1-expressing HEK293A cell line
(Fig. S1B) and ZRANB1-knockout HEK293A cells generated
by CRISPR-Cas9 (Fig. 51C).> The top 300 interactors iden-
tified by the BiolD-based analysis are presented in Table S1
and the top 500 downregulated proteins identified by SILAC
are presented in Table S2. To explore the cellular pathways
regulated by ZRANB1, we subjected the ZRANB1-interacting
proteins and the proteins downregulated in ZRANBI1-
knockout cells to enrichment analysis. Interestingly, both
sets of proteins were enriched in the DNA ionizing radiation
(IR)-DSBs and cellular response via the ATM pathway (Fig.
S1D, E). We identified 20 overlapping proteins by the
STRING Functional Protein Association Network analysis of
the BiolD interactome and the quantitative proteome.
Pathway classification of these 20 proteins revealed a
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network of ZRANB1 interactors consisting of DNA damage
response (DDR), homologous recombination (HR), DNA IR-
DSBs, and cellular response via ATM, and breast cancer
pathways (Fig. S1F). In particular, in the DNA IR-DSBs and
cellular response via ATM pathway, four proteins, MRE11,
RAD50, NBS1, and TP53, were identified in both the BiolD
interactome analysis and the quantitative proteome anal-
ysis (Fig. 1A).

To validate our mass spectrometry results, we per-
formed pulldown assays, finding that ZRANB1 interacted
with MRE11, RAD50, and NBS1, but not p53, in HEK293 cells
(Fig. 1B). Moreover, the protein levels, but not the mRNA
levels, of MRE11, RAD50, and NBS1 were markedly down-
regulated in ZRANB1-knockout HEK293A cells (Fig. 1C;
Fig. S2A). To determine whether the regulation of MRN
complex components is due to ZRANB1’s deubiquitinating
activity, we generated a catalytically inactive ZRANB1
mutant (C443A) and transfected wild-type or mutant
ZRANB1 into ZRANB1-knockout HEK293A cells, finding that
MRN complex expression levels could be restored by wild-
type ZRANB1 but not catalytically inactive ZRANB1
(Fig. S2B), which suggests that ZRANB1’s deubiquitinase
activity is critical for stabilizing the MRN complex. Further,
ectopic expression of ZRANB1 in ZRANB1-knockout HEK293A
cells substantially reduced NBS1 polyubiquitination, but not
the polyubiquitination of MRE11 and RAD50 (Fig. 1D; Fig.
S2C—E), suggesting that NBS1, but not MRE11 or RAD50, is a
candidate substrate of ZRANB1.

By using lysine-specific mutants of ubiquitin, we found
that ZRANB1 specifically downregulated K33-linked poly-
ubiquitination of NBS1 (Fig. S2F). To confirm that ZRANB1
stabilizes NBS1, we examined the protein half-life of NBS1.
As expected, the knockout of ZRANB1 in HEK293A cells
shortened the half-life of endogenous NBS1 protein (Fig.
S3A, B). To determine whether ZRANB1 can bind and
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Figure 1

ZRANB1 is an NBS1 deubiquitinase and a potential target to overcome radioresistance and PARP inhibitor resistance in

triple-negative breast cancer. (A) Venn diagram showing the overlapping proteins enriched in the DNA IR-DSBs and cellular response
via ATM pathway that were identified in both the BiolD interactome analysis (blue: ZRANB1-interacting proteins) and the quan-
titative proteome analysis (red: proteins downregulated in ZRANB1-knockout HEK293A cells). (B) HEK293T cells were transfected
with SFB-GFP or SFB-ZRANB1, followed by pulldown with S-protein beads and immunoblotting with antibodies against MRE11,
RAD50, NBS1, p53, FLAG, and B-actin. (C) Immunoblotting of ZRANB1, MRE11, RAD50, NBS1, and B-actin in ZRANB1-knockout
HEK293A cells. (D) ZRANB1-knockout HEK293A cells were co-transfected with MYC-NBS1, HA-ubiquitin (Ub), and SFB-ZRANB1 or
SFB-ZRANB1 (C443A), followed by immunoprecipitation with anti-MYC beads and immunoblotting with antibodies against HA and
MYC. Cells were treated with 10 uM MG132 for 6 h before collection. Before immunoprecipitation, lysates were heated at 95 °C for
5 min in the presence of 1% SDS (for denaturing), followed by a 10-fold dilution with lysis buffer and sonication. (E) Ubiquitinated
MYC-NBS1 was purified with anti-MYC beads from ZRANB1-knockout HEK293A cells co-transfected with MYC-NBS1 and HA-ubiquitin
(Ub), and was incubated with purified His-ZRANB1. After the in-vitro deubiquitination reaction, the bound proteins were eluted by
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deubiquitinate NBS1 directly, we performed in vitro binding
assays and deubiquitination assays using purified proteins.
Indeed, recombinant His-ZRANB1 directly bound to purified
GST-NBS1 (Fig. S3C), and purified ZRANB1 protein markedly
decreased NBS1 polyubiquitination in a cell-free system
(Fig. 1E) in a K33 linkage-specific manner (Fig. S3D), indi-
cating that NBS1 is a K33 linkage-specific substrate of
ZRANB1. To our knowledge, this is the first report of the
deubiquitinating enzyme of NBS1.

ZRANB1 consists of three N-terminal zinc-finger do-
mains, a central ankyrin repeat ubiquitin-binding domain,
and a C-terminal OTU domain.> We performed a deletion
analysis by using different truncation mutants of ZRANB1
(Fig. S4A), demonstrating that the OTU domain-mediated
the interaction between ZRANB1 and NBS1 (Fig. S4B). To
determine the domains of NBS1 responsible for ZRANB1
binding, we co-transfected various deletion mutants of
NBS1 (Fig. S4C) with HA-tagged ZRANB1, followed by co-
immunoprecipitation (co-IP). Whereas wild-type NBS1 and
the AFHA, ABRCT1, and AC mutants interacted with
ZRANB1, the ABRCT2 mutant failed to do so (Fig. S4D),
suggesting that the BRCT2 domain is required for the
interaction with ZRANB1. Taken together, these results
indicate that the OTU domain of ZRANB1 interacts with the
BRCT2 domain of NBS1.

Non-homologous end-joining (NHEJ) and homologous
recombination (HR) are the main pathways for DSB repair,
and defects in either pathway are associated with elevated
radiosensitivity. Interestingly, ZRANB1 was upregulated in a
time-dependent manner upon IR treatment (Fig. S5A). We
previously selected radioresistant subpopulations from the
LM2 lung-metastatic breast cancer cell line, called LM2-R
cells (Fig. S5B).* Compared with the parental LM2 cells,
ZRANB1 was markedly upregulated in LM2-R cells (Fig. S5C).
shRNA-mediated knockdown of ZRANB1 in LM2-R cells
drastically reduced protein levels of the MRN complex
components (Fig. S5D) and significantly decreased the sur-
vival fraction after IR treatment (Fig. S5E). Strikingly, the
protein level of the DNA break marker yH2AX was much
higher in ZRANB1-knockdown LM2-R cells compared with
the control LM2-R cells upon irradiation (Fig. S5F).

NBS1 is known to stabilize MRE11-RAD50 protein—DNA
complexes. To determine whether ZRANB1 regulates the
MRN complex and radioresistance through NBS1, we over-
expressed NBS1 in ZRANB1-knockout HEK293A cells and
found that ectopic expression of NBS1 rescued MRE11 and
RAD50 protein levels (Fig. S5G). Moreover, in ZRANB1-
knockdown LM2-R cells, ectopic expression of NBS1 also

rescued MRE11 and RAD50 expression (Fig. S5H) and radio-
resistance (Fig. 1F). To determine whether ZRANB1 regu-
lates DSB repair through NBS1, we performed NHEJ and HR
reporter assays in the LM2-DRR reporter cell line estab-
lished in our recent study (Fig. S5I),* and we found that
depletion of ZRANB1 significantly decreased HR and NHEJ
repair efficiency, while the inhibition of HR was greater
than that of NHEJ (Fig. S5J). Furthermore, the inhibited HR
repair efficiency caused by ZRANB1 knockdown was signif-
icantly rescued by overexpression of NBS1 (Fig. S5J).
Collectively, these results suggest that ZRANB1 depletion
overcomes tumor cell radioresistance through, at least in
part, downregulation of the MRN complex and HR repair
efficiency.

PARPi, such as olaparib and talazoparib, exploits HR
deficiency to induce synthetic lethality. The MRN complex
is a critical regulator of HR repair, and defects in the HR
pathway or the MRN complex can synergize with PARPi and
improve drug efficacy. Because ZRANB1 knockdown caused
MRN complex downregulation and HR deficiency (Fig. S5J),
we hypothesized that ZRANB1 depletion would increase
PARPi sensitivity through downregulation of MRN complex-
mediated HR repair. To test this hypothesis, we examined
ZRANB1 expression in the parental SUM149 human breast
cancer cell line and a PARPi-resistant SUM149 cell line
(hereafter named SUM149-PR) derived from talazoparib
treatment,’ and we found that ZRANB1 was upregulated in
SUM149-PR cells compared with the parental SUM149 cells
(Fig. S6A). Next, we established a SUM149-PR stable cell
line expressing doxycycline (DOX)-inducible ZRANB1 shRNA.
We found that DOX-induced ZRANB1 knockdown in SUM149-
PR cells downregulated MRN complex expression and
decreased the IC50 value of talazoparib from 2.02 uM to
0.82 pM (Fig. S6B, C). BT549 is a BRCA1 wild-type, HR-
proficient TNBC cell line with de novo olaparib resistance.
Similar to the SUM149-PR cells with acquired PARPi resis-
tance, DOX-induced ZRANB1 knockdown in BT549 cells also
decreased MRN complex expression and reduced the IC50
value of olaparib from 3.65 uM to 1.9 uM (Fig. S6D, E).

The MRN complex facilitates HR repair through DNA end
resection and generation of a long 3’ single-stranded DNA
(ssDNA). pRPA32 (S4/8) is a surrogate marker of ssDNA. In
both SUM149-PR and BT549 cells, ZRANB1 knockdown not
only decreased MRN expression but also reduced PARPi-
induced pRPA32 (S4/8) expression and augmented PARPi-
induced yH2AX expression (Fig. S6F), suggesting that loss of
ZRANB1 impairs DNA resection and leads to HR repair de-
fects and PARPi-induced accumulation of DSBs.

boiling in Laemmli sample buffer and immunoblotted with antibodies against HA and MYC. (F) Clonogenic survival assays of ZRANB1-
knockdown LM2-R cells with ectopic expression of V5-GFP or V5-NBS1. n = 3 wells per group. (G) ZRANB1-knockdown SUM149-PR
(upper panel) and BT549 cells (lower panel) were transduced with V5-GFP or V5-NBS1, followed by immunoblotting with antibodies
against ZRANB1, NBS1, RAD50, MRE11, and B-actin. (H) ZRANB1-knockdown SUM149-PR and BT549 cells were transduced with V5-
GFP or V5-NBS1. The percentage of apoptosis in talazoparib-treated SUM149-PR cells (left panel) and olaparib-treated BT549 cells
(right panel) was analyzed by flow cytometry (representative flow cytometry plots are shown in Fig. S6G). n = 3 wells per group. (I)
Left panel: SUM149-PR cells stably expressing doxycycline (DOX)-inducible shZRANB1 were transduced with V5-GFP or V5-NBS1,
followed by treatment with different concentrations of talazoparib with or without DOX for 6 days. Right panel: BT549 cells stably
expressing doxycycline (DOX)-inducible shZRANB1 were transduced with V5-GFP or V5-NBS1, followed by treatment with different
concentrations of olaparib with or without DOX for 3 days. Cell viability was measured by CCK8 assays. n = 3 wells per group. IC50
values are shown in Figure S7C. Statistical significance in F and H was determined by a two-tailed unpaired t-test (Error bars:

mean =+ standard deviation).
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To determine whether NBS1 mediates the role of ZRANB1
in PARPi resistance, we overexpressed NBS1 in ZRANB1-
knockdown SUM149-PR and BT549 cells and found that NBS1
overexpression rescued the expression of MRE11 and RAD50
(Fig. 1G). Importantly, the knockdown of ZRANB1 markedly
increased talazoparib-induced apoptosis of SUM149-PR cells
and olaparib-induced apoptosis of BT549 cells (Fig. 1H;
Fig. S6G). The sensitization of ZRANB1-knockdown breast
cancer cells to PARPi treatment was reversed by over-
expression of NBS1 (Fig. 1H, I; Fig. S7TA—C). Altogether,
these results indicate that ZRANB1 depletion overcomes de
novo and acquired PARPi resistance through, at least in
part, downregulation of NBS1.

Consistent with our observation that ZRANB1-stabilized
NBS1 maintains the stability of the MRN complex, analysis
of the MRN complex protein levels of 30 breast cancer cell
lines in the DepMap database and 74 breast cancer tissues
in the Clinical Proteomic Tumor Analysis Consortium
(CPTAC) database showed that NBS1 protein expression
positively correlated with MRE11 and RAD50 protein levels
(Fig. S8A—D). Furthermore, analysis of the drug sensitivity
data in the DepMap database revealed that protein levels of
the MRN complex positively correlated with olaparib resis-
tance (Fig. S8E—G). Based on our findings that ZRANB1
depletion in TNBC cells reversed radioresistance and PARPi
resistance through destabilization of NBS1 and down-
regulation of the MRN complex, ZRANB1 represents a po-
tential target to overcome radioresistance and PARPi
resistance in TNBC.
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