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Ubiquitin-specific protease 35 (USP35) mediates
cisplatin-induced apoptosis by stabilizing BIRC3 in
non-small cell lung cancer
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Ubiquitin-specific protease 35 (USP35) is a member of the ubiquitin-specific protease family (USP), which influences the progression
of multiple cancers by deubiquitinating a variety of substrates. In recent years, the specific role of USP35 was begun to be
understood. In this study, we investigated the role and underlying molecular mechanisms of USP35 in chemoresistance of non-
small cell lung cancer (NSCLC) to cisplatin. Depletion of USP35 increased the sensitivity of NSCLC to cisplatin-induced apoptosis. We
screened and identified a potential substrate of USP35, baculoviral IAP repeat containing 3 (BIRC3). Overexpression of USP35 in
H460 cells increased the abundance of BIRC3, while USP35 knockdown in Anip973 cells decreased BIRC3 abundance. Notably,
USP35 directly interacted with and stabilized BIRC3 through lys48-mediated polyubiquitination via its deubiquitinating enzyme
activity. USP35 alleviated cisplatin-induced cell apoptosis by regulating BIRC3 levels in NSCLC cells. Moreover, a significant positive
correlation between USP35 and BIRC3 protein expression levels was observed in human NSCLC tissues. Taken together, USP35
plays a vital role in resistance to cisplatin-induced cell death through the overexpression of BIRC3. USP35 might be a potentially
novel therapeutic target in human NSCLC.
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INTRODUCTION
Lung cancer is the leading cause of cancer-related death
worldwide, with an average 5-year survival rate of 15%1,2.
Treatment of non-small cell lung cancer (NSCLC), which accounts
for the majority of lung cancers, has achieved tremendous
advances over the past two decades3,4. Surgery is recommended
as a radical treatment for patients with NSCLC5. However, ~50% of
patients are diagnosed with metastatic or locally advanced (Stage
IIIB/IV) diseases6. Current treatment options for patients with
metastatic or advanced lung cancer are limited, and the overall
cure and survival rates of patients with NSCLC remain invariably
low, particularly in patients with metastatic disease7,8. Therefore,
further investigation of the molecular mechanisms underlying
NSCLC progression is extremely effective to improve therapeutic
outcomes and the overall survival of patients with NSCLC.
Ubiquitination regulates diverse cellular events through the

modulation of protein metabolism and plays a pivotal role in
various cellular processes9–11. Like other posttranslational mod-
ifications, ubiquitination is a reversible process mediated by
deubiquitinating enzymes (DUBs)12. DUBs are divided into six
classes based on their features: USPs (ubiquitin-specific proteases),
UCHs (ubiquitin carboxy-terminal hydrolases), MJDs (Machado-
Josephin domain-containing proteases), OTUs (ovarian tumor
proteases), MINDYs (motif-interacting with ubiquitin-containing
novel DUB family), and JAMMs (JAB1/MPN/MOV34 family)13. USPs

are present in most forms of cancer, and ~60 USPs have been
identified in humans that are closely related to the occurrence and
development of a variety of cancers14. For example, USP3 plays a
vital role in cell proliferation and spread by regulating cell cycle
progression15,16. USP7 mediates the stabilization of the DNMT1
protein and plays a key role in the maintenance of DNA
methylation17. USP28 stabilizes the oncogenic function of the
LIN28a protein and regulates the c-Myc protein18. USP20 inhibits
proliferation and delays the cell cycle of gastric cancer cells by
regulating claspin19.
Ubiquitin-specific protease 35 (USP35) is a member of the USP

family, and its roles remain largely unknown. Existing reports have
shown that USP35 regulates mitophagy by modulating MFN2
expression20. USP35 regulates cell mitosis by deubiquitinating and
stabilizing Aurora B21. In addition, USP35 deubiquitinates STING
and activates the STING-TBK1-IRF3 pathway in ovarian cancer22. As
shown in our previous study, USP35 deubiquitinates ABIN-2 to
inhibit the NF-κB signaling pathway23. In the present study, we
aimed to detect the biological functions of USP35 in NSCLC.
In the present study, we screened and identified BIRC3 as a

substrate of USP35. We confirmed that USP35 directly interacted
with and deubiquitinated BIRC3, preventing its proteasome-
dependent degradation. USP35 knockdown induced apoptosis
and enhanced the sensitivity of lung cancer cells to cisplatin
compared with controls, whereas BIRC3 or USP35 overexpression
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rescued lung cancer cells from apoptosis induced by USP35
knockdown in the presence of cisplatin. USP35 and BIRC3 were
positively correlated in human NSCLC tissues. Taken together, these
data suggest a critical role for USP35 in chemoresistance by
stabilizing BIRC3 in human lung cancer cells. Our findings indicate
that USP35 may be an attractive molecular target for NSCLC therapy.

MATERIALS AND METHODS
Cell lines
Anip973 human NSCLC cells and HEK293T cells were purchased from GENE
Biological Technology (Shanghai, China). H460 cells were kindly provided
by Dr. Pengju Zhang. All the cells were cultured in RPMI-1640 medium
supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA)
and 1% penicillin/streptomycin (Solarbio, Beijing, China). The growth
conditions for all cells were 37 °C in an atmosphere of 95% air and 5%
carbon dioxide.

Antibodies and reagents
The rabbit anti-USP35 antibody (ab86791, 1:3000) was purchased from
Abcam (Cambridge, MA, USA). Rabbit anti-BIRC3 (3130 S, 1:1000) and
rabbit anti-Myc (2272 S, 1:1000) antibodies were purchased from Cell
Signaling Technologies (Danvers, MA, USA). The mouse anti-Flag antibody
(F1804) was purchased from Sigma‒Aldrich (St. Louis, MO, USA). Mouse
anti-cleaved caspase-3 (19677, 1:2000) and rabbit anti-cleaved PARP1
(13371, 1:3000) antibodies were purchased from Proteintech Group, Inc.
(Wuhan, China). Mouse anti-HA (sc-7392, 1:1000), mouse anti-β-actin (sc-
1616, 1:1000) and secondary antibodies were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). MG132 and cisplatin were purchased from
Selleck PeproTech (Rocky Hill, NJ, USA). Protein A/G agarose was purchased
from Santa Cruz (Dallas, TX, USA). Cycloheximide (CHX) was purchased
from Calbiochem (Billerica, MA, USA). A protease inhibitor cocktail was
purchased from Roche (Basel, Switzerland). Lipofectamine 2000 was
obtained from Invitrogen (Grand Island, NY, USA). RIPA buffer was from
Beyotime Biotechnology (Jiangsu, China).

Plasmids and transfection
USP35 and BIRC3 full-length coding sequences were amplified from Anip973
cells using RT (reverse transcription)-PCR and cloned into 3 × Flag-, HA- or
Myc-tagged fusion plasmids (Sigma). shRNAs and the small interfering RNA
(siRNA) targeting human USP35 were designed and synthesized by
GenePharma Company (Shanghai, China). shRNAs targeting USP35 were
synthesized and subcloned into the pGPU6/GFP/Neo vector (GenePharma
Company, Shanghai, China). All constructs were verified by DNA sequencing.

Transfections were performed using LipofectamineTM 2000 according to the
manufacturer’s protocol. The siRNA or shRNA sequences for USP35 are as
follows:
USP35-siRNA-1: 5′-GGGAAGATCTGATGATGTT-3′
USP35- siRNA-2: 5′-CCAAGAGGAAGGATGGTAC-3′
USP35-shRNA-3: 5′-GCTGAGTTGGGCTCTTC TAGA-3′
USP35-shRNA-4: 5′-GCGTCTGACTTCAGACATTG-3′.

Fig. 1 USP35 interacts with BIRC3. A H460 cells were transiently transfected with the Myc vector or Myc-USP35 expression plasmid for 48 h.
Cell lysates were purified, separated on gels and then stained with Coomassie blue R-250. A specific protein band was evaluated using mass
spectrometric analysis. B HEK293T cells were transiently cotransfected with Myc-USP35 and Flag-BIRC3 or Flag-tagged control plasmids, and
cell lysates were immunoprecipitated with an anti-Flag antibody followed by immunoblotting with an anti-Myc antibody. C HEK293T cells
were transiently cotransfected with Flag-BIRC3 and Myc-USP35 or Myc-tagged control plasmids, and cell lysates were immunoprecipitated
with an anti-Myc antibody followed by immunoblotting with an anti-Flag antibody. D Lysates of Anip973 cells were immunoprecipitated with
an anti-USP35 or IgG antibody, followed by immunoblotting with an anti-BIRC3 antibody. E Lysates of Anip973 cells were immunoprecipitated
with an anti-BIRC3 or IgG antibody, followed by immunoblotting with anti-USP35 antibody. All results are representative of three independent
experiments.

Fig. 2 USP35 upregulates the BIRC3 protein level. A The BIRC3
protein expression level in USP35-overexpressing or USP35 knock
down H460 cells was detected using western blotting. B The BIRC3
protein expression level in USP35 knockdown Anip973 cells was
detected using western blotting. C The USP35 expression plasmid or
control plasmid was transfected into USP35 knockdown Anip973
cells. The BIRC3 protein expression level was detected using western
blotting. All data are presented as means ± SD. *P < 0.05 and **P <
0.01 based on Student’s t test. All results are representative of three
independent experiments.
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Western blot analysis
Total targeted cells were lysed using protein lysis buffer (Beyotime
Biotechnology, Jiangsu, China) containing protease inhibitors (Roche,
Indianapolis, IN, USA).
The proteins were separated on SDS–PAGE gels (10%) and then

transferred to 0.45 µm polyvinylidene fluoride membranes (Millipore,

Billerica, MA, USA). The membranes were immunoblotted with specific
antibodies.

Coimmunoprecipitation
Briefly, the targeted cells were lysed using IP lysis buffer with protease
inhibitors (Roche, Indianapolis, IN, USA). Approximately 2 mg of cell lysates
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were incubated with the indicated target-specific antibodies overnight at
4 °C on a vertical roller. Next, the lysates were incubated with 30 μl of
Protein A/G agarose beads for 4 h, and the immunocomplexes were
washed five times with cold lysis buffer and boiled in 2 × SDS sample
buffer. All samples were detected using western blot analysis with the
corresponding primary antibodies, and 5% of the samples were used to
identify the immunoprecipitation efficiency.

Flow cytometry analysis
The Annexin V-FITC Apoptosis Detection Kit (Bestbio, Shanghai, China) was
used to detect the apoptosis of Anip973 cells after transfection with the
indicated plasmids for 48 h in the presence or absence of cisplatin
treatment. The targeted cells were digested using 0.25% trypsin without
EDTA, washed two times with cold PBS, and then resuspended in
precooled Annexin V binding solution at 4 °C. The density of cells in each
sample was ~1 × 106 cells/ml. The cells were incubated in the dark with
Annexin V-FITC and propidium iodide for 10min at 2–8 °C. Cell apoptosis
was measured using a BD Biosciences FACSCanto II Analyzer.

Terminal dUTP nick-end labeling (TUNEL) assay
The TUNEL Detection Kit (KeyGEN Biotech, Nanjing, China) was used to
detect DNA integrity after transfection with the indicated plasmids and
treatment with or without cisplatin. The slices were fixed with 4%
paraformaldehyde and then incubated in the dark with 50 μl of labeling
reaction mixture (1 μl of biotin-11-dUTP, 4 μl of TdT enzyme and 45 μl of
equilibration buffer) for 60min and with 50 μl of labeling mixture (5 μl of
streptavidin-TRITC and 45 μl of labeling buffer) for 30min at 37 °C in a
humid chamber. The cells in slices were counterstained with DAPI
(Beyotime Biotechnology, Jiangsu, China) for 10min and visualized using
fluorescence microscopy.

CHX chase assay
A CHX chase assay was performed to detect protein stability. Cells were
transfected with the indicated plasmids for 48 h, treated with CHX (50 μg/
ml) and harvested at the indicated time points. Treated cells were collected
and lysed using protein lysis buffer, and the lysates were detected using
western blotting with anti-BIRC3 or anti-β-actin antibodies.

Immunohistochemical analysis
Forty pairs of NSCLC tissue specimens and adjacent noncancerous tissue
specimens were obtained from patients undergoing surgical excision of
tumors in the Affiliated Hospital of Qingdao University (Qingdao, China).
Informed consent was obtained from all patients for inclusion in the study.
Briefly, the paraffin-embedded sections were dewaxed and rehydrated,
and then antigen retrieval was performed with citrate buffer (ZSGB-BIO,
Beijing, China) in a microwave. Primary antibodies were added to sections
and incubated at 4 °C overnight. The next day, sections were incubated
with the enhancer solution and appropriate secondary antibody for 20min
and then stained with 3,3′-diaminobenzidine and hematoxylin. The
expression patterns were evaluated based on the intensity and proportion
of staining in tumor cells. The scores for immunohistochemical staining
were assessed by two pathologists.

Statistical analysis
GraphPad Prism 8 software (La Jolla, CA, USA) was used for statistical
analyses. All data are presented as the means ± SD of at least three
independent experiments. Different groups were compared a two-tailed
unpaired Student’s t test. Spearman’s correlation analysis was performed

to assess the correlation between USP35 and BIRC3 expression in NSCLC
tissues using a multivariate Cox regression analysis. P < 0.05 was
considered statistically significant.

RESULTS
USP35 interacts with BIRC3
We performed an immunoprecipitation assay and mass spectro-
metry analysis to search for the proteins and novel substrates that
associated with USP35 in H460 cells transfected with the Myc-
tagged USP35 expression plasmid or empty vector plasmid. The
mass spectrometry analysis indicated that BIRC3 was copurified
with Myc-tagged USP35 (Fig. 1A).
We validated this result by performing a coimmunoprecipitation

(Co-IP) analysis to test the interaction between USP35 and BIRC3.
HEK293T cells were transiently cotransfected with Myc-USP35 and
Flag-BIRC3 or Flag-tagged control plasmids, and lysates were
immunoprecipitated with an anti-Flag antibody followed by
immunoblotting with an anti-Myc antibody. On the other hand,
HEK293T cells were transiently cotransfected with Flag-BIRC3 and
Myc-USP35 or Myc-tagged control plasmids, and lysates were
immunoprecipitated with an anti-Myc antibody followed by
immunoblotting with an anti-Flag antibody. Myc-tagged USP35
interacted with Flag-tagged BIRC3 (Fig. 1B, C). Furthermore, Anip973
cell lysates were purified with an anti-USP35 or anti-BIRC3 antibody
followed by immunoblotting with an anti-BIRC3 or anti-USP35
antibody to examine the interaction between endogenous USP35
and BIRC3. Consistently, endogenous USP35 was associated with
endogenous BIRC3 in Anip973 cells (Fig. 1D, E). These results
indicated that USP35 directly interacted with BIRC3.

USP35 regulates the levels of the BIRC3 protein
Myc-USP35 expression plasmid and empty vector plasmid were
transfected into H460 cells to further validate the regulatory effect
of USP35 on BIRC3 in NSCLC cells. Ectopic expression of
USP35 significantly increased the expression of BIRC3, while
USP35 knockdown in H460-USP35 cells decreased the expression
of BIRC3 (Fig. 2A). Next, siRNAs targeting USP35 (USP35i-1 and
USP35i-2) and a control siRNA were transfected into Anip973 cells.
USP35 knockdown strongly suppressed BIRC3 expression com-
pared to the control siRNA treatment (Fig. 2B). Accordingly,
overexpression of USP35 in Anip973-siUSP35 cells restored BIRC3
expression (Fig. 2C). These data proved that USP35 upregulated
BIRC3 protein levels.

USP35 regulates BIRC3 stability in a proteasome-dependent
manner
BIRC3 protein turnover in H460 cells and Anip973 cells transfected
with the indicated plasmids was measured by performing a CHX
chase assay to investigate the regulatory mechanism by which
USP35 upregulates BIRC3 protein expression. The half-life of BIRC3
was significantly extended when USP35 expression was increased,
while USP35 knockdown in H460-USP35 cells increased degrada-
tion of BIRC3 (Fig. 3A), more rapid degradation of the BIRC3
protein was also observed after the depletion of USP35 in Anip973

Fig. 3 USP35 deubiquitinates and stabilizes BIRC3. A and B H460 cells transfected with the USP35 overexpression plasmid, USP35
knockdown plasmid and control plasmid (A) and Anip973 cells transfected with siRNA USP35i-2 and the control siRNA (B) were treated with
50 μg/ml cycloheximide (CHX) for 0, 2, 4 and 6 h. The BIRC3 protein expression level was detected using western blotting. The quantitative
analysis of the CHX-chase assay results is shown in the figure. C and D H460 cells transfected with the USP35 overexpression plasmid and
control plasmid (C) and Anip973 cells transfected with siRNA USP35i-2 and the control siRNA (D) were treated with or without 10 µM MG132
for 6 h. The BIRC3 protein expression level was detected using western blotting. The quantitative analysis is shown in the figure. E HA-tagged
ubiquitin and Flag-BIRC3 were cotransfected into H460 cells in the presence of Myc-USP35 or USP35 knockdown plasmid. Cell lysates were
immunoprecipitated with an anti-Flag antibody, followed by immunoblotting with an anti-HA antibody. F K48- or K63-linked polyubiquitin
chains and Flag-BIRC3 overexpression plasmid were cotransfected into H460 cells in the presence of wild-type Myc-USP35 or control vector.
Cell lysates were immunoprecipitated with an anti-Flag antibody, followed by immunoblotting with an anti-HA antibody. All data are
presented as means ± SD. *P < 0.05 and **P < 0.01 based on Student’s t test. All results are representative of three independent experiments.
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cells than in the control group (Fig. 3B). Based on these results,
USP35 upregulates BIRC3 expression by preventing its degrada-
tion. Then, we explored whether USP35 prevented the degrada-
tion of BIRC3 through a proteasome-dependent pathway. H460
cells with USP35 overexpression or Anip973 cells with USP35

knockdown were treated with or without the proteasome inhibitor
MG132. Western blot analysis showed significantly increased
levels of the BIRC3 protein in both CON- and USP35-transfected
H460 cells in the presence of MG132 (Fig. 3C). Meanwhile, the
proteasome inhibitor MG132 blocked the USP35 silencing-
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induced decrease in BIRC3 levels (Fig. 3D). These results illustrated
that USP35 protected the BIRC3 protein from proteasomal
degradation.
Since USPs usually stabilize their substrates by deubiquitination,

we investigated whether USP35 deubiquitinated BIRC3. HA-
tagged ubiquitin and Flag-BIRC3 were cotransfected into H460
cells in the presence of Myc-USP35 or USP35 knockdown plasmid.
Immunoprecipitation assays showed that USP35 significantly
decreased the level of BIRC3 ubiquitination, whereas USP35
knockdown plasmid rescued BIRC3 ubiquitination induced by
USP35 overexpression (Fig. 3E). We performed a deubiquitination
assay in H460 cells cotransfected with HA-K48- or HA-K63-
ubiquitin plasmids, Flag-BIRC3 expression plasmids and Myc-
USP35 plasmids or control vector to identify the linkage types of
ubiquitin chains on BIRC3. USP35 significantly decreased the level
of BIRC3 ubiquitination in cells transfected with HA-K48 ubiquitin
but did not decrease the level of BIRC3 ubiquitination in cells
transfected with HA-K63 ubiquitin, indicating that USP35 cleaves
the K48-linked ubiquitin from BIRC3 (Fig. 3F).
Taken together, these results showed that USP35 promoted the

deubiquitination of BIRC3 and stabilized BIRC3 in a proteosome-
dependent manner.

USP35 knockdown increases chemosensitivity in NSCLC cells
As BIRC3 is identified as a candidate target of USP35 and has been
reported to be involved in chemotherapy resistance and to be
associated with cisplatin-induced apoptosis, we speculated that
USP35 may also participate in regulating cell apoptosis and
chemotherapy sensitivity in NSCLC cells. We performed a flow
cytometry analysis and TUNEL assays to detect the effects of
USP35 on cell apoptosis and confirm the roles of USP35 in NSCLC.
First, Anip973 cells were transfected with USP35i-1 and USP35i-2
and stained with Annexin V/PI for flow cytometry analysis. Results
of the flow cytometry analysis showed that USP35 knockdown led
to a slight increase in apoptosis (Fig. 4A). Consistent with the flow
cytometry data, the TUNEL assay also revealed a slight increase in
apoptosis in USP35 knockdown Anip973 cells (Fig. 4B), indicating
that USP35 had no significant effects on cell apoptosis in the
resting state. Results of the flow cytometry analysis and the TUNEL
assay detected in H460 cells also revealed that USP35 had no
significant effects on cell apoptosis in the resting state. (Fig. 4C, D)
Next, we investigated the effects of USP35 on the cisplatin-
induced apoptosis of NSCLC cells. Flow cytometry and TUNEL
assays were employed to detect the apoptosis of Anip973 cells
transfected with USP35i-1 and USP35i-2 and cultured in the
presence of cisplatin. The flow cytometry analysis showed that
USP35 knockdown significantly increased apoptosis in the
presence of cisplatin (Fig. 4E), and we also observed a reduction
in apoptosis after co-transfection with the USP35 overexpression
plasmid (Fig. 5A). Consistent with the flow cytometry data, the
TUNEL assay also revealed a remarkable increase in apoptosis in
USP35 knockdown Anip973 cells (Fig. 4F) and a reduction in

apoptosis after co-transfection with the USP35 overexpression
plasmid (Fig. 5B). These results were further confirmed by
detecting the levels of apoptosis-related markers, cleaved PARP
and caspase-3, using western blotting (Figs. 4G, 5C). Taken
together, these results show that USP35 knockdown substantially
improved cisplatin sensitivity in Anip973 cells.

USP35 affects cisplatin-induced cell apoptosis through BIRC3
We further confirmed whether USP35 regulated the chemoresis-
tance of NSCLC cells to cisplatin through the BIRC3 protein by
transfecting Anip973 cells with USP35i-2 alone or in combination
with BIRC3 expression plasmids and culturing them in the
presence of cisplatin. Results of the flow cytometry and TUNEL
assays showed that USP35-silenced cells exhibited sensitivity to
cisplatin treatment and significantly increased apoptosis after
treatment with cisplatin compared with the control cells, whereas
the BIRC3 overexpression plasmid rescued apoptosis induced by
USP35 knockdown (Fig. 5A, B). We detected the levels of the
apoptosis-related markers PARP and caspase-3 in cells treated as
mentioned above using western blot analysis. Western blot results
showed that cleavage of PARP and caspase-3 was significantly
increased in Anip973 cells with USP35 knockdown after cisplatin
treatment compared with that in control cells, whereas ectopic
expression of BIRC3 abrogated the increased cleavage of PARP
and caspase-3 proteins induced by USP35 knockdown (Fig. 5C).
Based on these data, USP35 influenced the outcome of
chemotherapy in NSCLC cells treated with cisplatin by regulating
BIRC3 expression.

USP35 expression is positively correlated with BIRC3
expression in human NSCLC tissues
Finally, we analyzed the expression of USP35 and BIRC3 in NSCLC
tissues and adjacent noncancerous tissues to determine their
clinical association. Immunohistochemistry (IHC) was performed
using antibodies against USP35 and BIRC3 in 40 pairs of NSCLC
tissue specimens and adjacent noncancerous tissue specimens.
Both USP35 and BIRC3 showed increased expression in NSCLC
tissues compared with adjacent noncancerous tissues (Fig. 6A). In
the 40 NSCLC tissue samples tested, quantification of the
immunostaining and statistical analysis showed a significant
positive correlation between USP35 and BIRC3 (Fig. 6B–D).

DISCUSSION
Recently, an increasing number of studies have shown that USPs
are present in multiple tumor types and are involved in regulating
the progression and drug resistance of multiple tumor types. For
example, downregulation of USP1 effectively sensitizes NSCLC and
osteosarcoma cells to cisplatin, which may be a potential drug
target in tumors with cisplatin resistance24. USP7 silencing reduces
CCDC6 levels to increase the sensitivity of bladder cancer cells to
olaparib25. Loss of USP9X leads to tamoxifen resistance in breast

Fig. 4 USP35 regulates cisplatin-induced cell apoptosis. A Anip973 cells were transfected with USP35-specific siRNAs (USP35i-1 and USP35i-
2) or the control siRNA (CONi) for 48 h. The cells were stained with Annexin V-FITC and propidium iodide (PI) and analyzed using flow
cytometry. The quantitative analysis is shown in the figure. B Anip973 cells were transfected with USP35-specific siRNAs (USP35i-1 and USP35i-
2) or the control siRNA (CONi) for 48 h. Cells were detected using TUNEL staining. The quantitative analysis is shown in the figure. C H460 cells
were transfected with USP35-expression plasmid or the control plasmid for 48 h. The cells were stained with Annexin V-FITC and propidium
iodide (PI) and analyzed using flow cytometry. The quantitative analysis is shown in the figure. D H460 cells were transfected with USP35-
expression plasmid or the control plasmid for 48 h. Cells were detected using TUNEL staining. The quantitative analysis is shown in the figure.
E Anip973 cells transfected with USP35-specific siRNAs (USP35i-1 and USP35i-2) or the control siRNA (CONi) were treated with cisplatin for 24
h. Cells were stained with Annexin V-FITC and propidium iodide (PI) and analyzed using flow cytometry. The quantitative analysis is shown in
the figure. F Anip973 cells transfected with USP35-specific siRNAs (USP35i-1 and USP35i-2) or the control siRNA (CONi) were treated with
cisplatin for 24 h. Cells were detected using TUNEL staining. The quantitative analysis is shown in the figure. G Anip973 cells transfected with
USP35-specific siRNAs (USP35i-1 and USP35i-2) or the control siRNA (CONi) were treated with cisplatin for 24 h. The proteins listed above were
detected using western blotting. The quantitative analysis is shown in the figure. All data are presented as means ± SD. *P < 0.05 and **P < 0.01
based on Student’s t test. All results are representative of three independent experiments.
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cancer cells and promotes cell proliferation26. Treatment with
USP14 inhibitors induces apoptosis in multiple myeloma cells and
overcomes resistance to bortezomib27. These findings suggest
crucial roles for DUBs in the chemoresistance of multiple
cancer types.

USP35 is a new member of the USP family. Existing research has
revealed that USP35 regulated cancer cell progression, including
proliferation, mitosis and malignant progression. However, to our
knowledge, no report on the effects of USP35 on the sensitivity of
NSCLC cells to chemotherapeutics is currently available.
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As DUBs usually exert their biological functions by modulating
different target proteins, we screened the potential substrates of
USP35 through immunoprecipitation and mass spectrometry
analysis. BIRC3 was identified among the copurified proteins and
validated with a subsequent Co-IP assay. Western blot results
showed that BIRC3 expression was regulated by USP35 in different
NSCLC cells with USP35 overexpression or knockdown. We then
analyzed the molecular mechanism by which USP35 regulates
BIRC3 expression. USP35 physically interacts with BIRC3 and
regulates the stability of BIRC3. BIRC3 is more stable in USP35-
overexpressing cells, while BIRC3 is degraded more quickly in
USP35 knockdown cells. USP35 overexpression decreases the level
of BIRC3 ubiquitination. These data confirm that BIRC3 is a real
target of USP35 that is deubiquitinated and stabilized at the
protein level by USP35.
BIRC3 is a member of the inhibitor of apoptosis (IAP) protein

family, which may inhibit apoptosis by targeting caspases to
promote cellular survival in cancers28. For example, downregula-
tion of BIRC3 significantly promotes apoptosis by directly
inhibiting caspase-3 in Hodgkin lymphoma cells29. BIRC3 knock-
down significantly reduces the proliferation and invasion of
BEL7402 and HepG2 cells and the activity of the NF-κB pathway30.

BIRC3 is critical to maintain a normal innate immune inflammatory
response31. In addition, BIRC3 overexpression is associated with
chemoresistance and the poor prognosis of patients with multiple
cancer types. For example, the downregulation of
BIRC3 significantly increases apoptosis by sensitizing colorectal
cancer and oral squamous cell carcinoma cells to
5-fluorouracil32,33. BIRC3 is an important factor mediating borte-
zomib resistance in multiple myeloma cells and human mela-
noma34,35. Inhibition of BIRC3 significantly enhances cisplatin
sensitivity in ovarian cancer and lung cancer cells36–38. Thus, an
understanding of the regulatory mechanism of BIRC3 is important
for cancer control.
Cisplatin, the first-line antitumor drug, has been used to treat

multiple human cancers, including bladder, lung, endometrium,
ovarian, colon, prostate and brain cancers, by inducing tumor cell
apoptosis39–41. However, the therapeutic effect of cisplatin is
limited by drug resistance during the treatment process. For
example, excision repair cross-complementing 1 (ERCC1), a
nucleotide excision repair protein, is linked to cisplatin resis-
tance42–44. Hypoxia-induced overexpression of HIF-1α and HIF-2α
has been reported to negatively affect the therapeutic efficacy of
cisplatin in NSCLC45–48. Moreover, nuclear factor erythroid

Fig. 5 USP35 affects cisplatin-induced cell apoptosis through BIRC3 regulation. A Anip973 cells were transfected with USP35i-2 alone or in
combination with the BIRC3 overexpression plasmid or in combination with the USP35 overexpression plasmid for 24 h, and then the cells
were treated with cisplatin for 24 h. The cells were stained with Annexin V-FITC and propidium iodide (PI) and analyzed using flow cytometry.
The quantitative analysis is shown in the figure. B Anip973 cells were transfected with USP35i-2 alone or in combination with the BIRC3
overexpression plasmid or the USP35 overexpression plasmid for 24 h, and then the cells were treated with cisplatin for 24 h. Cells were
detected using TUNEL staining. The quantitative analysis is shown in the figure. C Anip973 cells were transfected with USP35i-2 alone or in
combination with the BIRC3 overexpression plasmid or the USP35 overexpression plasmid for 24 h and then treated with cisplatin for 24 h.
The proteins mentioned above were detected using western blotting. The quantitative analysis is shown in the figure. All data are presented
as means ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 based on Student’s t test. All results are representative of three independent experiments.

Fig. 6 BIRC3 expression is positively correlated with USP35 expression in NSCLC tissues. A USP35 and BIRC3 protein expression levels in
adjacent noncancerous tissue specimens and NSCLC tissue specimens were analyzed using immunohistochemistry (IHC), and representative
images are shown. B USP35 and BIRC3 protein expression levels in NSCLC tissues were analyzed using IHC, and representative images are
shown. C The graphs show the relative BIRC3 level in USP35-negative and USP35-positive NSCLC tissues. D The scatter plot presents the
correlation between USP35 and BIRC3 expression in NSCLC tissues (n= 40).
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2-related factor 2 (Nrf2) plays a pivotal role in cisplatin drug
resistance in NSCLC cells49,50. Glutathione, an important cellular
antioxidant, alters the sensitivity of NSCLC cells to cisplatin51. In
view of the key role of BIRC3 in regulating cisplatin-induced
apoptosis and the interaction between USP35 and BIRC3, we
detected that USP35 knockdown enhanced the sensitivity of
Anip973 cells to cisplatin-induced apoptosis using flow cytometry
and TUNEL assays. In contrast, BIRC3 overexpression in USP35
knockdown Anip973 cells reversed this phenomenon in the
presence of cisplatin. Western blot results showed that in the
presence of cisplatin, USP35 silencing increased the levels of
cleaved caspase-3 and cleaved PARP1, while BIRC3 overexpression
reduced the levels of the abovementioned proteins in USP35
knockdown Anip973 cells. These results confirmed that USP35
played an important role in cisplatin-induced apoptosis in NSCLC
cells and provided evidence that downregulation of USP35 is a
novel mechanism to sensitize lung cancer cells to cisplatin
treatment. In addition, our current study found that USP35
knockdown increased sensitivity to cisplatin by regulating the
expression of the antiapoptotic protein BIRC3 in lung cancer.
Combination treatment with drugs targeting USP35 and che-
motherapy drugs such as cisplatin may synergistically enhance the
antitumor effects. Future studies should include an investigation
of USP35-mediated regulation of BIRC3 in mouse tumorigenesis
models and drug-resistant cell line models to further elucidate the
molecular mechanisms of USP35 in chemoresistance.
In summary, our study revealed that USP35 interacts with and

deubiquitinates BIRC3. In addition, the depletion of USP35
enhances the sensitivity of NSCLC cells to cisplatin by decreasing
the stability of BIRC3. Given the chemosensitizing effect of USP35
knockdown on NSCLC in this study, USP35 may represent a
potential molecular target to be combined with other chemother-
apeutic strategies for treating patients with NSCLC.
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