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Abstract

Gynaecological cancer is a main subtype of cancer in women, and acquired chemoresistance is a major contributor to the
poor prognosis of gynaecological cancer, but its underlying mechanism remains ill-defined. JOSD1 has been recognized as a
deubiquitinase, but its biological functions remain largely unknown, especially in the context of cancer. Here we established
a chemoresistant xenograft model and acquired chemoresistant cell lines to mimic the establishment of acquired
chemoresistance. We identified that JOSDI is the most upregulated DUB during the development of chemoresistance.
JOSD1 depletion led to severe apoptosis in gynaecological cancer cells both in vivo and in vitro. Mechanistically, we
showed that JOSDI1 deubiquitinated and stabilized MCL1 to suppress mitochondrial apoptotic signalling. JOSD1
overexpression caused chemoresistance in gynaecological cancer by upregulating the MCLI1 protein. Importantly, high
JOSDI expression was correlated with poor prognosis among ovarian cancer patients, and serum JOSDI1 levels could be a
marker for clinical diagnosis. Our study showed that JOSDI is a novel and critical oncogene that contributes to the
acquisition of chemoresistance by inhibiting mitochondrial apoptotic signalling via MCL1 stabilization. We also suggest that
JOSDI is an ideal therapeutic target and a promising diagnostic marker.

Introduction cause of death among gynaecologic malignancies, with a 5-

year survival rate of <50% in women diagnosed with late-

Gynaecologic malignancy is the primary cancer subtype
occurring in women, among which ovarian and cervical
cancers are the most common. Ovarian cancer is the leading
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stage ovarian cancer [1, 2]. Despite the high response rate
for chemotherapy, the majority of patients develop resis-
tance to first-line agents, and the resultant prognosis of these
patients is particularly poor [3, 4]. Cervical cancer is the
second most common cancer among women [5], accounting
for 528,000 new cases and 266,000 deaths worldwide each
year [6]. Although the development of early diagnostic
methods has improved the diagnosis of cervical cancer,
patients at the progressive stage still suffer from a poor
prognosis, and novel strategies for the treatment of pro-
gressive gynaecologic cancer are urgently needed [7, 8].
The ability to escape apoptosis is one of the hallmarks of
cancer cells [9, 10]. Apoptosis can be triggered by extra-
cellular or intracellular stimuli. The extrinsic pathway is
activated by the binding of death-inducing ligands to death
receptors expressed on the cell surface, while intrinsic
apoptotic stimuli include DNA damage, growth factor
deprivation and oxidative stress [11]. BCL-2 family mem-
bers contain up to four conserved BCL-2 homology (BH)
regions (BH1-4). The antiapoptotic proteins BCL-2, BCL-
XL, BCL-W, myeloid cell leukaemia 1 (MCL1) and BCL-

SPRINGER
CDDpress


http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-019-0339-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-019-0339-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-019-0339-0&domain=pdf
http://orcid.org/0000-0003-4242-033X
http://orcid.org/0000-0003-4242-033X
http://orcid.org/0000-0003-4242-033X
http://orcid.org/0000-0003-4242-033X
http://orcid.org/0000-0003-4242-033X
mailto:liuzh@cicams.ac.cn
https://doi.org/10.1038/s41418-019-0339-0
https://doi.org/10.1038/s41418-019-0339-0

56

X. Wu et al.

2A1 antagonize proapoptotic BH3-only proteins to inhibit
the essential apoptosis effectors BCL-2 antagonist killer 1
(BAK) and BCL-2-associated X protein (BAX) [12]. Inhi-
bition of apoptosis is considered to be a main contributor to
chemoresistance in human cancer [13]; thus targeting the
BCL-2 family is thought to be a promising therapeutic
strategy for overcoming chemoresistance [14, 15].

Ubiquitination is one of the common posttranslational
modifications, by which the C terminus of the 76 amino
acid protein ubiquitin is covalently bound to e-amino
groups of lysine (K) residues (or, less commonly, to amino
termini) of the substrate proteins. Substrates linked with
polyubiquitin chains are directed to the 26S proteasome
and, in most circumstances, subsequently undergo degra-
dation through the ubiquitin—proteasome system (UPS)
[16]. The UPS plays a critical role in regulating a wide
variety of cellular events, such as cell growth, proliferation,
apoptosis and DNA repair [17, 18]. Emerging studies have
revealed the key functions of UPS in human diseases
[19, 20]. Similar to other posttranslational modifications,
ubiquitination could be reversed by peptidases termed
deubiquitinating enzymes (also known as deubiquitinases
(DUBs)) that cleave ubiquitin from the substrates, modify
ubiquitin chains and process ubiquitin precursors [21].
DUBs are classified into six families: USPs (ubiquitin-
specific proteases), UCHs (ubiquitin carboxy-terminal
hydrolases), MJDs (Machado—Josephin domain-containing
proteases), OTUs (ovarian tumour proteases), MINDYs
(motif-interacting with ubiquitin-containing novel DUB
family) and JAMMSs (the JAB1, MPN, MOV34 family)
[22]. The USP family comprises a large part of DUBs and is
the most reviewed DUB family in cancer [23-26], while the
roles of other families in cancer development are less
studied.

Here we first established an in vivo chemoresistance
model and identified that JOSDI is a contributor to che-
moresistance. JOSD1 depletion in gynaecological cancer
cells triggered severe apoptosis and inhibited tumour
growth both in vitro and in vivo. Moreover, adeno-
associated virus (AAV)-mediated short hairpin RNA
(shRNA) interference mimicking clinical gene therapy sig-
nificantly inhibited the growth of patient-derived xenografts
(PDXs) comprising ovarian cancer cells. Mechanically,
JOSD1 deubiquitinated and stabilized the antiapoptotic
protein MCL1, which then protected cells from apoptosis by
inhibiting the mitochondrial apoptosis pathway. Clinical
samples showed a strong relationship between JOSD1/
MCL1 expression and the chemoresistance status of ovarian
cancer patients. Most importantly, the serum JOSDI1 levels
were positively correlated with the intracellular JOSD1
expression levels, suggesting that serum JOSDI is a pro-
mising prognostic indicator in gynaecological cancer
patients. Our study identifies JOSD1 as a novel DUB that
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plays a key role in the antiapoptotic process of cancer and
provides a potential therapeutic opportunity for the clinical
treatment of gynaecological cancer.

Materials and methods
Cell culture and plasmids

HeLa, 293T and ES2 cell lines were purchased from the
American Type Culture Collection (ATCC; Manassas, VA,
USA), A2780 cells were derived from the National
Experimental Cell Resource Sharing Platform (Beijing,
China), and 3AO cells were purchased from the Cell Bank
of the Chinese Academy of Sciences (Shanghai, China).
HeLa and 293T cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% foetal
bovine serum (FBS), and ES2, A2780 and 3A0 cells were
maintained in RPMI 1640 supplemented with 10% FBS. All
cell lines were routinely authenticated using short tandem
repeat (STR) DNA fingerprinting and were tested with a
MycoBlue Mycoplasma Detector (Vazyme Biotech, Nanj-
ing, China) to exclude mycoplasma contamination before
cell use in any experiments. The acquired chemoresistant
cell lines 3AO/CBP and A2780/CBP were established from
parental lines. Briefly, parental cells were exposed to high
doses of carboplatin (CBP) for 2h and then cultured in
complete medium; once the cell growth reached the loga-
rithmic phase, the cells were re-exposed to high doses of
CBP. After 6-10 cycles, the acquired chemoresistant cell
lines were established. Ovarian cancer primary cell lines
were established via sterile processing of fresh tumour
biopsy specimens from patients at the time of primary
resection. Tumours were mechanically disrupted, enzyma-
tically digested and filtered through a 100-um filter to obtain
single-cell suspensions with the Cell Suspension Isolation
Kit from Fresh/Frozen Tissues (Invent, Plymouth, MN,
USA) according to the manufacturer’s protocol. Primary
cells were cultured in DMEM supplemented with 20% FBS
and were used within 10 passages. (Cell line characteristics
and tissue sources are described in Supplementary Table 1.).

Full-length or truncated cDNAs were cloned into the
pLVX-IRES-neo vector using a PCR-based approach. The
mutants (JOSD1C36A, KO, K48 and K63) were generated
using a Q5°® Site-Directed Mutagenesis Kit (New England
Biolabs, Ipswich, MA, USA) according to the manu-
facturer’s instructions.

Antibodies and reagents
The antibodies used for immunoblotting (IB), immunopre-

cipitation (IP), immunohistochemistry (IHC) and immuno-
fluorescence (IF) in this study targeted the following
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proteins and were used at the dilutions listed: JOSDI,
1:1000 (IB; Abcam, ab118221), 1:100 (IHC, Sigma-
Aldrich, HPA001168); MCLI1, 1:1000 (IB; Cell Signaling
Technology, #94296), 1:100 (IP; Cell Signaling Technol-
ogy, #94296) and 1:400 (IHC; Sigma-Aldrich,
HPAO008455); V5-Tag, 1:1000 (IB; Cell Signaling Tech-
nology, #13202), 1:100 (IP; Cell Signaling Technology,
#13202); Flag-Tag, 1:1000 (IB; Cell Signaling Technology,
#8146); Myc-Tag, 1:1000 (IB; Cell Signaling Technology,
#2276); HA-Tag, 1:5000 (IB; Abcam, ab9110); Ubiquitin,
1:1000 (IB; Cell Signaling Technology, #3936); Cleaved
caspase-3, 1:1000 (IB; Cell Signaling Technology, #9664);
Caspase-9, 1:1000 (IB; Cell Signaling Technology, #9502);
PARP, 1:1000 (IB; Cell Signaling Technology, #9542); -
actin, 1:4000 (IB; Sigma-Aldrich, A5316); and normal
rabbit IgG (IP; Santa Cruz, sc-2027). Cycloheximide (CHX;
HY-12320) was obtained from MedChemExpress (MCE,
NJ, USA), MG132 (C2211) was purchased from Sigma-
Aldrich (St. Louis, MO, USA), and Z-VAD(OMe)-FMK
was purchased from TargetMol (MA, USA).

Quantitative real-time PCR (qRT-PCR)

Cellular RNA was extracted from cells using TRIzol
reagent (Thermo Scientific, Grand Island, NY, USA) and
then reverse transcribed to cDNA using a Quantscript RT
Kit (Tiangen, Beijing, China). The qRT-PCR analysis was
performed on a StepOnePlus Real-Time PCR system
(Applied Biosystems (ABI), Foster City, CA, USA) using
standard procedures. The relative expression levels of the
target genes were normalized to those of the housekeeping
gene GAPDH. For screening the distinctly expressed
DUBs, primers targeting 45 DUBs in the SENPs, OUTs,
MJDs, JAMMs and UCHs families were used. The MCL1
(HQP010025) primers used in the qRT-PCR analyses were
purchased from FulenGen (Guangzhou, China). The rest
primers used for the qRT-PCR analyses are listed in Sup-
plementary Table 2.

Immunoprecipitation and western blotting

Cell samples were lysed with RIPA lysis buffer supple-
mented with a protease inhibitor cocktail (Roche, Basel,
Switzerland) for 20 min on ice and were then centrifuged
at 14,000 x g for 10 min. The supernatants were col-
lected, and the total protein concentrations were mea-
sured using a BCA Kit (Thermo Scientific). For
immunoprecipitation, equal amounts of lysate were
incubated with anti-FLAG M2 affinity gels (A2220,
Sigma) or anti-V5-tag pAb-agarose (D291-8, MBL,
Japan) or with protein A/G magnetic beads (HY-K0202,
MCE) and anti-MCL1 antibody overnight at 4°C.

Thereafter, the beads were washed three times with cell
lysis buffer, and the immunoprecipitated proteins were
analysed by western blotting. The samples were sepa-
rated on 10-15% gels depending on the molecular
weights of the proteins, and then the proteins were
transferred onto polyvinylidene difluoride membranes
(Merck Millipore, Billerica, MA, USA).

Silver staining and mass spectrometry

Cellular extracts from ES2 cells stably expressing empty
vector or Flag-JOSD1 were incubated with anti-FLAG M2
affinity gel (A2220, Sigma) and eluted with 1x loading
buffer. The eluted proteins were collected and resolved on
12% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. Gel was silver-stained using Pierce™ Silver Stain
for Mass Spectrometry (24600, Thermo Scientific) accord-
ing to the manufacturer’s protocol, and bands were excised
and subjected to a gel-based liquid chromatography—tandem
mass spectrometric analysis.

In vivo deubiquitination assay

The in vivo deubiquitination assay was carried out in
293T and gynaecological cancer cells. In 293T cells, HA-
Ub and Flag-MCL1 were co-transfected with empty
vector, Myc-JOSD1 or Myc-JOSDI®*®* plasmid as
indicated. The cells were treated for 6 h with 20 mM
MG132 before they were harvested. Proteins in the cell
lysate were immunoprecipitated to isolate ubiquitinated
MCLI, which was detected with an anti-HA antibody. In
the gynaecological cancer cells, the experimental pro-
cedures were performed as described above, except for
the isolation of ubiquitinated MCL1 with an anti-MCL1
antibody and the detection of endogenous ubiquitin
chains on MCLI.

In vitro deubiquitination assay

293T cells were transfected with empty vector or HA-Ub
and Flag-MCL1 plasmids. Forty-eight hours after transfec-
tion, Flag-MCL1 was pulled down by anti-FLAG M2 affi-
nity gels (A2220, Sigma) and then incubated with
bacterially purified GST-JOSD1 protein (wild type or
C36A). The reaction was carried out at 37 °C for 3h in
deubiquitination buffer (50 mM Tris-HCI, pH 8.0, 50 mM
NaCl, 10 mM dithiothreitol, 1 mM EDTA, 5% glycerol).
After the reaction, the beads were washed three times with
deubiquitination buffer. The proteins bound to beads were
released by boiling in 1x loading buffer. The samples were
then subjected to western blot analysis with the indicated
antibodies.
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IF staining

Cells were seeded into a u-Slide V1 (ibidi, Germany) and
cultured until they adhered to the surface. To promote cell
adherence, plates were pretreated with the Enhanced Cell
Adhesion Kit-3 (ECAK-3) (C028, Beijing Xigong Biolo-
gical Technology co., LTD., Beijing, China) for 1 h before
use. Then the cells were fixed in 4% paraformaldehyde and
permeabilized with Triton X-100, after which they were
blocked with 5% bovine serum albumin and incubated with
primary antibodies overnight. Proteins were visualized by
incubation with anti-mouse IgG conjugated to Alexa Fluor
488 (#4412, Cell Signaling Technology) or anti-rabbit IgG
conjugated to Alexa Fluor 594 (#9854, Cell Signaling
Technology), and nuclei were stained with Hoechst 33342
(Thermo Scientific) for 15 min at room temperature.

Flow cytometry

Flow cytometry was performed using an apoptosis detection
kit (Dojindo, Tokyo, Japan) according to the manufacturer’s
protocol, as previously described [27].

Terminal deoxynucleotidyl transferase-mediated
dUTP-fluorescein nick end labelling (TUNEL) staining

Cell apoptosis was determined using the TUNEL Andy
Fluor 488 Apoptosis Detection Kit (GeneCopoeia, MD,
USA) in accordance with the manufacturer’s protocol, as
previously described [27].

CCK-8 cell proliferation and cell viability assays

CCK-8 reagent (Dojindo) was added to the cell culture
medium at a ratio of 1:10, and after the cells were incubated
for 1h at 37 °C, the absorbance was measured at 450 nm.
For the cell proliferation assay, 2 x 10° cells were seeded
into 96-well microplates, and one plate was measured each
day for 5 consecutive days. The relative cell proliferation
rate was calculated by normalizing the absorbance at 450
nm on days 2-5 to the absorbance measured on the first day.
For the cell viability assay, 1 x 10* ovarian cancer cells were
seeded into 96-well microplates, drugs were added after cell
adhesion and cell viability was detected 24h later as
described in the proliferation assay. Cell viability was cal-
culated by normalizing the absorbance at 450 nm of the
experimental groups to that of the negative control group.

Animal experiments
All animal protocols were approved by the Animal Care and
Use Committee of the Chinese Academy of Medical Sci-

ences Cancer Hospital. For subcutaneous xenografting,
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1 x 10° gynaecological cells were subcutaneously implanted
into 6-week-old female BALB/c nude mice (Nanjing Bio-
medical Research Institute of Nanjing University, Nanjing,
China). Mice were fed under normal conditions and admi-
nistered saline or CBP, as indicated in the figure legends.
The tumour lengths and widths were measured using a
caliper, and the volume was calculated with the formula
0.52 x length x width>. After tumours had grown for the
designated time, all the mice were euthanized, and the
tumours were harvested.

For the establishment of PDX models, fresh tumour
samples obtained during surgical resection were transferred
immediately into RPMI 1640 medium supplemented with
penicillin/streptomycin and kept on ice. Within 12h after
excision, the tumour sample was cut into 60 mm* pieces and
subcutaneously embedded into flanks of 6-week-old female
NCG mice (Nanjing Biomedical Research Institute of
Nanjing University, Nanjing, China). Once the xenografts
reached approximately 1cm® in volume, tumours were
dissected and regrafted into a new generation of mice.

RNA interference and AAV-mediated gene therapy

Small interfering RNAs (siRNAs) targeting JOSD1 and
negative control siRNA were purchased from Invitrogen.
The siRNA sequences targeting JOSD1 are as follows:
siJOSD1#1, = GGCAGCACUUCAGACCAAAGGCUAU,
siJOSD1#2, GGGCCUACUACAACCUCGACUCCAA, and
siJOSD1#3, CCUGCUGGUGGUACCAGAAGAGGUA.
The shRNA sequences were as follows: JOSDI, shl,
GAGCGAGCTCAGGAAGTTTCT, and sh2, GGTGGTA
CCAGAAGAGGTAGA; and MCLI, shl, GCCTTTGTG
GCTAAACACTTG, and sh2, GCTGGTTTGGCATATCT
AATA. The following nontargeting shRNA sequence was
used as a negative control: AGTCTTAATCGCGTA
TAAGGC. Vector construction and lentivirus production
were performed as previously described [27].

The PDX models were treated with AAV produced by
ViGene Biosciences (Shandong, China). Briefly, once the
ovarian cancer xenografts reached approximately 10 mm?,
2.5x 10" vg/mouse AAV9-shJOSD1 or AAV9-shCtrl was
directly injected via the tail vein. The tumour volumes were
measured every week, and the mice were sacrificed once the
tumour volumes reached approximately 400 mm?>.

Patient samples and IHC

Paraffin-embedded in situ tumour tissue blocks were col-
lected from 150 patients with ovarian serous adenocarci-
noma during their initial treatment at the Cancer Hospital,
Chinese Academy of Medical Sciences [27]. Written
informed consent was obtained from all patients. Patients
with incomplete standard treatment, including cytoreductive
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surgery or tumour staging surgery followed by platinum-
based adjuvant chemotherapy either in combination with
neoadjuvant chemotherapy for 68 cycles or without, were

excluded. Progression-free survival (PFS) was defined as
the time from diagnosis to the first instance of recurrence/
progression. Overall survival (OS) was calculated from the

SPRINGER NATURE



60

X. Wu et al.

<« Fig. 1 JOSDI depletion causes severe apoptosis of gynaecological

cancer cells. a Schematic showing the screening of the in vivo che-
moresistant model. b Quantitative real-time PCR detection of gene
expression in carboplatin-treated tumours relative to that in saline-
treated tumours. ¢ Immunoblotting for JOSD1 expression in acquired
chemoresistant cell lines and the corresponding sensitive parental cell
lines. d Immunoblotting for JOSD1 expression in A2780 and HeLa
cells expressing either short hairpin RNAs (shRNAs) targeting JOSD1
or nontargeting shRNA. e Representative images of apoptotic HeLa
cells after JOSD1 depletion. f In vitro growth of A2780 and HeLa cells
expressing either shRNAs targeting JOSD1 or nontargeting shRNA. g
Representative images and fraction of TUNEL-positive apoptotic cells
in HeLa cells after JOSD1 depletion. Scale bars, 60 um. Two-tailed
Student’s 7 test; ****p <(0.0001. The data are presented as the mean +
SD, and representative results of three biological replicates are shown

date of surgery to the date of death or the end of follow-up.
Patients with recurrent ovarian cancer were categorized as
either platinum-sensitive or platinum-resistant based on a
platinum-free interval of greater than or less than 6 months,
respectively. IHC experiments were performed as pre-
viously described [27]. All slides were scanned using an
Aperio scanning system (Aperio, San Diego, CA, USA) and
quantified as an H-score as follows: H-score = X(pi X i),
where pi represents the percentage of positively stained
cells (0-100%) and i represents the staining intensity (O:
negative; 1: weak; 2: moderate; 3: strong). The H-score was
evaluated by two independent observers.

Statistics

For all statistical analyses, differences for which p <0.05
were considered statistically significant, and at least three
biologically independent experiments with similar results
are reported. The data analysis was performed using
GraphPad Prism version 6.01 (San Diego, CA, USA).

Results

JOSD1 depletion triggers gynaecological tumour cell
apoptosis

To identify DUBs that play a key role in the emergence of
chemoresistance in gynaecological cancer, we established
an in vivo model by subcutaneously xenografting A2780
cells into nude mice. One week later, those mice were
randomly divided into two groups and administered either
CBP or saline every other day for 10 days and then mon-
itored for 2 weeks under normal conditions to allow tumour
growth (Fig. la). At the 2-week time point, tumours that
formed in CBP-treated mice were significantly smaller than
those that formed in the saline-treated group (Supplemen-
tary Fig. la). We then extracted total RNA from five
xenografts of each group and performed qRT-PCR to
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identify differentially expressed genes. Saline or CBP was
administered to another 10 mice in each group 3 times in
10 days to confirm their chemoresistant status (Supple-
mentary Fig. 1b). Among the 45 DUBs we detected, JOSD1
was the most significantly upregulated gene (Fig. 1b). To
further confirm the change in JOSD1 expression during the
generation of acquired chemoresistance, we performed IB to
detect the protein level of JOSD1 in two paired parental and
chemoresistant ovarian cancer cell lines. In line with the
in vivo screening results, the expression of both JOSD1 and
its monoubiquitinated form were remarkably increased in
both chemoresistant cell lines compared with their respec-
tive parental cell lines (Fig. 1c and Supplementary Fig. 1c).
These results illustrated that JOSD1 might be a key factor
that contributes to the acquired chemoresistance of ovarian
cancer.

To further study the function of JOSDI1 in gynaecolo-
gical cancer, we first knocked down JOSDI in A2780 and
HeLa cells using two independent shRNA sequences
(Fig. 1d) and found that JOSDI1 depletion triggered severe
cell death under normal culture conditions (Fig. le; Sup-
plementary Fig. 1d). The results of the CCK-8 assay also
showed decreased cell growth in JOSDI1-depleted A2780
and HeLa cells compared to that in the respective control
cells (Fig. 1f). JOSD1 knockdown using siRNA pools also
rescued the chemoresistance status of both chemoresistant
cell lines (Supplementary Fig. le-h). To validate that the
increased cell death and decreased cell growth were caused
by activation of apoptosis, we performed TUNEL staining
of control and JOSDI1-depleted HeLa cells and found a
significantly increased fraction of TUNEL-positive cells
after JOSD1 depletion (Fig. 1g, h). These results demon-
strated that JOSD1 is a critical gene that has an anti-
apoptotic function.

JOSD1 depletion inhibits gynaecological cancer
in vivo

To investigate the effect of JOSDI depletion in vivo, we
subcutaneously xenografted JOSD1-depleted and control
A2780 or HeLa cells into nude mice. Weeks later, the mice
injected with the control A2780 or HeLa cells formed
tumour masses, while the mice injected with the JOSDI-
depleted cells barely formed tumours (Fig. 2a—d; Supple-
mentary Fig. 2a, b). To further confirm the effect of JOSD1
depletion, we treated eight ovarian cancer primary cell lines
with siRNA pools targeting JOSDI (Supplementary
Fig. 3a). siRNA-mediated JOSDI1 depletion also sig-
nificantly inhibited cell growth in these primary cell lines
(Fig. 2e), which was in accordance with our previous
in vivo results (Fig. 2a—d). To evaluate the potential toxicity
of JOSDI depletion in normal tissues, we knocked down
JOSD1 in two normal cell lines, NE3 and RWPE-1
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(Supplementary Fig. 3b). JOSDI1 depletion showed no
obvious effect on the proliferation of either normal cell line
(Supplementary Fig. 3c). Subsequently, we sought to

determine whether targeting JOSDI1 could be a promising
strategy for the gene therapy of gynaecological cancer. To
confirm our hypothesis, we established four ovarian cancer
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« Fig. 2 Targeting JOSD1 significantly suppresses gynaecological can-

cer growth in vivo. a—d In vivo growth and tumour weights of
xenografts generated from A2780 (n = 6 for each group) and HeLa (n
=8 for each group) cells expressing either short hairpin RNAs
(shRNAs) targeting JOSD1 or nontargeting shRNA. e In vitro growth
of eight gynaecological cancer primary cell lines transfected with
either small interfering RNAs targeting JOSD1 or negative control
siRNA. f Tumour weights of ovarian cancer patient-derived xenograft
models administered adeno-associated virus (AAV) targeting JOSDI
or AAV with a nontargeting sequence (n =5 per group). Two-tailed
Student’s ¢ test; *p <0.05, **p<0.01 and ****p <0.0001. For a—d
and f, the data are presented as the mean = SEM. For e, the data are
presented as the mean + SD, and representative results of three bio-
logical replicates are shown

PDX models. Each model was randomly distributed into
two groups, and then AAV-shControl or AAV-shJOSDI1
was administered via tail vein injections. The groups treated
with AAV-shJOSD1 showed significantly inhibited growth
of the xenografts compared with that of the AAV-shControl
groups (Fig. 2f and Supplementary Fig. 3d).

JOSD1 interacts with and deubiquitinates MCL1

To illustrate the regulatory mechanism of JOSDI1, we per-
formed immunoprecipitation followed by mass spectro-
metric analysis. Among the proteins that pulled down
together with JOSD1, MCLI1, which is an essential anti-
apoptotic protein of the BCL-2 family, was our primary
focus (Fig. 3a, b). Notably, no other antiapoptotic members
of the BCL-2 family were detected, illustrating the specific
association between JOSD1 and MCL1. To further confirm
this association between JOSD1 and MCL1, a coimmuno-
precipitation (co-IP) assay was performed. V5-tagged
MCL1 was pulled down by Flag-tagged JOSD1, and vice
versa (Fig. 3c). We next investigated the interaction
between JOSD1 and MCLI in an existing chemotherapy
drug environment. HA-JOSD1 and Flag-MCL1 were co-
transfected into 293T cells, which were then treated with
CBP. The association between HA-JOSD1 and Flag-MCLI1
was detected by co-IP 0, 3, 6 or 24 h after the CBP treat-
ment. As shown in Fig. 3d, the interaction intensity between
JOSDI and MCL1 after the CBP treatment increased in a
time-dependent manner, indicating that JOSD1 might exert
its antiapoptotic function by binding MCLI1. Notably,
although JOSD1 maintained a more stable level of MCL1
protein compared with that in the control cells upon CBP
treatment, JOSD1 could not completely inhibit the degra-
dation of MCL1 when severe cell apoptosis occurred as the
time of CBP treatment reached 24h (Supplementary
Fig. 4a). JOSDI1 is a 202 amino acid small protein con-
taining only a Josephin domain (Supplementary Fig. 4b)
[28]. MCLI1 consists of two PEST (proline, glutamate,
serine and threonine) domains, four BH (BCL-2 homology)
domains and a carboxyl-terminal transmembrane domain

SPRINGER NATURE

(Supplementary Fig. 4b) [29]. To map the specific binding
region of MCL1 on JOSDI1, we constructed two truncated
MCL1 mutants (N terminus and C terminus) and performed
a co-IP assay. The results indicated that only the N terminus
is associated with JOSD1 (Supplementary Fig. 4c). The
confocal imaging results showed co-localization of JOSD1
and MCLI in the cytoplasm of the A2780 cells, further
confirming the association between these two proteins in
gynaecological cancer cells (Fig. 3e).

We next performed a ubiquitination assay to validate
whether MCL1 is indeed a substrate of JOSD1. The over-
expression of wild-type JOSD1 significantly decreased the
level of polyubiquitin chains on MCLI1, while the over-
expression of the enzymatically dead JOSD1“*** mutant
resulted in the loss of this decrease (Fig. 3f), illustrating that
JOSDI could deubiquitinate MCL1 as a bona fide DUB.
Consistently, JOSD1 depletion in A2780 and HeLa cells
increased the level of ubiquitinated endogenous MCL1, and
the protein level of MCLI1 declined (Fig. 3g; Supplementary
Fig. 4d). Supporting our former conclusion that JOSDI1
maintains MCL1 stability after CBP-induced apoptosis, the
deubiquitination of MCL1 by JOSD1 was increased upon
CBP treatment (Supplementary Fig. 4e). Since the mono-
ubiquitinated type of JOSDI was also increased in the
chemoresistant cell lines (Fig. 1c¢), we next performed an
in vitro ubiquitination assay to confirm whether JOSDI1
could deubiquitinate MCL1 directly. We showed that
JOSDI1 alone was sufficient to deubiquitinate MCLI1 in vitro
(Supplementary Fig. 4f). This result indicated that JOSDI1
interacts with and deubiquitinates MCL1 in the cytoplasm,
which is consistent with a previous study showing that
monoubiquitinated JOSD1 is located mainly on the cell
membrane [28]. To further specify the type of modification
JOSDI exerts on MCL1, we co-expressed Flag-MCL1 and
Myc-JOSDI1 along with wild-type or mutant HA-Ubiquitin.
The results showed that JOSD1 only cleaved the K48 ubi-
quitin chains linked on MCL1 (Fig. 3h).

JOSD1 stabilizes MCL1 to inhibit the mitochondrial
apoptosis pathway

Based on the above results, we next sought to clarify
whether JOSD1 stabilization of MCLL1 is depending on the
enzymatic activity of JOSDI. Increasing amounts of Myc-
tagged wild-type JOSD1 or the mutant Myc-JOSD]¥4
were transfected into 293T cells. As shown in Fig. 4a, the
protein level of MCL1 was increased in a dose-dependent
manner only when wild-type JOSD1 was overexpressed,
while JOSDI1“*** had no effect on the stabilization of
MCLI1. Additionally, the qRT-PCR results indicated that
JOSDI1 did not affect the mRNA expression of MCLI
(Supplementary Fig. 5a), suggesting that the stabilizing
effect of JOSD1 on MCL1 is dependent on its DUB activity
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expression of wild-type but not mutant JOSD1 prolonged
the half-life of endogenous MCL1 (Fig. 4b). Consistent
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expression in 293T cells transfected with increasing amounts of
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chase assay. Quantification of MCLI relative to B-actin expression is
shown. d H-score and representative images of JOSDI1 and
MCLI staining in chemoresistant and parental xenografts. Scale bars,

with this observation, siRNA-mediated depletion of JOSD1

led to increased MCL1 instability (Fig. 4c). Similar results
were also obtained in A2780 and HeLa cells using shRNAs
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(Supplementary Fig. 5b). Supporting the positive regulation
of MCLI1 by JOSDI, the expression level of MCL1 was
also significantly upregulated in the chemoresistant
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« Fig. 5 JOSD1 causes chemoresistance by stabilizing myeloid cell

leukaemia 1 (MCL1). a Cell viability of ES2 and 3AO cells expressing
empty vector, JOSD1 or JOSD1%* and treated with different doses of
carboplatin (CBP). b Cell viability of ES2 and 3AO cells expressing
empty vector, JOSD1 or JOSD1 and MCLI-targeting short hairpin
RNAs (shRNAs) and treated with different doses of CBP. ¢ Quanti-
tative analysis of the apoptosis rate of ES2 cells expressing empty
vector, JOSD1 or JOSD®A and treated with different doses of CBP.
d—f In vivo growth curves and tumour weights of xenografts generated
from ES2 cells expressing an empty vector, JOSD1 or JOSDI and
MCLI1-targeting shRNAs and treated with CBP (50 mg/kg, three times
a week). g, h H-score and representative images of immunohisto-
chemical staining for JOSD1, MCL1 and cleaved caspase-3 in Fig. Se.
Scale bars, 250 um. Two-tailed Student’s ¢ test; **p <0.01, ***p <
0.001 and ****p <0.0001. In a and b, the data are presented as the
mean + SD, and representative results of three biological replicates are
shown. In ¢, d, f and g, the data are presented as the mean + SEM (n =

10)

factors in this pathway. The results showed that the decrease
in MCLI and increase in cleaved PARP, cleaved caspase-9
and cleaved caspase-3 occurred in both the A2780 and
HeLa cells following the JOSD1 depletion, suggesting that
the apoptosis pathway is activated (Fig. 4e). Moreover, the
overexpression of wild-type but not mutant JOSD1 inhib-
ited the activation of the mitochondrial apoptosis pathway
in ES2 cells subjected to CBP treatment (Fig. 4f). To further
validate that the ability of JOSDI1 to induce apoptosis is
dependent on the mitochondrial apoptosis pathway, we
pretreated A2780 cells with a pan-caspase inhibitor, Z-VAD
(OMe)-FMK, and then knocked down JOSDI1 using siR-
NAs. We found that Z-VAD(OMe)-FMK treatment could
completely abolish the effect of JOSD1 depletion (Fig. 4g).
In conclusion, these results demonstrated that
JOSDI stabilizes MCL1 to suppress the mitochondrial
apoptosis pathway in gynaecological cancer cells and that
this stabilization is dependent on its enzymatic activity.

JOSD1 contributes to chemoresistance and is
dependent on MCL1

To investigate the function of JOSD1 in chemoresistance,
JOSD1 was stably overexpressed in the ovarian cancer cell
lines ES2 and 3A0. As shown in Fig. 5a, cells with wild-
type JOSDI1 overexpression developed resistance against
CBP treatment, while cells overexpressing mutant
JOSDI1 showed no such effect. To further validate that the
chemoresistance caused by JOSDI1 overexpression is
mediated by MCL1, we knocked down MCL1 in JOSDI-
overexpressing cells and found that MCL1 depletion dra-
matically abolished the chemoresistance triggered by
JOSD1 overexpression (Fig. 5b). In consistent with these
findings, overexpression of MCL1 rescued the proapoptotic
effect of JOSD1 depletion in A2780 cells (Supplementary
Fig. 6a). Annexin V/fluorescein isothiocyanate double
staining showed a significantly reduced apoptosis rate in
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JOSD1-overexpressing ES2 cells compared with empty
vector- or JOSD1*%* overexpressing ES2 cells (Fig. 5c;
Supplementary Fig. 6b).

To confirm the antiapoptotic function of JOSD1 in vivo,
ES2 cells overexpressing an empty vector, JOSDI1 or
shRNAs targeting MCL1 were xenografted into nude mice.
The CBP administration significantly reduced the tumour
growth in the control ES2 cells, while the JOSDI-
overexpressing ES2 cells grew much more rapidly than
the control cells after the treatment with the same dose of
CBP. Furthermore, knockdown of MCLI1 reversed the
chemoresistance effect caused by JOSDI1 overexpression
(Fig. 5d—f; Supplementary Fig. 6c). Meanwhile, THC
staining showed increased MCL1 and decreased cleaved
caspase-3 expression levels in JOSDI1-overexpressing
xenografts, while xenografts with MCLI depletion
showed remarkably increased cleaved caspase-3 expression
(Fig. 5g, h). Taken together, these data showed that JOSD1
is a crucial factor associated with chemoresistance that
exerts its effects on drug resistance by stabilizing MCLI1.

JOSD1 expression level predicts outcomes of
ovarian cancer patients

To further validate the positive relationship of JOSD1 and
MCL1 with chemoresistance in human samples, we stained
for both JOSD1 and MCLI in tissues from 150 ovarian
cancer patients. Both JOSD1 and MCL1 were highly
expressed in the chemoresistant ovarian cancer samples,
while they were expressed at low levels in the chemo-
sensitive samples (Fig. 6a and Supplementary Table 3).
Correlation analysis showed that JOSD1 and MCLI1
expression levels were tightly correlated with each other in
these samples (Fig. 6b). High JOSD1/MCLI expression
levels were also associated with poor OS and PFS of
ovarian cancer patients (Fig. 6c, d).

Because JOSDI is also expressed in cell membranes
[28], we speculated whether it could be secreted into
serum and represent intracellular expression levels,
which reflect chemosensitivity in ovarian cancer patients.
To test this hypothesis, we first detected the existence of
secreted JOSD1 in culture supernatants of parental and
acquired chemoresistant 3A0 and A2780 cells. Excit-
ingly, the secreted JOSDI1 levels in the supernatant of
the chemoresistant cell lines were extremely higher than
those in the supernatant of the parental cell lines
(Fig. 6e). To further confirm this result in clinical sam-
ples, we performed both IB and IHC experiments to
detect the serum and intracellular JOSD1 expression
levels in 20 ovarian cancer patients and identified that
the serum JOSDI1 levels were positively correlated
with intracellular JOSD1 expression (Fig. 6f and Sup-
plementary Fig. 7). In summary, these results revealed
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Fig. 6 JOSDI1 and myeloid cell leukaemia 1 (MCL1) expression cor-
relates with chemoresistance and poor prognosis of ovarian cancer
patients. a Representative images of JOSD1 and MCLI staining in
platinum-sensitive and platinum-resistant ovarian cancer samples.
Scale bars, 250 um. b Correlation analysis of JOSD1 and MCLI1
expression levels in ovarian cancer samples (n = 150). Pearson cor-
relation coefficients are shown. ¢, d Correlation between JOSDI1

that the intracellular JOSD1 expression levels could be
adopted as a marker for the chemosensitivity of ovarian
cancer patients and that the serum JOSDI levels, which
is easily detected, is an accurate indicator for intracel-
lular JOSD1 expression.

expression (¢) or MCLI1 expression (d) and overall survival or
progression-free survival in ovarian cancer patients (n=150).
Kaplan—-Meier survival plots are shown. e Immunoblotting for JOSD1
in the supernatants of chemoresistant cell lines and their parental cell
lines. f Correlation between serum JOSDI1 levels and intratumour
JOSD1 expression in 20 paired serum and tumour tissue samples.
Pearson correlation coefficients are shown

Discussion
Ovarian and cervical cancers are two dominant types of
gynaecological malignancy. Ovarian cancer patients suffer

an extremely poor prognosis, mainly due to the emergence
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Fig. 7 JOSD1 drives chemoresistance by stabilizing myeloid cell
leukaemia 1 (MCL1) and suppressing mitochondrial apoptotic sig-
nalling. JOSDI interacts with and deubiquitinates MCLI.
JOSDL1 stabilizes MCL1 protein in the cytoplasm, which leads to the
inhibition of mitochondrial apoptotic signalling. The cytoplasmic
JOSD1 expression level also correlates with the serum JOSDI
expression level

of acquired chemoresistance during treatment [33, 34]. The
current standard of care for cervical cancer patients is pelvic
radiotherapy (RT) and concurrent weekly cisplatin che-
motherapy (RTCT), followed by brachytherapy [35].
Although 50-60% of patients are cured with this approach,
recurrence and metastases after treatment remain major
problems. There are very few effective treatments for
patients with recurrent cervical cancer after RTCT, and
virtually all patients die often with pain, bleeding and other
debilitating symptoms [36]. Previous studies have revealed
several factors that contribute to the chemoresistance of
gynaecological cancer, but the specific factors that con-
tribute to the occurrence of acquired chemoresistance
remain ill-defined. JOSDI is primarily characterized as a
DUB [37], but a later study showed that JOSD1 might
possess the ability to modulate gene transcription [38].
Moreover, the role of JOSDI1 in the cancer context is still
ambiguous. In this study, we established an in vivo che-
moresistance model of ovarian cancer and identified that
JOSDI is the most strikingly upregulated DUB in che-
moresistant tumours compared with the control group. Both
in vitro and in vivo studies confirmed that JOSD1 is a key
modulator of cell viability, while JOSDI1 depletion sig-
nificantly triggered gynaecological cancer cell death. Most
excitingly, AAV-mediated JOSD1 shRNA could effectively
restrict the growth of PDX models of ovarian cancer, pro-
viding a promising therapeutic option for gene therapy
targeting gynaecological malignancy.

MCLI1 is a critical antiapoptotic member of the BCL-2
family. The only selective inhibitor of MCL1 is S63845,
which has ideal effects on blood malignancies but lesser
effects on solid tumours [39-41]. Previously, two DUBs,
USP9X and USP13, had been reported as modulators of
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MCLI1 stabilization [29, 42]. However, USP9X exhibits
tissue-specific expression primarily in the brain and
immune system [43] and sometimes functions as a tumour
suppressor [44, 45]. Additionally, USP13 has been
reported to act as a tumour suppressor by stabilizing
PTEN in breast cancer and colorectal cancer [26]. The
controversial context-dependent functions of USP9X and
USP13 make them less promising as gene therapeutic
targets in cancer treatment owing to the probability of
triggering side effects. Therefore, there is a need to
develop other more specific and stronger regulators.
Through a mass spectrometric analysis, we identified that
MCLI1 is a substrate of JOSD1. JOSD1 acts as a bona fide
DUB that cleaves the K48 ubiquitin chains linked on
MCLI. By stabilizing MCL1, JOSDI inhibits the mito-
chondrial apoptosis pathway and exerts antiapoptosis
effects (Fig. 7). Though the monoubiquitinated type of
JOSD1 was also increased in the chemoresistant cell lines,
our data showed that JOSDI1 could directly deubiquitinate
MCLI1 in vitro, which illustrates that the increased amount
of monoubiquitinated JOSD1 might just be a result of
increased JOSD1 expression. Additionally, this result is
also in accordance with the conclusion drawn from a
previous study that monoubiquitinated JOSDI is mainly
located on the cell membrane [28]. Another point worth
further discussed is that, although JOSDI1 overexpression
could not completely prevent the degradation of MCLI1
after CBP treatment for >6h, CBP treatment still
increased the interaction between JOSDI1 and MCLI1 and
increased the deubiquitination of MCL1 by JOSDI. For-
mer studies showed that the elimination of MCLI is
required for the initiation of apoptosis [46-48]. Hence, the
decreased MCLI1 protein level after 6 h of CBP treatment
resulted from a cell apoptosis event upon the chemical
drug inducement rather than the loss of deubiquitination
by JOSDI.

IHC analysis of 150 human ovarian cancer samples
illustrated a strong correlation between JOSD1 and MCLI
expression levels; it was also found that high JOSD1/MCLI1
expression is correlated with chemoresistance and poor
prognosis of ovarian cancer patients. To explore more
convenient methods for the detection of JOSDI1 levels, we
validated that the serum JOSDI levels in patients directly
corresponded to the intracellular JOSD1 expression levels,
suggesting that serum JOSDI1 is a predictor of chemo-
sensitivity and prognosis in ovarian cancer patients. Taken
together, these data comprise the first study to identify
JOSDI as an oncogene that inhibits mitochondrial apoptotic
signalling and contributes to the emergence of acquired
chemoresistance in gynaecological cancer. Most impor-
tantly, AAV-mediated JOSD1 depletion might be a pro-
mising therapeutic approach for the treatment of
gynaecological cancer, and serum JOSD1 levels could be a
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diagnostic and prognostic indicator for gynaecological
cancer patients.
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