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Abstract

Background Prostate cancer(PCa) is the most commonly occurring male cancer in the USA. Abiraterone or Enza-
lutamide have been approved for the treatment of metastatic castration-resistant prostate cancer (CRPC). However,
the treatment-emergent neuroendocrine PCa (t-NEPC) may develop, resulting in drug resistance in about 10-17%
CRPC patients. The detailed mechanisms remain unclear..

Methods The expression correlation of TOMM20 and AR in PCa was determined by analyzing publicly available data-
sets, or by IHC staining in tumor specimens. The protein interaction of TOMM20 and AR was validated by co-immuno-
precipitation or GST pull-down assay. The impact of TOMM20 depletion on drug sensitivity were elucidated by assays
of cell proliferation, invasion, sphere formation, xenograft growth and intravenous metastasis. The intracellular ROS
level was measured by flow cytometry, and the NEPC transdifferentiation and characteristics of cancer stem-like cells
were validated by RNA-seq, RT-PCR and western blotting.

Results The protein level of TOMM20 is positively correlated with AR in PCa cells and specimens. TOMM20 protein
physically interacts with AR. AR antagonists induced the protein degradation of TOMM?20 through autophagy-lysoso-
mal pathway, thereby elevating the intracellular ROS level and activating PI3K/AKT signaling pathway. When TOMM?20
was depleted, PCa cells underwent EMT, acquired the characteristics of cancer stem-like cells, and developed resist-
ance to AR antagonists. The stable depletion of TOMM?20 promoted the transdifferentiation of PCa adenocarcinoma
into NEPC and metastasis. Conversely, the rescue of TOMM?20 re-sensitized the resistant PCa cells to AR antagonists.

Conclusions TOMM?20 protein degradation induced by AR antagonists promoted the transdifferentiation of PCa

to NEPC, thereby revealing a novel molecular mechanism by which AR antagonists develop drug resistance

through mitochondrial outer membrane-mediated signaling pathway. These findings suggested that the decreasing
or loss of TOMM20 expression in PCa tissues might become a useful predictor of PCa resistance to AR antagonists.
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Background

Prostate cancer (PCa) is the male cancer type with the
highest incidence and the second leading cause of mor-
tality in the western counties [1]. In China, PCa has
become the leading urogenital tumor and the 6" most
prevalent male tumors. There were 115,426 new PCa
patients and 51,094 PCa deaths in China in 2020 [2].

Androgen/AR plays a critical role in the initiation and
progression of PCa, and the protein stability of AR is
required to regulate gene transcription. Before binding
to androgen, cytoplasmic AR maintains protein stability
by forming complexes with molecular chaperones like
HSP70, HSP90, HSP40 or HSP27 [3—7]. When activated
by androgen, the phosphorylated AR translocates to the
nucleus, binds to the AR-response elements (ARE) in the
promoter/enhancer of target genes, and regulates gene
transcription [8]. Therefore, androgen deprivation ther-
apy (ADT) becomes the first-line modality in PCa and
several AR antagonists have been widely used in clinic to
inhibit androgen-mediated activation of AR. However,
PCa patients inevitably develop drug resistance within
12-18 months, and eventually progress to the stage of
metastatic castration-resistant PCa (mCRPC) [9]. It has
been reported that ADT resistance develops due to AR
gene amplification, AR genomic mutations, and the gen-
eration of AR splicing such as ARV7 or ARV9 [10, 11].
Additionally, alternative mechanisms independent of
AR, such as abnormal hormonal secretion in the tumor
microenvironment, DNA damage repair (DDR), phosph-
oinositide 3-kinase—protein kinase B-mammalian target
of rapamycin (PI3K—-AKT-mTOR), and Wnt—[-catenin,
play critical roles in the development of ADT resistance
[12-14].

Second-generation AR antagonist Enzalutamide and
CYP17A1 inhibitor Abiraterone have been approved for
the treatment of metastatic PCa [15, 16], but their effi-
cacy is limited by the acquired drug resistance. Recent
studies have implicated that the transdifferentiation of
adenocarcinoma into treatment-emergent neuroen-
docrine PCa (t-NEPC) is a critical mechanism of drug
resistance after treatment with the second generation
AR antagonists [17-21]. It is estimated that approxi-
mately 10-17% of mCRPC patients develop t-NEPC after
AR antagonist treatment, and the clinical outcome is
quite poor [22]. In the tumor tissues of NEPC patients,
AR signaling is low or lost, and such typical NE mark-
ers as neuronal-specific enolase 2 (ENO?2), synaptophy-
sin (SYP), NCAM1 and chromogranin A(CHGA) are
remarkably elevated [23]. The molecular mechanisms
underlying the progression of NEPC include the loss of
tumor suppressor genes p53 or Rb, abnormal epigenetic
modifications, and the hyperactivation of such oncogenic
transcription factors as SOX2 and BRN2 [24, 25]. In the

Page 2 of 19

transition to t-NEPC, PCa tumors exhibit the reactiva-
tion of developmental programs associated with epithe-
lial-mesenchymal plasticity and acquisition of cancer
stem-like cell properties [26].

Recent reports indicated that AR protein is located in
the mitochondria of PCa cells [27-29], and ectopic AR
expression reduced the expression of mitochondrial oxi-
dative phosphorylation complex subunits. Translocase
of the outer mitochondrial membrane complex subu-
nit 20 (TOMM20) is a structural protein of mitochon-
dria responsible for the recognition and translocation
of mitochondrial proteins inside the mitochondria from
the cytosol [30]. TOMM20 is highly correlated with the
degree of malignancy of several cancer types, includ-
ing PCa [27, 31-36]. However, the roles of TOMM20 in
PCa progression remain unknown, particularly in the
transformation to NEPC. In the present study, we first
found a correlation between TOMM?20 and AR protein
levels, and that TOMMZ20 protein physically interacts
with AR. AR antagonists induced the autophagic protein
degradation of TOMM20, thereby elevating the ROS-
activated PI3K/AKT signaling pathway. When TOMM20
was depleted, the PCa cells underwent EMT, acquired
the characteristics of cancer stem-like cells, and devel-
oped resistance to AR antagonists. The stable depletion
of TOMM20 promoted the transdifferentiation of PCa
adenocarcinoma cells into NEPC. The present study
identified the novel roles of TOMM?20 protein degrada-
tion in NEPC transdifferentiation, and elucidated a novel
molecular mechanism by which AR antagonists develop
acquired drug resistance.

Materials and methods

Cell lines and cell culture

Human PCa cells LNCaP, VCaP, PC-3, DU145, NEPC
cells NCI-H660,HEK293T cells and non-malignant
prostate epithelial cells RWPE-1 were purchased from
ATCC (Manassas, VA, USA). C4-2 and CWR22Rv1 were
obtained from Dr. Chinghai Kao at the Indiana Univer-
sity School of Medicine. PCa cells were maintained in
RPMI-1640 medium (Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% FBS (Gibco, Ther-
moFisher Scientific, Friendship, ME, USA) and peni-
cillin/streptomycin antibiotics. HEK293T cells were
cultured in DMEM (Thermo Fisher Scientific, Waltham,
MA, USA,with/without Sodium Pyruvate) medium and
supplemented with 10% FBS (Gibco, ThermoFisher Sci-
entific, Friendship, ME, USA) and penicillin/streptomy-
cin antibiotics. RWPE-1 cells were maintained in defined
Keratinocyte-SFM (1 x) liquid (Invitrogen, Carlsbad, CA,
USA). NCI-H660 cells were maintained according to the
manufacturers’protocols.All cells were cultured with 5%
CO2 in a 37 °C incubator.
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Lentivirus packaging and infection

The lentivirus system was applied to introduce the shR-
NAs or cDNAs into PCa cells. HEK-293 T cells were
co-transfected with the virus package plasmids psAX2,
pMD2G, and the gene expression plasmids. After 48 h
transfection, the supernatants consisting of viral parti-
cles were collected for immediate use and/or frozen at
-80°C for later use.

Transient transfection
pcDNA3.1-His/Myc-TOMM20 and pCMV-AR-Flag plas-
mids were constructed as follows. The cDNA fragments
of TOMM20 and AR were generated individually using
PCR and then subcloned into the described vectors. The
constructed DNA fragments were confirmed by sequenc-
ing. Plasmids pcDNA3.1-His/Myc-TOMM20(ATPR) and
pcDNA3.1-His/Myc-TOMM20(AGlu) were purchased
from Genscript ProBio (Nanjing,China).

siRNA transfection was performed using the Mirus
transfection kit according to the manufacturer’s
instructions (Mirus, Madison, W1, USA). Non-target-
ing (NT) siRNA was used as the control. The sequences
of siRNA (5'-3") are listed in the Supplementary
Table 1.

Real time quantitative PCR

Total RNA was extracted using TRIzol (Takara Bio Inc.)
and 1 pg of total RNA was used for cDNA synthesis
using the Super Script III First Strand Synthesis System
(Invitrogen) according to the manufacturer’s instruc-
tions. Quantitative real-time PCR (qRT-PCR) was con-
ducted using a Bio-Rad CFX96 system with SYBR green
to detect the mRNA expression level of a gene of inter-
est. Expression levels were normalized to GAPDH. The
primers used for the genes of interest are listed in Sup-
plementary Table 1.

Chemicals and reagents

Cycloheximide (CHX) and Bafilomycin Al were pur-
chased from Cell Signaling Technology (CST). Hydrox-
ychloroquine Sulfate(HCQ), Enzalutamide (MDV3100)
and Bicalutamide(Casodex) were purchased from Sell-
eck, China (Shanghai, China). MK2206 was purchased
from MedChemExpress (MCE, Shanghai, China).
MG132 was purchased from Targetmol,USA (T2154).
All were dissolved in dimethylsulfoxide (DMSO) except
for HCQ dissolved in water.

Antibodies

AR(rabbit monoclonal, 1:1000, #5153), PSA/KLK3(rabbit
monoclonal, 1:1000, #5365), TOMM20(rabbit monoclo-
nal, 1:1000, #42,406), ATG5(rabbit monoclonal, 1:1000,
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#12994S), LC3I/II(rabbit monoclonal, 1:1000, #12,741),
Akt (rabbit monoclonal, 1:1000, #4691), Phospho-Akt
(Ser473)(rabbit monoclonal, 1:1000, #4060), Phospho-
Akt (Thr308)(rabbit monoclonal, 1:1000, #13,038),
Nanog(rabbit monoclonal, 1:1000, #4903), Sox2(rabbit
monoclonal, 1:1000, #3579), ALDHI1Al(rabbit mono-
clonal, 1:1000, #36671S) and VDAC(rabbit monoclo-
nal, 1:1000, #4661) antibodies were purchased from Cell
Signaling Technology (CST). NCAMI(rabbit polyclonal
antibody, 1:1000, A7913), p-Actin(mouse polyclonal,
1:5000, AC004) and a-Tublin(mouse polyclonal, 1:5000,
ACO012) antibodies were purchased from ABclonal Tech-
nology (Upper Heyford, UK). NSE (rabbit monoclonal,
1:1000, ab180943) and Syp (Rabbit monoclonal, 1:1000,
ab184176) were purchased from Abcam (Shanghai,
China). ALDH1A1(mouse monoclonal antibody, 1:500,sc-
166362), TOMM70(mouse monoclonal antibody, 1:500,
8¢-390545),AR(rabbit polyclonal, 1:1000, Sc-815X) anti-
bodies were purchased from Santa cruz. E-cadherin (rabbit
polyclonal, 1:1000, GTX100443),BRN2(rabbit polyclonal,
1:1000, GTX114650) and N-cadherin (rabbit polyclonal,
1:1000, GTX127345) were purchased from Genetex.

Cell immunofluorescence

LNCaP and C4-2 cells were maintained in 24-well plates
(SORFA, Huzhou, China) with coverslips for 48 h. Cells
were fixed with 4% paraformaldehyde for 10 min and per-
meabilized with 0.1% Triton X-100 for addtional 10 min.
Cells were then incubated with AR and TOMM?20 antibod-
ies at 4 °C overnight. Cells were washed with cold PBS for
three times, and then incubated with the second antibody.
The nuclei were stained with DAPI. Images were captured
and analyzed with a confocal laser scanning microscope.

Western blot analysis and immunoprecipitation

Cells were lysed in lysis buffer and proteins (10-30 pg)
were separated on 8—10% SDS/PAGE gel and then trans-
ferred onto PVDF membranes (Millipore, Billerica, MA).
After blocking membranes, they were incubated with pri-
mary antibodies, HRP-conjugated secondary antibodies,
and visualized using the ECL system (Thermo Fisher Sci-
entific, Rochester, NY).

Extracts for immunoprecipitation were prepared using
RIPA buffer supplemented with protease inhibitor cock-
tails. After centrifugation, 100 pl of the supernatants
were prepared as input. The extracts were incubated with
the indicated antibodies at 4°C overnight on a rotator, fol-
lowed by incubation with protein A/G-magnetic beads
(MCE) at 4°C for 2 h on a rotator. After incubation, beads
were washed three times in immunoprecipitation buffer
and boiled in 1xloading buffer. Protein samples were
analyzed by SDS-PAGE.
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GST pull-down assay
pGEX-4 T-1-AR(FL), pGEX-4 T-1AR(ANTD),

pGEX-4 T-1-AR (DBD) and pGEX-4 T-1-AR(ALBD)
were constructed using the GST gene fusion system
according to the manufacturer’s instructions. To pro-
duce glutathione S-transferase(GST), GST-AR(FL),
GST-AR(ANTD), GST-AR(ADBD) and GST-AR (ALBD)
fusion proteins, pGEX-4 T-1, pGEX-4 T-1-AR(FL),
pGEX-4 T-1AR(ANTD), pGEX-4 T-1-AR(ADBD) or
pGEX-4 T-1-AR(ALBD) was individually transfected into
BL21 competent cells. Protein expression was induced
by ispropylb-D-1-thiogalactopyranoside (IPTG). GST-
AR(FL), GST-AR(ANTD), GST-AR(ADBD) and GST-
AR(ALBD) and GST proteins were purified by binding
to glutathione-sepharose resins (Sangon Biotech, Shang-
hai, China). Resins were incubated with cell lysates from
LNCaP cells at 4 °C for 12 h on a rotator, and then were
washed with the washing buffer four times. Resin-bound
complexes were eluted by boiling, and subjected to west-
ern blotting.

Clonogenic formation assay

The cells were plated in 6-well plates (500 cells/well) at
37°C overnight and then treated with Abiraterone or
Casodex. Cell culture media were replaced with fresh
growth medium containing drugs every 3 days. The cells
were fixed and stained with 0.1% crystal violet solution
7 days after drug treatment. Clones with>50 cells were
counted under the microscope and the survival fractions
were calculated as the average number of colonies + SD of
three independent experiments.

Cell viability assay and invasion assay

Cell viability was assessed by MTT assay. Cells were
plated in 96-well plates with a cell density of 5x 10* cells
per well, and incubated at 37°C for 0, 24,48, 72, and 96 h.
The culture medium was replaced with medium contain-
ing MTT, and the cells were incubated at 37°C for 2 h.
Cell viability was evaluated by measuring the absorb-
ance of each well at 570 nm with a VersaMax = micro-
plate reader. Cell invasion assays were performed using
a Transwell Boyden chamber (Corning) precoated with
matrigel.

Xenograft studies in nude mice

All procedures were approved by the Central South Uni-
versity Institutional Animal Use and Care Committee.
All 6 to 8-week old male nude mice were subcutaneously
injected into the flank with 1x10° tumor cells (LNCaP
sh-CTR, LNCaP sh-TOMM20; VCaP sh-CTR, VCaP
sh-TOMM20) in 100 pl of a 1:1 solution of medium and
Matrigel (Corning Biosciences). Eight weeks later, tumor
formation rates were calculated for LNCaP cells. When
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the mean tumor volume of VCaP cells reached 100—150
mm?, mice were divided into four groups and received
the following treatments for 3 continuous weeks: vehicle,
Casodex (10 mg/kg/d, oral gavage). Tumor size and body
weight were measured twice a week, and tumor xenograft
volume (V) was calculated using the following formula:
V=ab?/2 (a: the long diameter and b: the short diameter).
The tumor xenografts were isolated at the endpoint of the
experiment, and tumor size and weight was compared by

statistical analysis.

Metastasis studies in NOD/SCID mice via tail vein injection

To validate the impact of TOMM20 depletion on PCa
metastasis, we firstly generated a PC3 luciferase cell
line, and then was infected with lentiviruses express-
ing TOMM20-shRNA, or scramble control shRNA. The
stable PC3 luciferase cells with TOMM20 knockdown
were generated by drug selection. The cells were injected
into NOD/SCID mice via tail veins (1.5x10° cells/100
pL). The cancer metastasis was monitored by assessing
the bioluminescence at a series of time points by a IVIS
Imaging System (PerkinElmer). For the detection of bio-
luminescence, one mouse was intraperitoneally injected
200 pL of d-luciferin (15 mg/ml, Yeasen, Shanghai,
China) before imaging. The photometry of the tumor was
calculated by Living Image 3.1.0 software (Caliper Life
Sciences), and the data were used to evaluate the degree
of cancer metastasis. The mice survival rate was analyzed
by using Kaplan—Meier survival curve and log-rank test.

Human PCa tissues for immunohistochemical (IHC) analysis
Human benign prostatic hyperplasia (BPH) and PCa
specimens were obtained from The Third Xiangya Hos-
pital of Central South University, which is approved by
Central South University Institutional Review Board.
Specimens were obtained from the patients diagnosed
with PCa (n=39). Six BPH specimens were used as con-
trols. Formalin-fixed, paraffin-embedded tissue slides
were prepared. The expression of TOMM?20 and AR was
analyzed by IHC staining according to the manufacturer’s
instructions (ZSGB-Bio, China).

Sphere formation assays

Cells (5x10% were seeded in 96-well ultra-low attach-
ment culture plates (Corning Life Sciences) in Mamm-
oCult™ Basal Medium (Stemcell) with 4 pg/ml Heparin
Solution (Stemcell) and 0.48 pg/ml Hydrocortisone Stock
Solution (Stemcell) for 10—14 days. Spheres were counted
under an inverted microscope in triplicate wells.

Extraction of mitochondrial protein
Mitochondria were isolated from PCa cells and RWPE-1
cells using a mitochondria isolation kit (C3601, Beyotime
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Institute of Biotechnology, Nantong, Jiangsu, China)
according to the manufacturer’s instructions. Briefly,
cells were homogenized in ice-cold mitochondria isola-
tion buffer with 1 mM PMSF and centrifuged at 600 g
for 10 min at 4 °C. Subsequently, the supernatants were
transferred to another centrifuge tube and centrifuged
at 11,000 g for 10 min at 4 °C. The sediment was mito-
chondria. The remaining supernatants were centrifuged
at 12,000 g for 10 min at 4 °C to obtain the cytoplasmic
fraction. Protein samples were analyzed by SDS-PAGE.

Measurement of intracellular ROS levels

Intracellular ROS levels were measured using a Reac-
tive Oxygen Species Assay Kit (Beyotime Biotechnol-
ogy, China) according to the manufacturer’s instructions.
Briefly, stable cells expressing sh-TOMM?20 and sh-Con-
trol were incubated with DCFH-DA at 37 °C for 20 min,
and then were observed with a fluorescence microscopy
(Olympus). The fluorescence was measured at 488 nm
excitation and 525 nm emission by a fluorescence spec-
trophotometer (BD Bioscience).

RNA-Seq and data analysis

Total RNA was extracted from LNCaP sh-CTR and
LNCaP sh-TOMM20 cells using the TRIzol reagent
according to the manufacturer’s protocol. RNA purity
and quantification were determined using the NanoDrop
2000 spectrophotometer (Thermo Scientific, USA). RNA
integrity was assessed using the Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). Then
the libraries were constructed using TruSeq Stranded
mRNA LT Sample Prep Kit (Illumina, San Diego, CA,
USA) according to the manufacturer’s instructions. The
transcriptome sequencing and analysis were conducted
by OE Biotech Co., Ltd. (Shanghai, China). Reads per
kilobase million (RPKM) for each gene were estimated.
A gene is considered at a statistically significant level if
the folds of expression difference were more than 1.5
between any two samples. The p value was calculated by
Cufflinks. Bioinformatic analysis was performed using
the OECloud tools at https://cloud.oebiotech.cn.

Statistical analysis

All data were analyzed by GraphPad Prism 9.0 (GraphPad
Software, San Diego, CA, USA; RRID:SCR_002798) or
FlowJo software. Results are presented as mean+ SEM or
mean + SD as indicated. The statistical difference between
two samples was analyzed by Students t test. One-way
ANOVA was used to analyze the statistical difference of
multiple groups. *P<0.05 and **P<0.01. P<0.05 was con-
sidered as statistically significant.
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Results
TOMM20 positively correlated with AR and the expressions
decreased with the transdifferentiation to NEPC
Aberrant overexpression of TOMM20 has been reported
in several cancer types [27, 31-36]. By analyzing the
GEO database(GSE21034 and GSE80609), we com-
pared the mRNA levels of TOMAM?20 gene between pri-
mary prostate cancer (PCa) and the adjacent benign
prostate(BP) or hyperplasia(BPH). The mRNA levels of
TOMM20 gene are higher in PCa than BP (Fig. 1A and
Fig.S 1A). Since AR is a key molecule for PCa develop-
ment, we further tested the expression correlation of AR
and TOMM20 genes in PCa (the data were from http://
vip.sangerbox.com/home.html). TOMM20 is positively
correlated with AR at the mRNA levels in 548 PCa cases
from TCGA database (Person r=0.5069, Fig. 1B), and at
the protein levels in non-malignant prostate epthelial cell
line RWPE-1 and PCa cell lines as shown in Fig. 1C. By
immunohistochemical (IHC) analysis, we further vali-
dated the correlation of AR and TOMM20 protein lev-
els in 6 BPH and 39 PCa cases. AR protein co-localized
with TOMM20 in the cytoplasm of PCa cells, and highly
and positively correlated. With the elevation of Gleason
grade, the protein levels of AR and TOMM?20 elevated
simultaneously (Fig. 1D, E and Fig.S 1B). These data sug-
gested that in all stages of PCa, the expression level of
TOMM20 is closely and positively correlated with AR.
As we knew, 10-17% PCa transformed to NEPC when
PCa patients developed resistance to the second-gen-
eration AR antagonists. AR signaling reduced or lost
and the neuronal-associated genes (such as BRN2, SYP,
ENO?2) elevated in NEPC tissues [25, 37]. We compared
the mRNA levels of TOMMZ20 gene in PCa(Adeno) to
NEPC by analyzing datasets from GEO and cBioPortal.
TOMM20 significantly decreased in NEPC (Fig. 1F). The
advanced PCa patients received androgen-deprivation
therapy(ADT) together with radical radiotherapy. The
ten-year biochemical failure-free survival(BRES) of PCa
patients with high TOMM?20 level is much greater than
those with low level (Fig. 1G). We then analyzed another
GEO dataset (GSE8702) in which LNCaP cells were cul-
tured in androgen-free medium for 12 months, which was
regarded as a typical approach to promote the transdif-
ferentiation of NEPC [38, 39]. After prolonged androgen
deprivation, TOMM20 and the androgen/AR-regulatory
genes robustly decreased, while neuronal-associated
genes significantly elevated (Fig. 1H). To further validate
the results, we cultured LNCaP cells in androgen-free
medium for 25 days, and observed that more cells gained
neuron-like morphology with more branches. The levels
of TOMM20 and AR gradually decreased with the exten-
sion of androgen deprivation, while BRN2 and ENO2
were further up-regulated (Fig. 1I). We then compared
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Fig. 1 TOMM?20 positively correlated with AR, and the expressions decreased with the transdifferentiation to NEPC. A The mRNA levels of AR

and TOMM20 genes in primary PCa specimens or the adjacent benign prostatic hyperplasia (BPH) tissues from a published RNA-seq dataset
(GEO:GSE21034). B Correlation analysis of the mRNA levels of AR and TOMM20 genes in PCa samples from TCGA datasets (http://vip.sangerbox.
com/home.html). C. The protein level of AR or TOMM20 was assessed in non-malignant prostate epithelial cell line RWPE1 and PCa cells by western
blotting. D AR and TOMM20 protein levels were assessed by IHC in human tumor specimens from 39 PCa and 6 BPH samples. E The protein levels
of AR and TOMM20 in PCa specimens were quantified, and the correlation of two proteins was analyzed by Pearson’s correlation coefficient in SPSS
software. F The mRNA levels of TOMM20 gene in PCa (Adeno) and NEPC samples. The gene expression profiles derived from cBioPortal (Beltran,
2016, and prad_su2c_2019) and GEO dataset (GSE32967). G.Kaplan—Meier Biochemical failure-free survival analysis was performed for PCa patients
co-treated with ADT and radiotherapy. The data was derived from a published dataset (GSE116918). H Heatmap of TOMM20, AR regulatory genes
and NE markers in LNCaP cells after long-term androgen deprivation (GSE8702). | Representative images and neuritogenesis analysis of LNCaP cells
at 10 or 25 days after androgen deprivation. Red arrowheads indicate neurite outgrowth. TOMM20, AR, BRN2 and ENO2 were assessed by western
blotting. J The protein levels of SYP, AR, PSA or TOMM?20 in PCa cell lines C4-2, PC-3, DU145 and NEPC cell line NCI-H660 were assessed by Western

blotting

TOMM20 protein in PCa cell lines C4-2, PC3 and DU145
to the NEPC cell line NCI-H660. The data showed that
the protein level of TOMM?20 was much lower in NCI-
H660 cells than other PCa cells (Fig. 1]). These data indi-
cated that the loss of TOMM?20 might play a key role in
the transdifferentiation of PCa to NEPC.

AR protein interacts with TOMM20, and AR antagonists
decreased their protein interaction

It has been reported that AR is located in the mitochon-
dria of PCa cells, and its expression is closely correlated
with the malignancy [27]. To validate the cellular locali-
zation of AR, we first assessed AR protein levels inside
(Mito) or outside (cyt) of the mitochondria in RWPE-1
and PCa cell lines LNCaP and C4-2. The results showed

that PCa cells express more AR protein than RWPE-1,
and AR is located in mitochondria of PCa cells in addi-
tion to cytoplasm (Fig. 2A). In LNCaP and C4-2 cells, AR
protein is located in the mitochondria along with high
levels of TOMM20 protein (Fig. 2B). Then, we stained AR
and TOMM20 with fluorescent antibodies. AR protein
clearly co-localized with TOMM?20 (Fig. 2C).

We further studied whether AR protein physically
interacts with TOMM?20. The protein interaction of AR
and TOMM20 was verified by co-immunoprecipitation
(co-IP) of exogenously expressed proteins in HEK-293 T
cells (Fig. 2D). TOMM20 consists of five conserved
sub-domains: N-terminal membrane-anchor domain,
linker domain rich in charged amino acids, tetratrico-
peptide repeat motif (TPR), glutamine-rich domain and
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Fig. 2 AR protein interacts with TOMM20, and AR antagonists inhibited their protein interaction. A and B Mitochondrial protein was separated
from cytoplasmic protein of RWPE1 or PCa cells, and the level of AR or TOMM20 protein in the mitochondria (Mito) or in the cytoplasm

without mitochondria (cyt) was assessed by western blotting, and VDAC was used as the specific marker of mitochondria. C AR or TOMM?20
protein was labeled with fluorescent antibodies, and the co-localization of AR (red) and TOMM20 (green) was analyzed by confocol microscopy
in LNCaP and C4-2 cells. D HEK293T cells were co-transfected with plasmids expressing Flag-AR or/and His-TOMM20, and the protein interaction
of AR and TOMM?20 was assessed by co-immunoprecipitation. E The schematic diagram of TOMM20 protein structure. F. HEK293T cells were
co-transfected with plasmids expressing Flag-AR and His-TOMM20 wild type or mutants (His-TOMM20/His-ATPR/His-AGlu), and the protein
interaction of AR and TOMM20 was assessed by co-immunoprecipitation. G. The schematic diagram of AR protein structure. H The interactive
domain of AR with TOMM20 was identified by GST-pull down assay. The purified recombinant proteins of GST, GST-AR(FL), GST-AR(ANTD),
GST-AR(ADBD), and GST-AR(ALBD) were incubated with cell lysates in vitro as indicated, followed by immunoblotting with anti-TOMM?20 antibody.
I LNCaP and C4-2 cells were treated with MDV3100(20 uM) for 24 h, and then treated with 50 uM MG132 before protein extraction. The protein
interaction of AR and TOMM20 was assessed by co-immunoprecipitation. J LNCaP and C4-2 cells were treated with MDV3100(20 pM) for 24 h, AR
and TOMM70 expression in the mitochondria (Mito) or in the cytoplasm without mitochondria (cyt) was assessed by western blotting
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(See figure on next page.)

Fig. 3 AR antagonists promote the protein degradation of TOMM20 through autophagy-lysosomal pathway. A LNCaP or C4-2 cells were treated
with stepwise concentrations of MDV3100 for 24 h, and the protein levels of ARPSA, TOMM70 and TOMM?20 were assessed by western blotting. B
LNCaP or VCaP cells were treated with stepwise concentrations of MDV3100 for 24 h, and the mRNA levels of TOMM20,AR and KLK3 genes were
assessed by RT-PCR. C LNCaP or C4-2 cells were transfected with siRNA against AR for 48 h, and the expression of TOMM?20 protein was analyzed

by western blotting. D LNCaP or C4-2 cells were treated with siRNA against AR for 48 h, and the mRNA level of TOMM20 gene was analyzed

by RT-PCR. E LNCaP cells were pre-treated with MDV3100 (40 uM) for 24 h, followed by treatment with CHX (50 uM) for 0, 2, 4, 6,8 and 10 h.
TOMM20 protein was analyzed by western blotting. F LNCaP or C4-2 cells were treated with MG132, Bafilomycin A1 or CQ for 18 h, and TOMM20
protein was assessed by western blot. G LNCaP or C4-2 cells were treated with MDV3100 (40 uM) for 24 h, and then treated with MG132 (50 uM)

for an additional 18 h. AR or TOMM20 protein was assessed by western blotting. H LNCaP or C4-2 cells were treated with MDV3100 (40 uM) for 24 h,
followed by CQ (25 puM) treatment for an additional 18 h. AR or TOMM20 protein was assessed by western blotting. I LNCaP or C4-2 cells were
transfected with siRNA against AR for 48 h, and then treated with CQ (25 uM) for an additional 18 h. AR or TOMM20 protein was assessed by western
blotting. J LNCaP or C4-2 cells were transfected with si-ATG5 for 48 h, followed by MDV3100 treatment for 24 h. AR or TOMM20 protein was assessed
by western blotting. K LNCaP or C4-2 cells were transfected with pcmv-AR for 24 h, followed by MDV3100 treatment for 24 h. LC3Il and LC3I were

assessed by western blotting and the autophagy was assessed by measuring the ratio of LC3Il/LC3I

C-terminal domain. In addition to the N-terminal mem-
brane-anchor domain, the other four domains stay in
the cytoplasm (Fig. 2E). We co-transfected the plasmids
encoding AR or TOMM20 excluding the TPR/glutamine-
rich domains to HEK-293 T cells, and assessed the inter-
action of exogenously expressed proteins by co-IP. The
results identfied that AR interacts with the TPR domain
of TOMM20 (Fig. 2F). Meanwhle, the AR proteins with
individual domains (Fig. 2G) were mixed with cell lysates
of LNCaP cells overexpressing TOMM?20, and the pro-
tein domains of AR interacting with TOMM20 were
identified by GST-pull down assay. The results showed
that the LBD and Hinge domain of AR protein physically
interact with TOMM?20 (Fig. 2H).

The interaction of endogenously expressed AR and
TOMM20 proteins was validated in both LNCaP and C4-2
cells in Fig. 21 (linel,3 and 5). Interestingly, AR antagonists
such as MDV3100, significantly decreased the protein
interaction of AR and TOMM?20 (Fig. 2Lline 2,4 and 6).
Beyond our expectations, MDV3100, in addition to induc-
ing AR protein degradation(Fig.S 2,A and B), remarkably
induced TOMM?20 protein degradation(Fig. 2I), but had
no impact on TOMM?70, another member of translocase
of outer mitochondrial membrane family (Fig. 2J). These
results demonstrated that MDV3100-induced AR degrada-
tion specifically destroyed the protein stability of TOMM20.

AR antagonists promoted TOMM20 protein degradation
through autophagy-lysosomal pathway

We treated LNCaP or C4-2 cells with MDV3100 for 24 h,
and found that MDV3100 significantly induced the pro-
tein degradation of TOMM20 in addition to AR, but
had no impact on the mRNA levels of TOMM20 and
AR genes (Fig. 3A,B and Fig.S 3A). However, MDV3100
had no impact on TOMM20 protein stability in AR-neg-
ative PC-3 and DU145 cells (Fig.S 3B). The results indi-
cated that AR antagonists induced TOMM?20 protein

degradation by destroying AR protein stability. Since
AR protein interacts with TOMM20, and MDV3100
significantly reduced their interaction, we hypothe-
sized that AR sustained TOMM20 protein stability. AR
depletion with siRNA significantly decreased the pro-
tein level of TOMM?20, but had no effect on the mRNA
levels of TOMM?20 gene (Fig. 3C and D). We further
tested the impact of AR antagonists on the half-life of
TOMM20 protein in LNCaP cells. With the inhibition
of new synthesized protein by CHX, MDV3100 sig-
nificantly decreased the half-life of TOMM20 protein,
which indicated that AR antagonists accelerated the pro-
tein degradation of TOMM?20 (Fig. 3E). As we knew, the
mechanism of intracellular protein degradation includes
the ubiquitin—proteasome system (UPS) and autophagy-
lysosomal pathway. We further investigated the regu-
latory mechanisms by which AR antagonists induced
the protein degradation of TOMM20. First, we treated
LNCaP or C4-2 cells with the USP inhibitor MG132 or
autophagy inhibitors Bafilomycin Al or Chloroquine
(CQ), and identified the recycle mechanism of TOMM?20
protein. The results showed that TOMM?20 protein deg-
radation mainly through UPS rather than autophagy
under physiological conditions (Fig. 3F). Interestingly, the
MDV3100-induced TOMM?20 protein degradation might
be reversed by autophagy inhibitor CQ, but not by UPS
inhibitor MG132 (Fig. 3G,H and Fig.S 3C). These results
were verified when AR was depleted by siRNA (Fig. 3I).
To further verify that AR sustains the protein stabil-
ity of TOMMZ20 by inhibiting the autophagy-mediated
degradation pathway, we inhibited the autophagy path-
way by depleting ATG5 in LNCaP and C4-2 cells, and
then treated cells with MDV3100. The results demon-
strated that autophagy inhibition significantly prevented
MDV3100-induced TOMM?20 protein degradation
(Fig. 3]). In the effort to further validate the roles of AR
in MDV3100-induced autophagy, we assessed the degree
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of autophagy (ratio of LC3-II/LC3-I) when AR was arti-
ficially overexpressed. The rescue of AR expression
remarkably decreased the degree of MDV3100-induced
autophagy (Fig. 3K). The results clarified that AR antago-
nists promoted TOMM20 protein degradation through
autophagy-lysosomal pathway.

TOMMZ20 protein degradation elevated the intracellular
ROS level

Since AR antagonists decreased TOMM20 protein levels
but have no effect on the mRNA level, we want to know
the roles of TOMM20 in the development of drug resist-
ance to AR antagonists. We first analyzed the mRNA
levels of TOMM20 gene in three pairs of PCa cells sensi-
tive or resistant to AR antagonists from GEO datasets
(GSE847). The mRNA levels of TOMM?20 gene were lower
in drug resistant PCa cells (Fig.S 4A). To explore the exact
mechanism, we searched for the most affected pathways
by RNA-seq analysis when TOMM20 was depleted with
shRNAs in LNCaP cells. The expression levels of ROS-
associated genes significantly elevated (Fig. 4A),, suggest-
ing that TOMM?20 depletion might elevate ROS levels.
Flow cytometry and cellular fluorescence showed that the
depletion of TOMM?20 significantly elevated the intra-
cellular ROS level in LNCaP and C4-2 cells (Fig. 4C and
Fig.S 4B). It is well known that the elevation of ROS lev-
els activates PI3K/AKT, a cell survival signaling cascade
[40]. The KEGG pathway analysis showed the depletion
of TOMM20 elevated the genes in the PI3K/AKT signal-
ing pathway (Fig. 4B). As we expected, the depletion of
TOMM?20 remarkably elevated the levels of phospho-
rylated AKT(p-AKT) in VCaP cells. The antioxidant
N-acetyl-L-cysteine (NAC), by decreasing the TOMM?20-
elevated ROS level, reversely decreased the levels of phos-
phorylated AKT(Fig. 4D). We further validated that AR
antagonist-promoted TOMM?20 protein degradation
exerted the same effects as TOMM20 depletion. As shown
in Fig. 4E and Supplemental Fig. 4C, MDV3100 signifi-
cantly elevated the intracellular ROS level when it induced

(See figure on next page.)
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TOMM?20 protein degradation. The rescue of TOMM?20
reversed MDV3100-elevated ROS levels (Fig. 4F and
Fig.S 4C), and reversed MDV3100-elevated levels of
phosphorylated AKT (Fig. 4G). It has been reported that
the activation of PI3K/AKT signaling pathways prob-
ably results in the development of drug resistance to AR
antagonists [41]. We established two AR antagonist-
resistant PCa cell lines, VCaP-Casodex-R (VCaP-C-R)
and VCaP-MDV3100-R (VCaP-M-R) [42]. In comparison
to the parental VCaP cells, the protein levels of TOMM?20
significantly decreased, while the intracellular ROS level,
together with the level of phosphorylated AKT markedly
elevated in the drug resistant cells (Fig. 4H,I and Fig.S 4D).
These results suggested that AR antagonist-induced
TOMM20 protein degradation might induce drug resist-
ance by elevating the intracellular ROS level and activating
the PI3K/AKT signaling pathways.

TOMM20 depletion promoted PCa cell proliferation

and invasion as well as drug resistance to AR antagonists
We further investigated the effects of TOMM20 depletion
on cell proliferation, using clonogenic and MTT assays.
Consistently in LNCaP, C4-2, VCaP and CWR22Rv1 cell
lines, TOMM20 depletion with shRNAs significantly
accelerated cell proliferation (Fig. 5A,B). Using tran-
swell-based assays, we found that TOMM20 depletion
significantly promoted the invasion of LNCaP and C4-2
cells (Fig. 5C). We further performed the in vivo animal
experiments to validate whether TOMM20 depletion
promoted PCa metastasis. We firstly generated a stable
PC-3 luciferase cell line with TOMM?20-knockdown, and
intravenously injected to NOD/SCID mice via tail veins.
The non-targeting shRNA was used as the scrambled
control. The cancer metastasis was monitored at a series
of time points by a IVIS Imaging System. Consistent with
the in vitro data, TOMM?20 depletion significantly pro-
moted the metastasis of prostate cancer to the abdomi-
nal viscera in NOD/SCID mice (Fig. 5E), and the survival
rate of mice was remarkably reduced (Fig. 5D). We tested

Fig. 4 TOMM?20 protein degradation elevated the intracellular ROS level. A Left:GO analysis was performed on all deregulated genes (DEGS)
between sh-TOMM20 and sh-CTR. The blue bars of X-axis denote the —log;, values of p values on enriched GO terms, p value < 0.05. Y-axis
represents the enriched GO terms of all DEGs between sh-TOMM20 and sh-CTR.Right:the protein expression of TOMM20 in RNA-seq samples.

B KEGG pathway analysis was performed on all DEGs between sh-TOMM20 and sh-CTR. The blue bars of X-axis denote the —log;, values

of p values on the enriched KEGG pathway categories, p value < 0.05. Y-axis represents the enriched KEGG pathway categories of all DEGs
between sh-TOMM20 and sh-CTR. C LNCaP or C4-2 cells stably expressing TOMM20 shRNA were established, and the intracellular ROS levels were
tested by flow cytometry. D VCaP cells stably expressing TOMM20 shRNA were established. The cells were treated with/without NAC (10 mM)

for 2 h, and the expression levels of phospho-Akt (Ser473) or phospho-Akt (Thr308) were assessed by western blotting. E LNCaP or C4-2 cells were
treated with MDV3100 (20 uM) for 24 h, and the intracellular ROS levels were detected by flow cytometry. F LNCaP or C4-2 cells overexpressing
TOMM20 were treated with MDV3100 (20 uM) for 24 h, and the intracellular ROS levels were detected by flow cytometry. G LNCaP or C4-2

cells were transfected with pcmv-TOMM20 for 24 h, followed by MDV3100 treatment for 24 h. phospho-Akt(Ser473) and Akt were assessed

by western blotting. H The AR antagonist-resistant VCaP cells VCaP-casodex-R(VCaP-C-R) and VCaP-MDV3100-R(VCaP-M-R) cells were established,
and the intracellular ROS levels were determined by flow cytometry. I The expression of phospho-Akt(Ser473) or phospho-Akt(Thr308) in the AR
antagonist-resistant or parental VCaP cells were assessed by western blotting
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the impact of TOMM20 depletion on the sensitivity of
PCa cells to AR antagonists. As shown in Fig. 5F and
Supplemental Fig. 5A and 5B, TOMM20 depletion with
shRNAs significantly enhanced drug resistance to Caso-
dex in VCaP, C4-2 and LNCaP cells. We further exam-
ined the effects of TOMMZ20 depletion on the anti-tumor
effect of Casodex in PCa xenografts. We first established
a pair of VCaP cells stably expressing shTOMM?20 or

shCTR, and induced tumor xenografts in immune-defi-
cient nude mice. The mice were treated with Casodex via
o.p. for 21 days. The tumor growth curve and comparison
of tumor sizes at the endpoint of the experiment demon-
strated that TOMM20 depletion promoted tumor growth
and reduced the anti-tumor effect of Casodex (Fig. 5G).
Conversely, we tested whether the rescue of TOMM20
might improve the sensitivity of drug resistant PCa cells
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to AR antagonists Casodex and MDV3100. We elevated
the levels of TOMM?20 in the drug resistant VCaP cells
by transient transfection, and tested the drug sensitivity
to Casodex or MDV3100 by clonogenic formation assays.
The results showed that the rescue of TOMM?20 expres-
sion promoted drug sensitivity of the resistant PCa cells
to Casodex or MDV3100 (Fig. 5H). The results were veri-
fied by CCK8 cell proliferation assay (Fig. 5I). The results
demonstrated that TOMM?20 depletion promoted cell
proliferation and invasion, and further promoted the
resistance to AR antagonists.

TOMM20 knockdown promoted PCa cells to obtain

the characteristics of cancer stem-like cells

Bioinformatics analysis of microarray gene expression
revealed that the apoptosis-associated genes decreased
in TOMM20 depleted cells (Fig. 6A). By performing an
Anoikis assay, we found that TOMM?20 stable depletion
decreased cell apoptosis levels compared to the con-
trol cells (Fig. 6B). It has been reported that PCa stem
cells (PCSC) play a critical role in the development of
therapeutic resistance and subsequent cancer progres-
sion [43]. Since TOMM20 depletion remarkably pro-
moted the resistance of PCa cells to AR antagonists, and
decreased apoptosis when cultured in ultra-low attach-
ment plates, we tested whether TOMM20 depletion pro-
moted PCa cells to acquire the characteristics of PCSC.
CSC markers ALDH1A1 elevated in LNCaP cells when
cultured in androgen-free medium for 25 days (Fig. 6C).
Gene expression analysis demonstrated the upregula-
tion of CSC-associated genes concomitant with down-
regulation of TOMM?20 in the ENZ-resistant C4-2B cells
(Fig. 6D). The depletion of TOMM20 significantly ele-
vated the mRNA or protein levels of such CSC markers
as ALDH1A1, SOX2, Nanog and OCT-4 in LNCaP and
C4-2 cells (Fig. 6E,F and Fig.S 6A). Compared to parental
cells, TOMM20 level was lower but ALDH1A1 level was
higher in the drug resistant VCaP cells (Fig. 6G). Since
TOMM20 depletion elevated intracellular ROS levels

(See figure on next page.)
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and activated PISK/AKT signaling pathway (Fig. 4D),
we hypothesized that the acquisition of CSC character-
istics resulted from AKT phosphorylation. Indeed, AKT
inhibitor MK2206 remarkably decreased the level of
ALDH1A1 (Fig. 6H). These data validated that TOMM20
degradation activated the PI3K/AKT pathways and
promoted the acquisition of PCSC characteristics. We
tested the effects of TOMM20 on the CSC characteris-
tics using sphere formation assays. As shown in Fig. 61
and Supplemental Fig. 6B-C, TOMM20 depletion signifi-
cantly increased the number and size of spheroids, while
TOMM20 overexpression conversely decreased the num-
ber and size of spheroids in PCa cells (Fig. 6]). We tested
the tumor formation capability of TOMM20-depleted
LNCaP cells in immune-deficient nude mice. The ratio
of LNCaP xenograft formation is ordinarily very low due
to the specific characteristics of LNCaP cells. However,
beyond our expectations, the ratio of xenograft formation
significantly elevated from 1/12 to 5/12 for TOMM20-
depleted LNCaP cells, and tumor sizes were remarkably
increased (Fig. 6K). These data proved that TOMM20
depletion promoted the reprogramming of PCa cells to
cancer stem-like cells.

The expression of TOMMZ20 significantly decreased

with transdifferentiation to NEPC and the development

of drug resistance

Recent studies indicated that the transdifferentiation of
adenocarcinoma cells into treatment-emergent NEPC
(t-NEPC) is a critical mechanism of drug resistance after
treatment with the second generation AR antagonists
[17], and NEPC cells share the common characteristics
of PCSCs [44]. We observed the characters of t-NEPC
in two pairs of AR antagonist-resistant VCaP cells. In
addition to the decrease of TOMM20 (Fig. 4I), the pro-
tein levels of typical NEPC markers ENO2 and NCAM1
remarkably elevated in Casodex or ENZ-resistant VCaP
cells compared to parental cells (Fig. 7A). The results
were validated by a RNA-seq dataset in a pair of parental

Fig. 5 TOMM20 depletion promoted PCa cell proliferation and invasion and drug resistance to AR antagonists. A and B PCa cells stably expressing
TOMM20 shRNA were established, and the effect of TOMM20 depletion on cell survival was tested by colony formation assays. Cell proliferation
was measured by MTT assay. C LNCaP or C4-2 cells stably expressing TOMM20 shRNA were established, and the effect of TOMM20 depletion on cell
invasion was measured by transwell assay. Relative invasion was quantified. D Kaplan—-Meier survival curves of mice in the indicated experimental
groups (n=6/group). Statistical difference was analyzed by using the log-rank test. * P<0.05. E TOMM?20 knockdown promoted prostate cancer
metastasis in vivo. Left: Representative bioluminescence images of NOD/SCID mice at different time points after tail vein injection of PC3 stable cells
with TOMM20 knockdown or scrambled control. Right: Quantitative analysis of optical signals at the abdominal viscera area from bioluminescence
(total flux, p/s) of the mice (n=6 each group). T-test ***p < 0.001. F VCaP or C4-2 cells were treated with Casodex for 7 days, and then the cell
colonies were stained with crystal violet. G VCaP cells stably expressing TOMM20 shRNA (sh-TM20) were used to induce tumor xenografts

in immunodeficient nude mice, and then the mice were treated with Casodex. Tumor volumes were measured twice a week, and the growth
curves of xenografts were drawn. The dissected tumors were weighed (*p <0.05; **p <0.01). TOMM20 depletion was verified by western blotting.

H Casodex-resistant cells (VCaP-Casodex-R) and MDV3100 resistant cells (VCaP-MDV3100-R) were transiently transfected with TOMM?20, and then
treated with the stepwise concentrations of Casodex or MDV3100. Cell colonies were stained with crystal violet dye. TOMM20 overexpression

was verified by western blotting. I Cell viability was measured by CCK8 assays. The assays were repeated three times, and the data were expressed

as the Mean+SD
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Fig. 6 TOMM20 knockdown promoted PCa cells to obtain the characters of cancer stem-like cells. A Gene set enrichment analysis (GSEA)

of the "Apoptosis” hallmark gene set in the RNA-seq datasets of LNCaP-shTOMM20 versus LNCaP-shCTR. B Anoikis resistance assay. LNCaP

cells stably expressing TOMM20 shRNA (sh-TOMM20) were cultured on an ultra-low attachment plate for 3 days. The cells were stained

by Annexin V/PI, and the apoptotic cells were analyzed by flow cytometry. C. ALDHTAT, NCAM1 and NSE were assessed by western blotting

in the androgen-deprived LNCaP cells at 10 or 25 days. D Expression values of the indicated genes in enzalutamide-sensitive or resistant C4-28 cells
from a published gene expression dataset (GEO: GSE159548). E and F LNCaP or C4-2 cells stably expressing TOMM20 shRNA (sh-TOMM20) were
established, and the mRNA and protein levels of markers of cancer stem-like cells were measured by RT-qPCR or western blotting. G The protein
levels of ALDHTAT in AR antagonist-resistant or parental VCaP cells were assessed by western blotting. H TOMM20 stably depleted or parental
LNCaP and C4-2 cells were treated with MK2206 (0.1 uM) for 48 h, and the cell lysates were subjected to immunoblotting. . TOMM20 stably
depleted or parental LNCaP or C4-2 cells were diluted and used for cell spheroid assays. J TOMM20 stably overexpressed or parental LNCaP or VCaP
cells were diluted and used for cell spheroid assays. K TOMM20 stably depleted or parental LNCaP cells were used to induce tumor xenografts

in immune-deficient nude mice. The xenograft tumors were harvested 8 weeks after cell incubation, and the incidence of tumor formation

was calculated

and ENZ-resistant C4-2B cells(GSE159548). As shown
in Fig. 7B, the mRNA levels of TOMM?20, KLK2 and
KLK3 significantly decreased, while the NEPC markers
NCAM1, ENO2 and CHGA significantly elevated in the
ENZ-resistant cells. Interestingly, we observed similar

alterations of gene expression in a CRPC and rib-metas-
tasis patient who underwent ENZ treatment, and then
developed drug resistance 12 weeks after treatment (PSA
re-elevated from 17.7 ng/ml to 29.3 ng/ml) [45]. The
RNA-seq data significantly decreased gene expression of
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Fig. 7 The expression of TOMM?20 is significantly decreased with transdifferentiation to NEPC and the development of drug resistance. A
Casodex-resistant or MDV3100-resistant VCaP cells were established, and the protein levels of ENO2 or NCAM1 were assessed by western blotting.
B Expression values of the indicated genes in MDV3100-sensitive or resistant C4-2B cells from a published microarray gene expression dataset
(GEO: GSE159548). C Expression values of the indicated genes from a published RNA-seq gene expression dataset (GEO: GSE70380). V1_met: rib
metastasis was dagnosed at the first clinical visit before treatment. V2_met: metastasis was diagnosed at the second visit after enzalutamide (enza)
treatment for 12 weeks. D Representative images of IHC staining for TOMM20 or SYP proteins in PCa tumor specimens of Pten™ (Adeo) or PTen/
Rb™/P537(NEPC) mice (n=3), and the quantitative data(lOD:integrated optical density) of IHC staining.for TOMM20. E Representative images of H.E.
or IHC staining for TOMM?20, AR or NCAM1 in PCa tumor specimens with(n=4)/without(n=4) AR expression,and the quantitative data of IHC
staining for TOMM20 or NCAM1. F Biological pathways upregulated in TOMM?20 stably depleted LNCaP cells. GSEA of “Neuronal_system” Reactome
gene set in TOMM20 stably depleted versus parental LNCaP cells. G and H TOMM?20 stably depleted or parental LNCaP or C4-2 cells were prepared,
the mRNA levels of markers of NEPC were measured by RT-gPCR, and the protein levels of BRN2, NCAM1 or SYP were assessed by western blotting.
1. The TOMM20 stably depleted or parental LNCaP and C4-2 cells were treated with AKT inhibitor MK2206 (0.1 uM) for 48 h, and the protein

levels of NCAM1, phospho-AKT or AKT were assessed by western blotting. J and K Schema describing generation of LNCaP-AD-shTOMM20

and LNCaP-AD-sh-CTR cells by subjecting LNCaP-shTOMM20 or LNCaP-shCTR cells to androgen deprivation (AD) for 30 days. Representative images
and neurogenesis analysis in LNCaP cells with or without TOMM?20 depletion under AD. TOMM20, PSA, E-Cadherin, N-Cadherin, ENO2, Syp, SOX2
or ALDH1A1 were assessed by western blot. L The NEPC cells NCI-H660 were transfected with plasmids expressing TOMM20, the protein levels

of ALDH1AT, NCAM1, SYP, N-Cadherin, E-Cadherin and TOMM20 were assessed by western blotting

We further assessed the protein level of TOMM20
in PCa tumor specimens of pten /p537/Rb1~ or pten~
gene knockout mice by IHC analysis. The PCa tumors

TOMM20, KLK2 and KLK3, while significantly elevated
NEPC markers NCAMI and SYN when drug resistance
developed ( Fig. 7C).
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of pten /p537/Rb1~ gene knockout mice developed
to NEPC phenotype [46], and TOMM?20 expression
significantly decreased in NEPC than PCa tumors of
pten- gene knockout mice (Fig. 7D). Additionally, in
the tumor specimens of advanced PCa patients, we
observed low TOMM20 but high NCAMI1 expression
in the AR negatve PCa cells(Fig. 7E). RNA-seq data
revealed that neuronal-associated genes were up-regu-
lated in TOMM?20-depleted cells (Fig. 7F and Fig.S 7A).
TOMM20 depletion with shRNA significantly elevated
the mRNA levels of NCAMI, CHGA, EN02, SYP and
SYN, and elevated the protein levels of BRN2, NCAM1
and SYP in LNCaP and C4-2 cells (Fig. 7G and H).

We demonstrated that TOMM?20 depletion elevated
the intracellular ROS level and then activated the PI3K/
AKT signaling pathway (Fig. 4C and D). TOMM20
depletion significantly elevated the levels of phos-
phorylated AKT and NCAMI1 in LNCaP and C4-2
cells (Fig. 7I). However, the elevated levels NCAM1
were reversed by MK2206, an AKT phosphorylation
inhibitor(Fig. 7I). These data validated that AKT phos-
phorylation is required for the NEPC-transdifferentia-
tion of PCa.

We further validated that TOMM?20 depletion pro-
moted NEPC transdifferentiation. LNCaP cells stably
expressing shTOMM20 were cultured in androgen-free
medium for 30 days. Many cells showed the neuron-
like morphology with more branches and longer anten-
nae (Fig. 7]). Additionally, the protein expression of
EMT, CSC and NEPC markers was obviously elevated,
while the level of PSA decreased (Fig. 7K). Reversely,
TOMM20 overexpressions in NEPC cell line NCI-
H660 decreased the protein levels of ALDH1A1, SYP,
NCAM1 and N-Cadherin, and elevated the level of
E-Cadherin(Fig. 7L). The data validated that TOMM20
depletion promoted the NEPC transdifferentiaton of
PCa.

Discussion

Second-generation AR antagonists Enzalutamide and
CYP17A inhibitor Arbiraterone have been approved
for the treatment of mCRPC [47], and have greatly
extended the lifespan and metastasis-free overall sur-
vival of patients. However, mCRPC patients inevi-
tably develop acquired drug resistance. It has been
proposed that treatment-emergent neuroendocrine
PCa (t-NEPC) may be the critical mechanism of drug
resistance [22]. Very few therapeutic options are avail-
able for patients at the t-NEPC stage in addition to
platinum-based chemotherapy, and the median overall
survival is less than one year [48]. The mechanisms of
t-NEPC development need be explored, and specific

Page 16 of 19

diagnostic markers and effective therapeutic modalities
are urgently required in the clinic.

As we know, the protein stability of cytoplasmic AR is
maintained by forming a complex with chaperone pro-
teins. HSP70 interacts with the N-terminal domain of
AR, and HSP70 inhibitor induces AR protein degradation
by inhibiting the binding of HSP70 to AR protein [5]. In
the present study, we for the first time found that cyto-
plasmic AR protein interacts with the translocase of outer
mitochondrial membrane 20 (TOMM?20), and AR antag-
onists promoted the protein degradation of TOMM20
through autophagy-lysosomal pathway (Fig. 3H).

Mitochondria are ubiquitous multifunctional orga-
nelles with a double-membrane structure. TOMM?20 is a
conserved outer membrane protein. Nearly all precursors
initially enter mitochondria by passing a common entry
gate formed by the TOM complex, with TOMM20 act-
ing as an initial docking site [49, 50]. TOMM20 depletion
produces a large number of dysfunctional mitochon-
dria with the loss of membrane potential [51]. Given
the intrinsically complicated nature of mitochondria,
mitochondrial dysfunction promotes ROS production
and induces distinct stress signals [52—54]. In the pre-
sent study, AR antagonists induced TOMM?20 protein
degradation, thereby elevating ROS level, and then acti-
vated the PI3K/AKT signaling pathway (Fig. 3A,E and
Fig. 4C-E).

It is well known that activation of the PI3K/AKT
signaling pathway is essential for maintenance of can-
cer stem-like cells (CSC) by regulating the CSC-specific
transcription factor Nanog [55]. We for the first time
reported a novel mechanism by which the autophagic
degradation of TOMM?20 resulted in drug resistance
to AR antagonists by promoting the acquisition of can-
cer stem-like cell characteristics. TOMM20 depletion
elevated the levels of the Yamanaka OSKM pluripotency
reprogramming factors ALDH1A1, OCT-4, Nanog and
SOX2, and promoted cell spheroid formation ability
(Fig. 6E,F and I). Additionally, AKT phosphorylation is a
typical characteristic of t-NEPC [56], and overactive AKT
signaling has been identified in almost all advanced PCa,
including NEPC [21]. TOMM?20 depletion significantly
up-regulated the levels of such NEPC markers NCAMI.
The TOMM20 depletion-upregulated CSC and NEPC
markers were remarkably reversed by the AKT phospho-
rylation inhibitor MK2206 (Fig. 6H and Fig. 7I). These
results validated the activation of PI3K/AKT as one of
the prerequisites for PCa cells to obtain CSC and t-NEPC
characteristics.

t-NEPC is a critical mechanism of drug resistance
to AR antagonists. AR antagonists induced TOMM20
autophagic degradation (Fig. 3H and J), which resulted
in the acquisition of CSC characteristics (Fig. 6E and F)
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Fig. 8 Schematic representation of TOMM20 degradation-promoted transdifferentiation of prostate adenocarcinoma(ADPC) to neuroendocrine
prostate cancer (NEPC). AR antagonists promoted TOMM20 protein degradation through autophagy-lysosomal pathway, resulting in the elevation
of intracellular ROS level and AKT phosphorylation. AKT phosphorylation then upregulated the levels of ALDH1A1, BRN2, NCAM1 or SYP. ADPC cells
acquired the characters of cancer stem-like cells (CSC) and NEPC, and developed therapeutic resistance

and NEPC transition (Fig. 7G and H). TOMMZ20 deple-
tion promoted cell proliferation, EMT and cell inva-
sion, and reduced drug sensitivity to AR antagonists
(Fig. 5A-F). Conversely, the rescue of TOMM20 pro-
moted the sensitivity of PCa cells to Enzalutamide and
Bicalutamide (Fig. 5H and I). These data validated the
roles of TOMM20 in drug sensitivity to AR antagonists.
AR showed a high correlation with TOMM20 expres-
sion in the tumor specimens of PCa patients and PCa
cells (Fig. 1C and D). The expression levels of TOMM?20
significantly decreased in PCa patients with lost AR and
NE marker overexpression (Fig. 7E), which suggested the
critical roles of TOMM?20 in NEPC transition and drug
sensitivity.

Altogether, we identified for the first time the driver
roles of TOMM20 protein degradation in transdifferen-
tiation to NEPC, and clarified a novel molecular mecha-
nism by which AR antagonists develop drug resistance
(Fig. 8). The loss of TOMM20 in PCa tumor specimens

might become a useful predictor of PCa sensitivity to AR
antagonists.
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The online version contains supplementary material available at https://doi.
0rg/10.1186/513046-023-02776-0.

Additional file 1: Supplementary Fig. 1. A The mRNA levels of AR

or TOMM20 gene in benign prostate hyperplasia, primary prostate
cancer(CaP) and castration-refractory prostate cancer(CRPC) from a
published dataset(GSEA80609). B. The levels of AR and TOMM20 in tumor
specimens were quantified.

Additional file 2: Supplementary Fig. 2. A LNCaP cells were pre-treated
with MDV3100 (40 uM) for 24h, and followed by treatment with CHX
(50uM) for 0, 2, 4, 6,8 and 10 hours. AR protein was analyzed by western
blotting. B. C4-2 cells were pre-treated with MDV3100 (40 uM) for 24h,
followed by treatment with CHX (50uM) for 0, 2, 4, 6, 8 and 10 hours. AR
protein was assessed by western blotting.

Additional file 3: Supplementary Fig. 3. A VCaP cells were treated with
stepwise concentrations of MDV3100 for 24h, and the protein levels of
AR TOMM20 and TOMM?70 were assessed by western blotting. B. PC-3

or DU145 cells were treated with stepwise concentrations of MDV3100
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for 24h, and the protein levels of TOMM70 and TOMM20 were assessed
by western blotting. C. LNCaP or C4-2 cells were treated with MDV3100
(40uM) for 24h, followed by Bafilomycin A1(0.5 uM) treatment for addi-
tional 18h. AR and TOMM20 protein was assessed by western blotting.

Additional file 4: Supplementary Fig. 4. A Gene expression analysis of
TOMM20 gene in three pairs of antiandrogen drug- resistant and parental
PCa cells from GEO datasets (GSE847). B. LNCaP or C4-2 cells stably
expressing TOMM20 shRNA were established, and the intracellular ROS
levels were measured by fluorescence microscopy. C. LNCaP or C4-2 cells
overexpressing TOMM20 were treated with MDV3100 (20uM) for 24h, and
then intracellular ROS levels were measured by fluorescence microscopy.
The overexpression of TOMM20 was validated by western blotting. D.

AR antagonist-resistant VCaP cells VCaP-casodex-R and VCaP-MDV3100-

R were established, and the intracellular ROS levels were measured by
fluorescence microscopy.

Additional file 5: Supplementary Fig. 5. A LNCaP-shCTR or LNCaP-
shTOMM?20 cells were treated with Casodex at the indicated concentra-
tions for 72h, and then the cell colonies were stained with crystal violet.
B. C4-2-shCTR or C4-2-shTOMM20 cells were treated with Casodex at the
indicated concentrations for 72h, and then the cell colonies were stained
with crystal violet.

Additional file 6: Supplementary Fig. 6. A VVCaP cells stably expressing
TOMM20 shRNA (shTOMM20) were established, and the protein levels of
markers of cancer stem-like cells were assessed by western blotting. B.
TOMM20 stably-depleted or parental CWR22Rv1 cells were diluted for cell
spheroid assays. C. TOMM20 stably-depleted or parental VCaP cells were
cultured in soft agar for two weeks, and cell morphology was observed by
Mmicroscopy.

Additional file 7: Supplementary Fig. 7. A GO analysis of RNA-seq
data revealed that the neuronal-associated genes were up-regulated in
TOMM20-depleted(sh-TM20) cells.

Additional file 8: Supplementary Table. 1. Sequences of siRNA and RT-
PCR primers used in this study.
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