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ABSTRACT

Increasing evidence reveals that the interaction between tumor cells and tumor-associated macrophages
(TAMs) facilitates the progression of prostate cancer, but the related mechanisms remained unclear. This
study determined how gankyrin, a component of the 19S regulatory complex of the 26S proteasome,
regulates the progression and androgen deprivation therapy (ADT) resistance of prostate cancer through
tumor cell-TAM interactions. In vitro functional experiments and in vivo subcutaneous tumor models were
used to explore the biological role and molecular mechanisms of gankyrin in prostate cancer cell-TAM
interactions. 234 prostate cancer patients were randomly divided into training and validation cohorts to
examine the prognostic value of gankyrin through immunohistochemistry (IHC) and statistical analyses,
and high gankyrin expression was correlated with poor prognosis. In addition, gankyrin facilitated the
progression and ADT resistance of prostate cancer. Mechanistically, gankyrin recruited and upregulated
non-POU-domain-containing octamer-binding protein (NONO) expression, resulting in increased andro-
gen receptor (AR) expression. AR then bound to the high-mobility group box 1 (HMGB1) promoter to
trigger HMGB1 transcription, expression, and secretion. Moreover, HMGB1 was found to promote the
recruitment and activation of TAMs, which secrete IL-6 to reciprocally promote prostate cancer progres-
sion, ADT resistance and gankyrin expression via STAT3, resulting in formation of a gankyrin/NONO/AR/
HMGB1/IL-6/STAT3 positive feedback loop. Furthermore, targeting the interaction between tumor cells
and TAMs by blocking this loop inhibited ADT resistance in a tumor xenograft model. Taken together, the
data show that gankyrin serves as a reliable prognostic indicator and therapeutic target for prostate
cancer patients.
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Introduction
significantly prolonged progression-free survival and overall

Acquired resistance has been a challenge for prostate cancer
treatment since the discovery of the therapeutic effect of andro-
gen receptor (AR) blockade on prostate cancer.! Although
androgen deprivation therapy (ADT) is initially effective at
slowing tumor growth and decreasing prostate-specific antigen
(PSA) levels, prostate cancer inevitably becomes hormone
insensitive, which is termed castration-resistant prostate can-
cer (CRPCQ), after a certain duration of treatment. Recent trials
of the second-generation antiandrogen agent enzalutamide,
which effectively blocks AR ligand binding, have shown

survival in CRPC patients with chemotherapy failure.”’
However, enzalutamide only offers temporary respite to pros-
tate cancer patients, as therapy resistance often occurs.”
Therefore, further research is urgently needed to reveal the
mechanisms underlying ADT resistance.

During the evolution of prostate cancer from a hormone-
sensitive to castration- or treatment-resistant phenotype, per-
sistent activation of AR signaling has been demonstrated to be
the key driving force in the development of ADT resistance,
occurring through AR splice variants (ARVs), functional
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mutations or bypass signaling related to glucocorticoid recep-
tors or other kinases.”® Despite lacking the AR ligand-binding
domain (LBD), AR-V7, the most well-documented AR splice
variant, is a constitutively active variant associated with enza-
lutamide and abiraterone resistance.” Moreover, many studies,
including ours, have suggested that prostate carcinoma cells
invoke other mechanisms of progression and adaptation to
treatments, such as ADT-induced tumor heterogeneity and
neuroendocrine differentiation (NED).2~1°

In fact, extrinsic mechanisms of resistance are driven by the
tumor microenvironment (TME), including immune cells and
the vasculature.'”'? Many studies, including ours, have
demonstrated that among the immune cells infiltrating the
TME, tumor-associated macrophages (TAMs) are highly sig-
nificant due to their comparatively high abundance and het-
erogeneous roles in facilitating tumor progression and drug
resistance.> Moreover, recruitment and retention of dissemi-
nated TAMs is driven by tumor cells via various kinds of
inflammatory factors, cytokines and pathogens, shifting TAM
polarization from antitumorigenic M1 macrophages to the
protumorigenic M2 phenotype.'* Although the results of our
study and others have suggested that blocking the regulatory
network between tumor cells and TAMs”'> might inhibit
prostate cancer progression and ADT resistance, the specific
mechanisms need to be further studied.

Gankyrin (also known as p28““NX, p28 or PSMDI10),
a component of the 19S regulatory cap of the 26S proteasome,
has been identified by our and other previous studies as an
oncogene that contributes to oncogenesis, proliferation, drug
resistance, and metastasis in multiple types of malignancies.'®”
'® In addition, high expression of gankyrin predicts poor prog-
nosis in liver cancer patients.'” We have also shown that
gankyrin can be a prognostic indicator for renal cell carcinoma
(RCC) patients and that gankyrin facilitates RCC progression
and pazopanib resistance.’”*' Overall, gankyrin has a critical
oncogenic function in the TME, promoting tumor progression
and therapy resistance.”> However, data on its role in prostate
cancer are limited. One relevant observation is that higher
gankyrin expression has been detected in prostate cancer tis-
sues than in adjacent normal tissues, which correlates posi-
tively with a high Gleason score and histopathological tumor
grade.”” Another study reported that downregulation of gan-
kyrin impaired the growth of the prostate cancer cell line
LNCaP.** Nonetheless, neither the contribution of gankyrin
to cancer progression and therapy resistance nor the relation-
ship between gankyrin and TAMs within the TME has been
explored in prostate cancer. The present research was therefore
conducted to explore the crosstalk and underlying molecular
mechanisms between gankyrin and TAMs in prostate cancer
progression and ADT resistance.

Materials and methods
Cell culture and coculture assays

C4-2B and C4-2 cell lines were generously supplied and
authenticated by professor Leland Chung (Cedars-Sinai
Medical Center, Los Angeles, California, USA) and cultured
in RPMI 1640 medium containing 10% FBS (Gibco, Life

Technologies, Canada) and 1% penicillin-streptomycin solu-
tion. U937 cell line, obtained from the Cell Bank of Type
Culture Collection of the Chinese Academy of Sciences
(Shanghai, China), were maintained in RPMI 1640 medium.
All cell lines were cultured at 37°C under a humidified atmo-
sphere of 5% CO,. Coculture assays of prostate cancer cells and
U937 cells were performed with coculture plates (3421,
Corning, USA), as previously described.” All the Coculture
assays were repeated three times.

RNA isolation, reverse transcription, and real-time
quantitative PCR

For total RNA isolation, cells were suspended in TRIzol”
Reagent (Invitrogen, USA), and RNA was extracted according
to the protocol. RNA was reverse transcribed to cDNA using
the PrimeScript One Step RT reagent kit (Takara Bio, Japan)
and quantified with the SYBR Green Real-time PCR Master
Mix (TOYOBO, Japan) system using the QuantStudio 6 Flex
(Life Technologies, USA) platform. Actin was used as an inter-
nal control gene for normalization. The primer sequences are
presented in Supplementary Table S1. All the real-time quan-
titative PCR assays were repeated at least three times.

Patients and specimens

A total of 234 patients who were diagnosed with prostate
carcinoma and underwent prostatectomy at Changhai
Hospital between 2012 and 2016 were retrospectively recruited
for our study. Clinicopathologic data for age, sex, Gleason score,
tumor stage and PSA and clinical outcomes were collected. The
time to disease progression identified by CT, MRI, or ECT and
biochemical recurrence (tPSA = 0.2 ng/mL), were determined as
the endpoints for DFS and BCR-free survival, respectively.

All experiments received ethical approval from the Ethics
Committee of Changhai Hospital, and all the prostate cancer
patients gave their written informed consent. The clinical char-
acteristics of the prostate cancer patients are presented in
Supplementary Tables S2-3.

Immunohistochemistry

Paraffin-embedded sections of prostate cancer samples were
deparaffinized, rehydrated, and microwaved for 20 min in Tris/
EDTA buftfer or citric acid buffer to retrieve antigens. Staining
was carried out using primary antibodies against the following
proteins: Gankyrin (ab182576, Abcam), HMGBI1 (ab18256,
Abcam), CD68 (M0876, Dako), STAT3 (ab32500, Abcam),
p-STAT3 (ab76315, Abcam), and NONO (11058,
Proteintech). Samples were scored semiquantitatively accord-
ing to the percentage of staining intensity and positive cells
using the H score (range 0-300), as described previously.” All
the immunohistochemistry assays were repeated three times.

Cell viability and apoptosis assays

Cell viability was evaluated via a Cell Counting Kit-8 based on the
manufacturer’s protocols; Absorbance measurements at 450 nm
were taken an EXL800 microplate reader (BioTek Instruments).



For the analysis of cell apoptosis, cells were stained with an
Annexin V-FITC/PI apoptosis kit (MULTI SCIENCES, China).
Annexin V-positive cells were assessed using a MACSQuant 10
Analyzer (Miltenyi Biotec), and the data were processed with
FlowJo software (version 7.6.1; BD Company).

Cell migration and invasion assay

Cell migration and invasion were assessed by a Transwell sys-
tem (REF 3422, Corning Incorporated) and Matrigel Invasion
Chamber (REF 354480, Corning Incorporated). Briefly, cells
were added to the upper chamber containing RPMI 1640
medium without FBS; RPMI 1640 medium containing 40%
FBS or conditioned medium (CM) was placed in the lower
chamber. The cells were cultured for 3 day, after which the
remaining cells in the upper chamber were eliminated. After
fixing with 4% paraformaldehyde and staining with crystal
violet, the cells on the bottom surface of the membrane were
photographed under a microscope.

Gene knockdown and plasmid transfection

Plasmid transfection and gene knockdown were performed as
reported in our previous research.” In short, 5 x 10* cells/mL
prostate cancer cells were added in 6-well plates and transfected
with 2 pg plasmid containing the overexpression plasmid or
empty vector with Lipofectamine® 3000 (Invitrogen) according
to the manufacturer’s protocols. Stable shRNA-mediated gene
knockdown was performed by infecting cells with lentivirus
expressing shRNA or scrambled control shRNA. The shRNA
sequences are shown in Supplementary Table S1.

Western blot and coimmunoprecipitation analyses

Western blot and coimmunoprecipitation analyses were con-
ducted as described in our previous research.” Antibodies
against the following proteins were used: gankyrin (ab182576,
Abcam), HMGBI1 (ab18256, Abcam), STAT3 (ab32500,
Abcam), p-STAT3 (ab76315, Abcam), NONO (11058,
Proteintech), AR (ab74272, Abcam), and GAPDH (#2118S,
CST). To analyze gankyrin, HMGB1 and NONO protein inter-
actions, co-immunoprecipitation assays were used with antibo-
dies against the following: gankyrin (ab182576, Abcam),
HMGBI1 (ab18256, Abcam), and NONO (11058, Proteintech).
The GAPDH was utilized as an internal reference.

Chromatin immunoprecipitation analysis and luciferase
reporter assay

Chromatin immunoprecipitation analysis and luciferase reporter
assays were performed in our previous study.” The following
antibodies were applied including AR (ab74272, Abcam) and
STAT3 (ab32500, Abcam) antibodies. Rabbit anti-IgG antibodies
(2729, CST) served as a negative control. RT-PCR was performed
with specific primers flanking the AR-binding site (forward: 5’-
TGGAAGCCGAGGAACAGGGTCA -3  reverse: 5-
GCGTGGAGATGGGCAGGGTTAA -3’) in the HMGBI pro-
moter and the STAT3-binding site (forward: 5-
TCCAGAGTGAGGTTCAGCCTTT-3% reverse: 5-
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CTCTAGGCCATCCTGCCTTTCT-3’) in the
promoter.

The AR-binding sites of the HMGB1 promoter (sequence:
AGGAACAGGGTCAGC, +1159 to +1173 from the HMGBI1
transcription site) and the STAT3-binding sites of the gankyrin
promoter (sequence: CTGTTTAGAAA, +177 to +187 from to
the gankyrin transcription site) or their mutant sequences were
cloned into the pGL3-basic luciferase reporter vector; the pRL-
TK Renilla luciferase plasmid (Promega, USA) was applied for
transfection efficiency normalization. Cells were harvested at
2 day after transfection, and HMGBI and gankyrin transcrip-
tion activities were calculated via detecting luminescence with
a Dual-Luciferase Assay Kit (Promega, USA). The fold induc-
tion value was calculated relative to Renilla luciferase activity.

gankyrin

RNA sequence

RNA was extracted from C4-2B cells with TRIzol reagent and
the total RNA was purified via the Qiagen RNeasy Mini Kit.
The specific steps of detection and analysis referred to our
previous research (8). The differentially expressed genes regu-
lated by gankyrin in prostate cancer have been listed in
Supplementary Table S7.

Immunofluorescence analysis

Prostate cancer cells were placed on round slides and fixed with
paraformaldehyde (4%). 0.3% Triton X-100 was applied to
permeabilize the cell membrane. Bovine serum albumin (3%)
was added to block nonspecific binding prior to the staining
procedure. The cells were incubated overnight with antibodies
against AR (ab74272, Abcam), HMGB1 (66525-1-Ig,
Proteintech), STAT3 (ab32500, Abcam) and gankyrin (sc-
101498, Santa Cruz Biotechnology) at 4°C in a humidified
chamber. The slides were washed in PBS three times and
then incubated for 1 hour using fluorescent dye-conjugated
secondary antibodies (4412S and 4409S, 1:1000, CST) at room
temperature in a light-proof moisture chamber. Nuclei were
visualized by DAPI staining (0.1 ug/ml, Servicebio) for 10 min.
The slides were then examined and captured using
a fluorescence microscope.

NanoLC—ESI-MS/MS assay

The nanoscale liquid chromatography tandem electrospray
ionization mass spectrometry (NanoLC-ESI-MS/MS) assay
was carried out as described in our previous study.” The pro-
teins identified are listed in Supplementary Table S8.

Antibody-microarray experiment

Cytokine profiles were detected by Quantibody Human
Inflammatory Array (RayBiotech) that permitted detection of
40 inflammation-associated cytokines (Supplementary Table
§9-810). The specific steps of detection and analysis was car-
ried out as described previously.’
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ELISA

HMGBI and IL-6 concentrations in the cell culture medium
were detected by an HMGB1 ELISA Kit (SEA399Hu, Cloud-
CloneCorp) and an IL-6 ELISA Kit (SEA079Hu, Cloud-Clone
Corp), respectively, following the manufacturer’s protocols.

Animal experiments

A total of 5 x 10° C4-2B cells (mixed with Matrigel, 1:1) with
the indicated treatment were subcutaneously implanted into
the dorsal area between scapulas of 6-week-old male BALB/c
nude mice purchased from Shanghai Laboratory Animal
Center. In the third week after injection, the mice were surgi-
cally castrated and randomly divided into seven groups accord-
ing to different treatments (Figure 6k; 5 mice/group). The
diameter of tumors was measured weekly by a Vernier caliper.
Tumor volume was calculated as length x width x width x 0.52.
All mice were anesthetized with isoflurane and then sacrificed
at 7 weeks after inoculation. The animal experimental proce-
dures were received approval from the Animal Care and Use
Committee of the Naval Medical University, China.

Statistical analysis

Numerical variables are presented as the mean + S.D.
Continuous variables are expressed as medians (ranges) and
categorical variables as numbers (%). Categorical or binary
variables were measured by two-tailed Student’s t test, the chi-
squared test or Fisher’s exact test and ANOVA for continuous
variables. The Kaplan-Meier method and log-rank analysis
were applied to plot and compare survival curves, respectively.
All experiments were performed independently at least three
times. The optimal cutoff values of the gankyrin H-score or
CD68 H-score were determined by time-dependent receiver
operating characteristic (ROC) analysis. The accuracy of prog-
nostic indicators, including the gankyrin classifier, was inves-
tigated by Harrell’s concordance index (c-index) using the
“rms” package in R. The statistical analysis was carried out
using GraphPad Prism (version 8.3.0; GraphPad Software),
SPSS (version 22.0; IBM Corporation) and R (version 3.6.0).
A p-value of < 0.05 was considered statistically significant.

Results

Gankyrin is commonly upregulated in prostate cancer and
predicts unfavorable prognosis

To determine the expression of gankyrin in prostate cancer, the
Gene Expression Omnibus (GEO) and ONCOMINE
databases™ were first utilized to demonstrate that prostate
cancer tissues had higher expression levels of gankyrin than
normal tissues (Supplementary Fig. S1A-B). Consistent with
the above findings, immunohistochemistry assays showed
upregulated gankyrin expression in localized prostate cancer,
androgen deprivation therapy (ADT)-treated, and castration-
resistant prostate cancer (CRPC) tissues, in contrast to benign
prostate hyperplasia (BPH) tissues (Figure la). Additionally,
stronger gankyrin expression was observed in specimens with
Gleason scores > 7 than in tissues with Gleason scores < 7

(Figure 1b). Immunohistochemistry staining revealed higher
gankyrin expression in poorly differentiated areas, even in the
same sample (Figure 1b). Moreover, higher levels of gankyrin
were observed in ADT-treated patient specimens than in the
corresponding tissues of the same patient before ADT
(Figure 1c). Consistently, gankyrin expression was higher in
ADT-treated orthotopic xenografts or cell lines of prostate
cancer than in naive samples or cells from the patients who
received no ADT treatment before operation (Supplementary
Fig. S1C-F). These data suggest that increased gankyrin
expression is correlated with prostate cancer progression and
ADT resistance.

Moreover, we assessed the relationship between gankyrin
expression and the clinical outcomes of prostate cancer
patients. A total of 234 prostate cancer patients were randomly
separated into two cohorts at a 1:1 ratio: a training cohort
(n =117) and a validation cohort (n = 117). Gankyrin expres-
sion was determined by the H-score (Figure 1d). The best
cutoff values for allocating patients into the high or low expres-
sion groups were determined by receiver operating character-
istic analysis, which demonstrated that the optimal cutoff value
was 135.5, with an AUC of 0.724, via biochemical recurrence
(BCR) as the end point in the training cohort (n = 117,
Figure le). Concordantly, high expression of gankyrin indi-
cated higher PSA levels, Gleason scores, and T stage in the
training cohort (Supplementary Table S2). Based on Kaplan-
Meier survival analysis, patients in the training cohort with
high gankyrin expression had markedly worse BCR and DFS
than those with low gankyrin expression (figure 1f-g); these
results were validated with the validation cohort utilizing the
cutoff value derived from the training cohort (Supplementary
Table S3; Figure 1h-i). To further assess the prognostic value
of gankyrin, univariate and multivariate Cox regression ana-
lyses were applied to determine whether gankyrin can serve as
an independent risk factor for BCR and DFS in prostate cancer
patients. Even after multivariable adjustment by clinical char-
acteristics, gankyrin appeared to be an independent risk factor
for BCR and DFS in both cohorts (Supplementary Tables S4-
§5). Analysis of Harrell’s c-index showed that gankyrin com-
bined with the Gleason score, TNM stage or PSA resulted in
a higher c-index value than gankyrin or other predictors alone
for BCR or DFS in both cohorts (Supplementary Table S6),
indicating that gankyrin may constitute a valuable indicator of
prostate carcinoma prognosis.

Gankyrin promotes the malignant features of prostate
cancer in vitro and in vivo

To determine whether gankyrin regulates the progression of
prostate cancer, gankyrin expression was stably silenced in
prostate carcinoma cell lines; as expected, the knockdown of
gankyrin suppressed the invasion and migration abilities of
prostate cancer cells (Figure 2a and b, Supplementary Fig.
S§2A-C). Additionally, gankyrin-knockdown C4-2B and C4-2
cells exhibited more apoptosis and had decreased survival
ability compared with control cells when exposed to the ADT
drug enzalutamide (Figure 2c and d, Supplementary Fig. S2D-
E). Moreover, in a subcutaneous tumorigenesis model, xeno-
grafts derived from C42-B cells with gankyrin knockdown had
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Figure 1. Gankyrin is commonly upregulated in prostate cancer and predicts unfavorable prognosis. (a), Representative immunohistochemistry (IHC) images for
gankyrin in BPH tissues and localized prostate cancer, androgen deprivation therapy (ADT)-treated, or castration-resistant prostate cancer (CRPC) tissues. H-scores of
gankyrin expression in different groups are shown. (b), Immunohistochemistry images of gankyrin in samples with corresponding Gleason Scores (GSs). H-scores of
gankyrin expression in different samples are shown. (c), Pre-ADT and post-ADT tissues are from the same patient who received ADT. H-scores for gankyrin in the two
groups are shown (right). (d), Representative images of gankyrin expression in prostate cancer tissues (Scale bar in A-D = 50 um). (e), A time-dependent receiver
operating characteristic analysis was to calculate the optimum cutoff value of gankyrin (H-score) to predict biochemical recurrence (BCR) in the training cohort. (f-g),
Kaplan—Meier curves of BCR (f) and DFS (g) were plotted based on gankyrin expression in the training cohort. (h-i), Kaplan—Meier curves for BCR (h) and DFS (i) of
prostate cancer patients were plotted based on gankyrin expression in the validation cohort(**p < .01 and ***p < .001).
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weaker growth ability than those derived from control cells
(Figure 2e and f).

To validate the function of gankyrin in prostate cancer, we
generated C4-2B and C4-2 cells stably overexpressing gankyrin
(Supplementary Fig. S2F). In contrast to the results for gan-
kyrin knockdown, overexpression of gankyrin enhanced the
invasion, migration, enzalutamide resistance, and tumorigeni-
city of prostate cancer cells (Figure 2g-1, Supplementary Fig.
$2G-J]). Collectively, the results suggest that gankyrin facilitates
the biological characteristics of prostate cancer.

HMGBT1 is indispensable for gankyrin-induced cell
migration, invasion, and ADT resistance in prostate cancer

To investigate the mechanism underlying gankyrin-
regulated biological characteristics of prostate cancer cells,
RNA sequencing of C4-2B cells with gankyrin (PSMDI10)
knockdown and C4-2B cells was performed, and the results
identified the differentially expressed genes and cell signal-
ing regulated by gankyrin (Figure 3a, Supplementary Fig.
S3A-B, and Table S7). Among these differentially
expressed genes, we paid much attention to high-mobility
group protein box 1 (HMGBI1) because our previous study
demonstrated that HMGBI1 plays significant roles in indu-
cing ADT resistance and that high expression of HMGBI1
indicates poor prognosis in prostate cancer patients.” As
expected, higher expression of HMGBI, similar to that of
gankyrin, was found in ADT-treated prostate cancer tissues
than in pre-ADT tissues (Figure 3a). Additionally, gankyrin
expression was positively associated with HMGBI1 expres-
sion in prostate cancer tissues (Figure 3b and c). Thus, we
examined whether gankyrin mediates HMGB1 effects in
prostate cancer. First, the expression and secretion of
HMGBI1 were generally consistent with those of gankyrin
in prostate cancer cells with gankyrin knockdown or over-
expression (Figure 3d-g; Supplementary Fig. S3C-D).
Second, stable HMGBI1-depleted C4-2B and C4-2 cells
were constructed, and as anticipated, suppression of
HMGBI1 weakened the migration and invasion abilities
enhanced by gankyrin overexpression in these prostate
cancer cells (Figure 3h; Supplementary Fig. S3E-F).
Moreover, HMGB1 inhibition restored sensitivity to enza-
lutamide in C4-2B and C4-2 cells overexpressing gankyrin
(Figure 3i-j; Supplementary Fig. S3E-F). These findings
demonstrate that HMGBI1 is a necessary downstream med-
iator of gankyrin signaling in prostate cancer for regulating
progression and ADT resistance.

Gankyrin activates the NONO-AR-HMGB1 signaling
pathway responsible for prostate cancer progression

We further examined how gankyrin regulates HMGBI in
prostate cancer. Given that gankyrin is not a transcription
factor, we hypothesized that the interaction between these
proteins might be regulated by an indirect mechanism.
Hence, the gankyrin protein was immunoprecipitated with
an anti-gankyrin antibody followed by nanoscale liquid chro-
matography tandem electrospray ionization mass spectrome-
try (Nano LC-ESI-MS/MS). Among the gankyrin-interacting

proteins identified (Figure 4a, Supplementary Table S8),
non-POU-domain-containing octamer-binding protein
(NONO) has been reported to promote carcinogenesis and
progression of breast cancer, hepatocellular carcinoma and
prostate cancer.”® Coimmunoprecipitation (co-IP) assays
were also performed to identify a direct interaction between
gankyrin and NONO in prostate cancer cells (Figure 4b). In
addition, gankyrin knockdown elicited a robust decrease in
the mRNA level of NONO, as revealed by RNA-sequencing
data or real-time PCR assays (Figures 3a and 4c;
Supplementary Fig. S4A), whereas the overexpression of
gankyrin led to the opposite effect (Figure 4c;
Supplementary Fig. S4A). NONO was also found among
HMGBI1-interacting proteins by Nano LC-ESI-MS/MS in
one of our previous works,” as confirmed by coimmunopre-
cipitation in the present study (Figure 4d). To further explore
whether NONO is involved in HMGB1 expression regulation
by gankyrin, NONO was knocked down in prostate carci-
noma cells (Supplementary Fig. S4B). As presented in
Figure 4e, gankyrin-upregulated HMGBI expression was alle-
viated by NONO knockdown. NONO was also overexpressed
in prostate cancer cells (Supplementary Fig. $4C), and as
expected, NONO overexpression attenuated the decrease in
HMGBI expression in prostate cancer cells caused by gan-
kyrin knockdown (Figure 4f).

Although NONO interacts with both HMGB1 and gankyrin,
no transcription factor-binding site for NONO was found in the
HMGBI promoter through online JASPAR software. Thus, we
speculate that another transcription factor regulated by NONO
is involved in the regulation of HMGBI1 expression. Previous
research has established that NONO promotes androgen recep-
tor (AR) and variant splicing and expression at the mRNA and
protein levels in prostate cancer.”® To substantiate these results,
we observed that NONO knockdown triggered a decrease in AR
expression but that NONO overexpression had the opposite
effect (Figure 4g). Moreover, the most universal mechanism
driving progression and ADT resistance appears to be reactiva-
tion of the AR signaling pathway mediated by high levels of AR
or its variants in prostate cancer.”’ Therefore, we suspect that the
transcription factor AR plays a role in regulating HMGB1
expression. In agreement, we observed that AR knockdown,
consistent with NONO knockdown, significantly suppressed
the elevation in HMGBI1 expression and secretion due to gan-
kyrin overexpression in prostate cancer cells (Figure 4h-i;
Supplementary Fig. S4D). Furthermore, gankyrin overexpres-
sion led to stronger AR and HMGB1 immunofluorescence
staining intensity in C4-2B cells, which was dramatically atte-
nuated by either NONO or AR knockdown (Supplementary
Fig. S4E). We further investigated whether AR was needed to
regulate HMGBI1 transcription, and online JASPAR software
was used to determine putative AR-binding sites in the
HMGBI promoter (Supplementary Fig. S4F). As shown in
Figure 4j, a chromatin immunoprecipitation (ChIP) assay
revealed that AR bound to the HMGBI promoter in C4-2B
cells, and this binding was enhanced by gankyrin overexpres-
sion. Although gankyrin overexpression enhanced HMGB1
transcriptional activity, mutated versions of the AR-binding
sites in the HMGBI1 promoter did not show this effect
(Figure 4k). These findings collectively demonstrate that
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prostate cancer. (a), RNA-seq was performed, and a heatmap
revealing the markedly differentially expressed genes in C4-2B cells without or with gankyrin knockdown are presented. (b), Representative images and statistical
analysis of gankyrin and HMGB1 expression in pre-ADT and post-ADT prostate cancer samples (scale bar = 50 um). (c), Spearman correlation analysis of gankyrin and
HMGB1 in prostate cancer samples. (d), Western blotting assay of gankyrin and HMGB1 expression in control (shNC) and gankyrin-knockdown (shgankyrin) C4-2B or C4-
2 cells. (e), Quantification of HMGB1 protein in culture media of control and gankyrin-knockdown C4-2B cells by ELISA. (f), Western blotting assay of gankyrin and
uantification of HMGB1 protein in culture media of control and
gankyrin-overexpressing C4-2B cells by ELISA. (h), Representative micrographs and quantification of the invasion and migration abilities of C4-2B cells and gankyrin-
overexpressing C4-2B without or with HMGB1 knockdown (shHMGB1) (scale bar = 100 pum). (i-j), Apoptosis (i) and cell viability (j) analyses were performed in naive C4-
s without or with HMGB1 knockdown (*p < .05, **p < .01 and
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gankyrin mediates HMGBI1 transcription and expression via
NONO/AR in prostate cancer.

Gankyrin facilitates prostate cancer progression via
interaction between tumor cells and tumor-associated
macrophages (TAMs)

Numerous studies, including ours, have demonstrated that to
effectively hinder tumor progression, researchers should pay
attention not only to tumor cells but also to the TME interact-
ing with these cells.'****° Consistently, the levels of the TAM
marker CD68 were elevated in ADT-treated prostate carci-
noma samples compared with naive tissues, and the results
were generally consistent with those found for gankyrin and
HMGBI expression (Figure 5a, Supplementary Fig. 5A). In
addition, Spearman correlation analysis revealed that gankyrin
expression was positively associated with CD68 expression in
prostate cancer tissues (Figure 5b). Moreover, prostate cancer
patients in both the training and validation cohorts harboring
high expression of gankyrin and CD68 exhibited the worst
BCR and DFS (Figure 5c and d; Supplementary Fig. S5C-D).

We then examined whether gankyrin/HMGB1/NONO/AR
facilitates the progression of prostate cancer by promoting the
interaction between prostate cancer cells and TAMs. First, the
number of migrating U937 cells (a TAM cell line) exposed to
conditioned medium (CM) from prostate cancer cells was
much greater than that from control U937 cells (Figure 5e;
Supplementary Fig. S5E). The number of migrated U937 cells
was further increased when U937 cells were exposed to CM
from prostate cancer cells overexpressing gankyrin (Figure 5e;
Supplementary Fig. S5E). However, the increase in U937 cells
due to gankyrin was abolished by NONO knockdown or treat-
ment with an HMGBI-neutralizing antibody (Figure 5e;
Supplementary Fig. S5E). In addition, a significant reduction
in the expression of M1 phenotype genes (CD80, CD86, TLR-
4) and a significant increase in M2 phenotype genes (CD163,
ARG1, IL-10) were observed in U937 cells exposed to CM from
prostate cancer cells compared with control U937 cells
(Figure 5f and g; Supplementary Fig. S5F). Overexpression
of gankyrin in prostate cancer cells further reduced M1 phe-
notype gene expression and increased M2 phenotype gene
expression in U937 cells, but NONO knockdown or an
HMGBI1-neutralizing antibody alleviated these effects
(Figure 5f and g; Supplementary Fig. S5F). The above results
indicate that gankyrin overexpression can initiate the recruit-
ment and M2 polarization of TAMs via NONO/HMGBI.

We then employed a coculture system to investigate
whether gankyrin/NONO/HMGBI1-activated TAMs have an
impact on the migration and invasion of prostate carcinoma
cells. Cocultured gankyrin-overexpressing C4-2B cells exhib-
ited stronger invasion and migration abilities than C4-2B cells
cultured with U937 alone or C4-2B cells, and supplementation
with NONO shRNA or an HMGBI-neutralizing antibody
abrogated this effect (Figure 5h, Supplementary Fig. S5G).
Gankyrin overexpression and coculture with U937 cells also
exerted a synergistic effect on enzalutamide resistance in pros-
tate cancer cells, whereas NONO shRNA or an HMGBI1-
neutralizing antibody, as anticipated, abolished this synergistic
effect (Figure 5i, Supplementary Fig. S5SH). In summary, these

data indicate that gankyrin/HMGB1/NONO/AR promotes the
progression of prostate cancer by facilitating the interaction
between prostate cancer cells and TAMs.

Blocking the positive regulatory loop gankyrin/NONO/AR/
HMGB1/IL-6/STAT3 inhibits ADT resistance in prostate
cancer

We subsequently examined how HMGBI1-induced TAMs reg-
ulate ADT resistance in prostate carcinoma. First, to detect the
cytokines derived from HMGBI1-associated TAMs, a RayBio
Human Cytokine Antibody Array was performed to identify
the cytokine profiles in the culture medium from U937 or
cocultured with C4-2B in the absence or addition of an HMGB1-
neutralizing antibody (HMGBL1 ab, Figure 6a—c, Table $9-S10).
The CM from U937 cells cocultured with C4-2B cells presented
significantly upregulated levels of seven cytokines in contrast to
that from U937 cells cultured alone. In addition, compared with
the CM from cocultured U937/C42-B cells, the CM from cocul-
tured U937 cells with HMGBI1 ab displayed six differentially
downregulated cytokines (Figure 6a and b, Table S§9). The sig-
nificantly differentially expressed cytokines were then compared
via a Venn plot, which revealed that IL-6 was the critical cytokine
(Figure 6¢, Table S10). As expected, the secretion and transcrip-
tion of IL-6 were elevated in U937 cells cocultured with C4-2B
cells in contrast to U937 cells alone; HMGBL1 inhibition via an
HMGBI ab reduced the above effects (Figure 6d and e). Elevated
levels of p-STAT3 (Y705) in C4-2B cells cocultured with U937
cells were abolished by an HMGBI ab, whereas recombinant
human IL-6 restored the reduced phosphorylation levels of
STAT3 (Figure 6f). These results suggest that IL-6/STAT3 is
necessary for HMGBI1-induced TAM-mediated regulation of
ADT resistance.

Given that gankyrin expression was elevated after ADT
treatment in prostate cancer tissues and prostate cancer cells
(Figure la, Supplementary Fig. S1C-F), we next asked
whether TAM-activated IL-6/STAT3 signaling induces the
expression of gankyrin during ADT resistance in prostate
carcinoma. First, C4-2B cells cocultured with U937 cells exhib-
ited higher gankyrin expression than control cells cultured
alone, and this increase was retarded by IL-6 ab or STAT3
knockdown (Figure 6g, Supplementary Fig. S6A). Second, the
results of immunofluorescence staining revealed that in con-
trast to C4-2B, the coculture of C4-2B and U937 led to stronger
STAT3 and gankyrin expression but that an IL-6-neutralizing
antibody or STAT3 knockdown attenuated these effects
(Supplementary Fig. S6B). Third, ChIP assays indicated that
STAT3 bound to the gankyrin promoter in C4-2B cells, and
this binding was enhanced after C4-2B cells were cocultured
with U937 cells (Figure 6h, Supplementary Fig. S6C). In
luciferase assays, STAT3 binding to the gankyrin promoter
was blocked by utilizing reporter constructs harboring mutated
versions, which abolished the enhanced transcriptional activity
of gankyrin after the coculture of C4-2B cells with U937 cells
(Figure 6i). These results collectively demonstrate that
HMGBI1-activated TAMs promote gankyrin transcription via
IL-6/STATS3 signaling, creating a positive feedback loop with
the gankyrin/NONO/AR/HMGB1/IL-6/STAT3 axis.
Moreover, higher expression of gankyrin, NONO, HMGBI,
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Figure 5. Gankyrin facilitates prostate cancer progression via interaction between tumor cells and tumor-associated macrophages (TAMs). (a), Immunohistochemistry
and H&E images of gankyrin and CD68 expression in prostate carcinoma samples (scale bar = 50 um). (b), Spearman Correlation analysis of gankyrin and CD68 in
prostate carcinoma samples. (c-d), Kaplan—Meier curves of BCR and DFS in prostate carcinoma patients in the training cohort were analyzed. (e), Pictures and counts of
migrated U937 cells cultured in conditioned medium of cocultured C4-2B cells or gankyrin-overexpressing (Gankyrin®®) C4-2B without or with NONO knockdown or
treated with an HMGB1-neutralizing antibody (scale bar = 100 um). (f-g), Real-time PCR was performed to analyze the expression of M1 (f) or M2 (g)-related genes in
U937 cells cocultured with control C4-2B and gankyrin-overexpressing C4-2B with or without NONO knockdown or treated with an HMGB1-neutralizing antibody. (h),
Representative micrographs of the invasion and migration abilities of C4-2B cultured alone or with U937 cells, with or without gankyrin overexpression in the absence or
exist of NONO knockdown or treated with an HMGB1-neutralizing antibody (scale bar = 100 pm). (i), Cell viability analysis was performed in naive C4-2B cells,
enzalutamide-treated C4-2B, and enzalutamide-treated gankyrin-overexpressing C4-2B cultured alone or with U937 cells in the absence or exist of NONO knockdown or
treated with an HMGB1-neutralizing antibody (*p < .05, **p < .01 and ***p < .001).
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STAT3, p-STAT3 and the TAM marker CD68 was detected in
ADT-treated prostate carcinoma samples than in correspond-
ing pre-ADT samples (Figure 6j; Supplementary Fig. S6D-I).

Next, we examined whether blocking the feedback loop
using gankyrin shRNA or the HMGBI inhibitor glycyrrhizin
(Gly) enhanced the therapeutic effect of ADT in a xenograft
model of prostate cancer. Enzalutamide inhibited the growth of
C4-2B-derived tumors but had little effect on the growth of
tumors from gankyrin-overexpressing C4-2B cells or C4-2B
cells cocultured with U937 cells (Figure 6k and 1). However,
gankyrin knockdown or glycyrrhizin restored the sensitivity of
C4-2B cells cocultured with U937 cells to enzalutamide, and
the combination of gankyrin knockdown and glycyrrhizin with
enzalutamide further inhibited the growth of C4-2B-U937 cell-
derived tumors in the subcutaneous xenograft mouse model
(Figure 6k and 1).

Discussion

While prostate cancer cells initially respond to ADT with
various durations, nearly all prostate cancer patients will ulti-
mately experience resistance to anti-androgen agents, either
first-generation or second-generation antiandrogens, resulting
in inevitable progression to CRPC, the lethal form of prostate
cancer.’® The development of ADT resistance remains a major
challenge for the treatment of advanced-stage prostate cancer,
with limited effective treatment choices for patients. Further
research is urgently needed to find a way to slow tumor pro-
gression and reduce therapy resistance. In this study, blocking
gankyrin/NONO/AR/HMGBI1/IL-6/STAT3 signaling by gan-
kyrin silencing or the HMGBI inhibitor glycyrrhizin, which
disturbed the positive feedback loop between prostate cancer
cells and TAMs, effectively restored the sensitivity of these cells
to enzalutamide in vitro and in vivo (Figure 6m). Therefore,
combined inhibition of both gankyrin signaling and TAMs
may be an effective way to prolong the duration of response
to ADT in prostate cancer.

Although the AR-independent noncanonical pathway is the
most widely accepted mechanism driving CRPC development
with respect to consistent restoration of AR-dependent cano-
nical signaling mediated by high levels of AR and AR splice
variants in prostate cancer, it also plays critical roles in the
development of therapy resistance. Notably, increased gluco-
corticoid receptor (GR) expression occurs in enzalutamide-
resistant tumors and is related to resistance to ARN-509,
a second-generation antiandrogen.” During the development
of neuroendocrine prostate cancer, the GR/MYCN/CDK5/
RB1/E2F1 signaling bypass can function independently of AR
to facilitate the transition from enzalutamide resistance to
neuroendocrine differentiation (NED).>! In fact, as revealed
in our study and others,”'® ADT has a positive impact on the
development of NED, which in turn facilitates ADT resistance.
Furthermore, the present study indicates that ADT induces the
expression of gankyrin in clinical samples and an orthotopic
prostate cancer model and that gankyrin promotes progression
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and ADT resistance in prostate cancer. In a variety of tumor
cells, the oncoprotein gankyrin, as a chaperone of the 26S
proteasome, usually relies on its tumor-promoting ability on
the degradation of the tumor suppressors p53 and Rb1 via the
ubiquitin—proteasome system.’* Enzalutamide-induced pro-
tein degradation, however, is mediated only to a limited extent
via the 26S proteasome in prostate cancer cells.”> Moreover,
gankyrin knockdown has a limited influence on proteasome
activity in hepatoma carcinoma cells.” Therefore, we hypothe-
sized the existence of a proteasome-independent mechanism
responsible for gankyrin-mediated ADT resistance in prostate
cancer. Consistent with this notion, we found that gankyrin
activated the NONO/AR/HMGBI signaling pathway respon-
sible for the therapy resistance of prostate cancer.

Although most cancer studies have paid close attention to
the internal characteristics of tumor cells, the TME, particu-
larly the presence of TAMs, which induce cancer progression,
metastasis and acquisition of therapy resistance," should
receive adequate attention in investigations of the mechanism
underlying ADT resistance. Numerous immune cells, includ-
ing macrophages, antigen-presenting cells, natural killer cells,
T and B lymphocytes, and dendritic cells, are vital components
of the TME.** However, the composition of the TME varies
between cancer types. In ADT-treated prostate cancer, T cells
(with a 1.87-fold increase) and macrophages (with a 1.78-fold
increase) are the main immune cells that infiltrated the TME.*
Interestingly, macrophages seemingly act as a bridge between
T cells and cancer cells in the prostate cancer TME. In the
TRAMP prostate cancer model, an immunocompetent model,
CD4"°“HLA-G" T cells facilitate the AR-independent prolif-
eration of prostate cancer cells via CDI11b'“F4/80™
macrophages,’® whereas invariant natural killer T cells selec-
tively promote M1 macrophage survival and M2 macrophage
death to retard prostate cancer progression.37 Herein, placing
special emphasis on the “bridge cells” TAMs, the present
research was performed using a T-cell-deficient but normal
macrophage nude mouse model. Our studies and those of
others have demonstrated that TAMs release various cytokines
and secretory signaling molecules, such as VEGF, HMGB1 and
IL-6,>>%® to facilitate prostate cancer therapeutic resistance
and progression. Moreover, HMGBI serves as a primary mar-
ker of immunogenic cell death (ICD), which plays a critical role
in inducing the antitumor immune response and triggering
cancer cell death in prostate cancer.’® Here, we provide further
evidence showing that gankyrin may serve as an upstream
regulator of HMGB1 by inducing the recruitment, retention
and M2 polarization of macrophages. Furthermore, HMGBI1-
induced TAM polarization was found to enhance the expres-
sion of gankyrin via IL-6-STAT3 signaling. Thus, we success-
fully identified the network that governs the interaction
between gankyrin-mediated ADT resistance and TAMs.
Additionally, whether the gankyrin-associated ubiquitin—pro-
teasome system or HMGBI1-related ICD could mechanistically
be involved in prostate cancer progression or metastasis is
worth investigating in further research.

(shGankyrin) were subcutaneously injected into castrated BALB/c nude mice (n = 5/group). Visual examination of isolated tumors from the groups is presented (k). The
statistical analysis of tumor volume in the indicated groups after inoculation is presented (l). (m), Schematic illustration showing the potential signaling pathways of
gankyrin involved in prostate cancer progression (*p < .05, **p < .01 and ***p < .001).
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Moreover, to investigate the prognostic value of gankyrin in
prostate cancer patients, we combined gankyrin with clinical
predictors such as the Gleason score, TNM stage or PSA and
found significantly enhanced prognostic accuracy for the BCR
and DFS of prostate cancer patients compared to the use of
gankyrin or other indicators alone. Therefore, when combined
with existing clinical indicators, gankyrin might serve as
a reliable predictor of clinical outcomes and therapeutic
response in prostate cancer patients, which may be helpful in
distinguishing different subgroups of patients to tailor indivi-
dualized therapeutic options. Our future studies will clarify the
prognostic value of gankyrin in prostate cancer patients in
multicenter clinical samples and determine whether blocking
gankyrin-related pathways can improve the sensitivity of tar-
geted therapy and immunotherapy of prostate cancer using
more preclinical models.
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