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1  |  INTRODUC TION

PCa is an androgen-dependent disease and androgen deprivation 
therapy (ADT) is considered the most effective regimen to treat met-
astatic disease. Studies have shown that the occurrence of NEPC is 
closely related to long-term ADT. ADT promotes the transformation 
from PCa to NEPC, a possible mechanism driving drug resistance.1,2 
Despite treatment with new anti-androgen therapeutics, advanced 

prostate cancer may still progress to NEPC.3,4 NEPC includes a large 
nucleocytoplasmic ratio, deep staining, and close distances between 
nuclei. Immunohistochemical staining shows negative androgen 
receptor (AR) and positive neuroendocrine markers which usually 
bring death within 1–2 years after diagnosis.5,6 With the wide use of 
new androgen receptor-targeted therapy, the incidence of NEPC is 
expected to increase, making it urgent to delve into the pathogene-
sis of NEPC before designing new effective treatments.

Received: 29 November 2022  | Revised: 9 February 2023  | Accepted: 13 February 2023

DOI: 10.1111/cas.15763  

O R I G I N A L  A R T I C L E

Trigred motif 36 regulates neuroendocrine differentiation of 
prostate cancer via HK2 ubiquitination and GPx4 deficiency

Xusong Zhao1 |   Tianren Zhou1 |   Yuhao Wang1 |   Meiling Bao2 |   Chenbo Ni1 |   
Lei Ding1 |   Shengjie Sun3 |   Huiyu Dong1 |   Jie Li1 |   Chao Liang1

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd on behalf of Japanese Cancer Association.

Xusong Zhao, Tianren Zhou, and Yuhao Wang contributed equally to this article.  

1Department of Urology, The First 
Affiliated Hospital of Nanjing Medical 
University and Jiangsu Province Hospital, 
Nanjing, China
2Department of Pathology, The First 
Affiliated Hospital of Nanjing Medical 
University and Jiangsu Province Hospital, 
Nanjing, China
3Department of Urology, The Second 
Affiliated Hospital of Nanjing Medical 
University, Nanjing, China

Correspondence
Jie Li and Chao Liang, The First Affiliated 
Hospital of Nanjing Medical University 
and Jiangsu Province Hospital, 300 
Guangzhou Road, Nanjing 210009, China.
Email: drc_lijie@126.com and 
cliang@njmu.edu.cn

Funding information
Jiangsu Provincial People's Hospital 
Clinical Capacity Enhancement Project, 
Grant/Award Number: JSPH-MC-2021-12; 
National Natural Science Foundation of 
China, Grant/Award Number: 82002718; 
Natural Science Foundation of Jiangsu 
Province, Grant/Award Number: 
BK20191077

Abstract
Neuroendocrine prostate cancer (NEPC), the most lethal subtype of castration-
resistant prostate cancer (PCa), may evolve from the neuroendocrine differentiation 
(NED) of PCa cells. However, the molecular mechanism that triggers NED is unknown. 
Trigred motif 36 (TRIM36), a member of the TRIM protein family, exhibits oncogenic or 
anti-oncogenic roles in various cancers. We have previously reported that TRIM36 is 
highly expressed to inhibit the invasion and proliferation of PCa. In the present study, 
we first found that TRIM36 was lowly expressed in NEPC and its overexpression sup-
pressed the NED of PCa. Next, based on proteomic analysis, we found that TRIM36 
inhibited the glycolysis pathway through suppressing hexokinase 2 (HK2), a crucial gly-
colytic enzyme catalyzing the conversion of glucose to glucose-6-phosphate. TRIM36 
specifically bound to HK2 through lysine 48 (lys48)-mediated ubiquitination of HK2. 
Moreover, TRIM36-mediated ubiquitination degradation of HK2 downregulated the 
level of glutathione peroxidase 4 (GPx4), a process that contributed to ferroptosis. In 
conclusion, TRIM36 can inhibit glycolysis via lys48-mediated HK2 ubiquitination to 
reduce GPX4 expression and activate ferroptosis, thereby inhibiting the NED in PCa. 
Targeting TRIM36 might be a promising approach to retard NED and treat NEPC.
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TRIM36, a member of the TRIM family, was preliminarily identified 
in the testis of adult mice. Its transcripts are highly expressed in the 
testis of mice, but almost not in other organs.7 Balint et al. identified 
TRIM36 as an androgen-responsive gene from the tumor suppressor 
gene region at chromosome 5q22. 3.8,9 Naoki et al. demonstrated 
that TRIM36 plays a tumor-suppressive role in PCa.10 It was theorized 
that tumor occurence possibly disabled tumor cells ability for aerobic 
respiration.11 To ensure self-survival as well as to meet the increasing 
demand for biosynthetic precursors, tumor cells activate other energy 
production pathways and rewire their glucose metabolism to aero-
bic glycolysis. However, many of these energy metabolic aberrations 
converge on ferroptosis and profoundly affect its initiation and exe-
cution.13 All these put forward conjectures and hypotheses for the 
role of TRIM36 in NEPC. We previously created tissue micro arrays 
(TMAs) (patients and tissue microarrays) of 95 prostate cancer tissues 
(obtained from patients who were treated by radical prostatectomy 
between 2008 and 2011 at the First Affiliated Hospital of Nanjing 
Medical University) and follow-up experiments have confirmed that 
TRIM36 can inhibit the invasion and proliferation of PCa through 
the MAPK ERK kinase (MAPK/ERK) phosphorylation pathway, and 
enhance the sensitivity of PCa cells to enzalutamide.14 However, no 
study has described the roles of TRIM36 in NEPC.

In this study, we found that TRIM36 as a novel androgen-
responsive gene regulated tumor plasticity in NEPC by suppressing 
glutathione GPx4 expression in an HK2-ubiquitination manner. The 
underlying mechanism is that TRIM36 was upregulated during ADT, 
which enhanced the modification of HK2 with lys48-linked ubiquiti-
nation to inhibit glycolysis. Moreover, HK2 depletion decreased the 
expression of GPx4, which finally facilitated the death of ferroptosis. 
Suppression of glycolysis and activation of ferroptosis regulated the 
NED of PCa. Those effects were reversed by sh-TRIM36. Thus, our 
study suggests that TRIM36 reduction of GPx4 expression via HK2 
ubiquitination is an important mechanism in regulating NEPC.

2  |  MATERIAL S AND METHODS

2.1  |  Antibodies and reagents

Unless otherwise indicated, all antibodies were used at a dilution of 
1:1000. Antibodies and reagents are detailed in Table S1.

2.2  |  Cell culture

The LNCaP, LNCap95, C4-2, DU145, and PC-3 human prostatic 
cancer cell lines were obtained from the Cell Bank Type Culture 

Collection. The PC-3 cells were cultured in an F-12K Nutrient 
Mixture (Gibco), and the LNCaP, LNCap95, C4-2, and DU145 cells 
were cultured in RPMI-1640 (Gibco). All media were supplemented 
with 10% fetal bovine serum (Gibco) and cells were maintained in a 
humidified atmosphere containing 5% CO2 at 37°C.

2.3  |  Cell transfection

Two lentiviral vectors with TRIM36 shRNA and one that overex-
pressed TRIM36 were constructed by Genechem. A lentiviral vector 
with negative control (NC) shRNA was used as a negative control 
for the TRIM36 knockdown and TRIM36 overexpression. pCMV-
HA-ubiquitin (K48R), pCMV-HA-ubiquitin (K63R), and pCMV-HA-
ubiquitin (wt) were designed and synthesized by the Haijihaoge 
Biology Company. The small interfering RNAs of HK2 were designed 
and synthesized by PROTEINBIO Biology Company. Lipofectamine™ 
3000 transfection reagent (ThermoFisher) was used for transfection.

2.4  |  RNA isolation and quantificational rt-PCR 
(qRT-PCR)

Trizol (Invitrogen) was used for RNA extraction from LNCaP and 
PC-3 cell lines according to the manufacturer's instructions. Mirna 
was reverse-transcribed into cDNA using MiR-XTM miRNA First-
Strand Synthesis (Takara). Total RNA was reversed-transcribed into 
cDNA using PrimeScript RT Master Mix (Takara). A standard SYBR 
Green PCR kit (Takara) was used to perform qRT-PCR. The primer 
sequences used for quantitative RT-PCR are detailed in Table  S2. 
Fold changes in gene expression were calculated after normalization 
to their corresponding beta-actin mRNA levels.

2.5  |  Western blotting

Proteins were isolated from cells with RIPA lysis buffer (Sigma-
Aldrich). Protein content was measured with a Bicinchoninic acid 
(BCA) protein assay kit (Thermo Fisher Scientific). Using SDS-PAGE 
protein lysates were separated and then transferred to PVDF 
membranes. After blocking the membranes with TBS+Tween 
(TBST) including 5% milk, the primary antibodies were incubated 
overnight at 4°C then incubated with horseradish peroxidase-
conjugated secondary antibodies and visualized using an enhanced 
chemiluminescence kit (Santa Cruz). Protein bands were quantified 
with Quantity One software (Bio-Rad) using GAPDH as an internal 
reference.

F I G U R E  1  TRIM36 is downregulated in NEPC. (A) Expression of TRIM36 mRNA in patients with PCa, CRPC (n = 31), and CRPC-NE 
(n = 15). Values are expressed as the mean ± SEM. *P < 0.05. (B) Expression of TRIM36 in patients with different Gleason scores in TCGA 
database. Columns, mean; error bars, standard deviation. *P < 0.05; **P < 0.01. (C) Correlation between TRIM36, AR, and KLK3 expression in 
TCGA database. RAR = 0. 26， RKLK3 = 0. 31, P < 0.05. (D) Correlation between TRIM36, CHGA, and ENO2 expression in TCGA database. 
RCHGA = −0.25, RENO2 = −0. 33, P < 0.05. (E) IHC was performed on 20 PCa patients with TRIM36, KLK3, AR, ENO2, and CHGA 
antibodies. Tissue was grouped into primary tumors (n = 10) and NEPC (n = 10), with two representative images from matched tissue from 
each group shown. Scale bar: 50 μm. (F) IHC scores of TRIM36, KLK3, AR, ENO2, and CHGA were plotted. *P < 0.05, **P < 0.01, ***P < 0.001
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2.6  |  Immunoprecipitation (IP) and co-
immunoprecipitation (Co-IP)

Cell extract was supplemented with a mixture of protease inhibi-
tors and phosphatase inhibitors. The mixture (kgp603 and kgp602; 
Jiangsu Kaiji Biotechnology Co., Ltd.) was produced by the crack-
ing buffer (p0013b; Shanghai Biyuntian Biotechnology Co., Ltd.). For 
IP and Co-IP, an immunoprecipitation kit (abs955; Shanghai Aibixin 
Biotechnology Co., Ltd.) was used. The protein was denatured by 
SDS sample buffer and boiled at 100°C for 15 min then separated by 
SDS-PAGE. Western blotting analysis.

2.7  |  Determination of glucose consumption and 
lactate production

The glucose oxidase method was used to determine the optical den-
sity (OD) value obtained by the reagent kit (e1010; Beijing Pulley 
Gene Technology Co., Ltd.) according to instructions. The stand-
ard curve was plotted and the glucose concentration of the sample 
was measured. A lactic acid assay kit (a019-2-1; Nanjing Jiancheng 
Biotechnology Co., Ltd.) was used to determine the OD value. 
Sample lactic acid content = (measured OD value blank OD value)/
(standard OD value blank OD value) × standard concentration × sam-
ple dilution ratio.

2.8  |  Mass spectrometry

The immunoblotting was terminated after the electrophoresis 
step. The adhesive was removed and cut according to the markers. 
The adhesive strip was removed with double-distilled water. The 
configured Coomassie brilliant blue R250 was put into a clean in-
cubation box, followed by the addition of the adhesive strip. Then 
the box was placed on the shaking table for dyeing at room tem-
perature for 1  h or overnight. After dyeing, the dyeing solution 
was poured out carefully and the strip was retained. The decolor-
izing solution was then added and the mixture was further eluted 
on the shaking table. The eluent was replenished at 0.5, 2, 8, and 
20 h (the elution duration and times were determined by the pro-
tein color and strip color). Elution was stopped when the blank 
of the strip became transparent and the protein dyeing had not 
been eluted. The glue was cut for enzymolysis. First, the disulfide 
bond was opened and the sulfhydryl group was closed. Trypsin 
enzymolysis was allowed to open the C-terminal peptide bond of 
arginine/lysine, and finally the salt ions of the peptide segment 

were removed. Liquid chromatography-tandem mass spectrome-
try was performed after enzymatic hydrolysis. After obtaining the 
original mass spectrometry data, the matched protein database 
was retrieved, and then the sample quality was assessed accord-
ing to the deviation of mass spectrometry detection and enzyme 
digestion efficiency. Finally, the data were analyzed to screen the 
differential proteins.

2.9  |  Xenograft

Mouse experiments were approved by the animal research ethics 
committee of Nanjing Medical University. For flank implantation, 
5-week-old male nude mice were randomly divided into two groups, 
with five mice in each group. Stable cells LNCaP-NC, LNCaP-ST, 
PC3-NC, and PC3-OV (5 × 106) suspended in 150 μL of PBS were 
injected subcutaneously into the flank of each mouse. After 
2–3 weeks, the tumor was removed and the tissue samples were 
fixed and paraffin-embedded.

2.10  |  Immunohistochemistry

Xenograft tumors and patient tissue (see Table  S1 for patient 
information) were fixed in 4% paraformaldehyde overnight, em-
bedded in paraffin, sectioned, and stained with primary anti-
bodies against the following proteins or epitope tags: TRIM36 
(qc13477), HK2 (c64g5), AR (ab198394), kallikrein-3 (KLK3/
PSA)(ab76113), chromogranin A (CHGA)(AB283265), synapto-
physin (SYP)(d40c4), aurora-kinase-A (AURKA)(ab13824)   and 
enolase 2 (ENO2/NSE)(ab53025). The visual fields were ran-
domly selected from each sample, and the OD value of the 
sample dyeing intensity was scored through image J software. 
The OD value conformed to Lambert Beer's law and its math-
ematical expression is A =  log  (1/T ) = Kbc, where A is absorb-
ance, T is transmissivity, K is molar absorption coefficient, c is 
the concentration of light-absorbing material (mol/L), and b is 
the thickness of absorption layer (cm). The pathological evalu-
ation of these tumors was performed independently by three 
pathologists.

2.11  |  Bioinformatics analysis methods

Data from 496 PCa cases were collected from The Cancer Genome 
Atlas (TCGA) database. The patients' RNA sequencing (SEQ) 

F I G U R E  2  TRIM36 inhibited the NED in PCa cell lines. (A) TRIM36 mRNA and protein levels in LNCaP, LNCaP95, and PC3 cell lines. 
Columns, mean; error bars, standard deviation. *P < 0.05. (B) Construction of TRIM36 knockdown/overexpression cell lines. qRT-PCR and 
Western blotting were used to detect TRIM36 mRNA and protein expression. Knockdown/overexpression efficiency. Columns, mean; error 
bars, standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001. (C) Cell morphologies of LNCaP-NC, LNCaP-ST, PC3-NC, and PC3-OV cells. Scale 
bar: 50 μm. (D) mRNA and protein expression of NED-related markers in LNCaP-ST and control group, PC3-OV and control group. Columns, 
mean; error bars, standard deviation. *P < 0.05
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expression matrices and supporting clinical information were 
sorted into a data format that can be recognized by R software. 
The two-gene correlation map was realized by the R software 
package ggstatsplot. Spearman's correlation analysis was used to 
describe the correlation between quantitative variables without 
normal distribution. P values less than 0.05 were considered 
statistically significant.

2.12  |  Immunofluorescence staining

Cells were seeded on slides at an appropriate density, fixed with 
paraformaldehyde, treated with 0. 3% Triton X-100 for permeabi-
lization, and stained with antibodies, including anti-TRIM36 (1:200), 
anti-HK2 (1:200), and 4',6-diamidino-2-phenylindole (DAPI). The 
expression of target proteins (red or green) and DAPI (blue) were 
examined by fluorescence microscopy.

2.13  |  Data analysis

All experiments were performed at least in triplicate. Statistics 
were standardized as described. In brief, statistical analysis was 
performed using Microsoft Excel and GraphPad Prism software. 
For paired t-tests, all experimental groups were compared with 
their respective groups. Student's t-test was used to determine the 
statistical difference between the two groups. Significant differ-
ences (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001) are indicated in the figures 
with asterisks.

3  |  RESULTS

3.1  |  TRIM36 expression is downregulated in NEPC

TRIM36 overexpression has been observed in PCa tissues8 and this 
observation was confirmed in our previous research. Analyzing the 
sequencing results of Beltran et al.,15 we found that the expression 
of TRIM36 in Castration-Resistant neuroendocrine prostate 
cancer (CRPC-NE) tissue (a subset of resistant tumors shows 
small-cell carcinoma or neuroendocrine features on metastatic 
biopsy) is significantly lower than that in Castration-Resistant 
Prostate Cancer (CRPC)  tissue (Figure  1A). We then detected 

that TRIM36 was negatively correlated with the malignancy of 
PCa based on TCGA database (Figure  1B,C). Further applying 
Immunohistochemistry (IHC) to tissue from the department 
of pathology (The First Affiliated Hospital of Nanjing Medical 
University, Nanjing, China) containing 20 primary tumors and 20 
NEPC tissues showed that NED markers CHGA and ENO2/NSE 
are highly expressed with TRIM36, KLK3/PSA, and AR decreasing 
in NEPC tissues (Figure  1E,F). This is consistent with the above 
bioinformatics analysis results, and we suspect that TRIM36 
inhibited the NED of PCa.

3.2  |  TRIM36 inhibited the NED in PCa cell lines

We verified the expression of TRIM36 in PCa cell lines. As shown 
in Figure 2A, TRIM36 expression decreased in PCa cell lines LNCaP 
(androgen-dependent), LNCaP95 (androgen-independent), and 
PC3 (neuroendocrine differentiation), indicating that TRIM36 de-
creased with the progression of PCa cells. To screen suitable cell 
lines, we verified the expression of TRIM36 and the NED-related 
gene ENO2 in several commonly used PCa cell lines. Among LNCaP, 
C4-2, DU145, and PC3 cells, the highest expression of TRIM36 was 
in LNCaP cells and the lowest expression of TRIM36 was in PC3 
cells, which is contrary to the ENO2 expression trends (Figure S1). 
Next, we constructed LNCaP-ST and C4-2-ST with stable under-
expression of TRIM36, and DU145-OV and PC3-OV with stable 
overexpression of TRIM36 (Figure  2B). Compared with those in 
the control group, the cell morphology of LNCaP-ST changed, the 
nuclear volume increased, the number of dendrites increased, the 
PC3-OV cells became smaller and almost circular, and their den-
drites decreased significantly (Figure 2C). This phenotype difference 
was also consistent with the changes in cellular NED. However, no 
morphological changes were seen in C4-2-ST and DU145-OV cells 
(Figure S2A,B). Further verification found that although C4-2-ST and 
DU145-OV cells had no morphological changes, Western blotting- 
results showed that the change of -TRIM36 expression still affected 
the protein expression of NED-related markers (Figure S2C). Finally, 
we selected PCa cell lines LNCaP and PC3 cells line for further re-
search. We detected the expression of NED markers ENO2, DEK 
oncogene(DEK), AURKA, and SYP in LNCaP-ST and PC3-OV cells 
by qRT-PCR and Western blotting. Compared with that in the con-
trol group, the expression of NED markers was elevated, while the 
results were the opposite in PC3-OV cells (Figure 2D). We therefore 

F I G U R E  3  Identification of TRIM36 target genes in PCa. (A, B) KEGG enrichment analysis results. (C) qRT-PCR and Western blotting 
were used to detect the mRNA and protein expression of genes related to the aminoacyl tRNA biosynthesis pathway in PCa cells after 
interference and overexpression of TRIM36. Columns, mean; error bars, standard deviation. (D) The mRNA and protein expression levels of 
glycolysis-related genes in LNCaP-ST, PC3-OV, and control cells. Columns, mean; error bars, standard deviation. (E) Comparison of glucose 
consumption and lactic acid production between LNCaP-ST and control cells, PC3-OV and control cells. Columns, mean; error bars, standard 
deviation. *P < 0.05, **P < 0.01. (F) IHC was performed on 20 PCa patients with TRIM36, HK2, and SYP antibodies. Tissue was grouped into 
primary tumors (n = 10) and NEPC (n = 10), with two representative images from matched tissue from each group shown. Scale bar: 50 μm. 
(G) IHC scores of TRIM36, HK2, and SYP were plotted. Values are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001
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speculated that underexpression of TRIM36 promoted and overex-
pression of TRIM36 inhibited the NED of PCa cells.

3.3  |  Identification of TRIM36 target genes in PCa

To explore the regulatory mechanism of TRIM36 in NED, we de-
tected the proteins interacting with TRIM36 and downstream 
pathways. Through immunocoprecipitation, the TRIM36 antibody 
helped us obtain the target protein from the protein mixture. The 
components of these proteins were confirmed by mass spectrom-
etry. As shown in the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis, TRIM36 was involved in three 
possible pathways: the aminoacyl tRNA biosynthesis pathway, the 
pyruvate metabolism pathway, and the glycolysis/gluconeogen-
esis pathway (Figure 3A,B). By detecting the expression of markers 
alanyl-tRNA synthetase (AARS), Aminoacyl-tRNA synthases (TARS), 
tryptophanyl-tRNA synthetase (WARS), and tyrosyl-tRNA syn-
thetase (YARS) related to aminoacyl tRNA biosynthesis, the results 
showed that TRIM36 had no significant correlation with aminoacyl 
tRNA biosynthesis pathway (Figure 3C). The second and third path-
ways were then analyzed. Because the pyruvate metabolism path-
way is a downstream pathway of glycolysis or gluconeogenesis, we 
first selected the glycolysis pathway-related genes HK2, pyruvate 
kinase M2 (PKM2), lactate dehydrogenase A (LDHA), and acetalde-
hyde dehydrogenase 1 (ALDH1) for detection. We found the expres-
sion of HK2 decreased as the expression of TRIM36 increased at the 
protein level (Figure 3D). We detected the glucose consumption and 
lactate production of LNCaP-ST and PC3-OV cells. It was found that 
underexpression of TRIM36 increased glucose consumption and lac-
tate production, and overexpression of TRIM36 decreased glucose 
consumption and lactate production (Figure  3E). IHC scores also 
showed that HK2 and SYP have low expression in primary tumors 
and are highly expressed in NEPC tissues (P < 0.001) (Figure 3F,G). 
This suggests that TRIM36 retards the NED of PCa cells by inhibit-
ing glycolysis.

3.4  |  Pharmacological inhibition of HK2 blocked 
NED of PCa cells

Considering the close relationship between glycolysis and NED, 
we inhibited the glycolysis pathway with 2-deoxy-d-glucose (2DG) 
treatment (Figure 4A). The inhibition of the glycolysis pathway re-
sult in NED-related genes silence (Figure 4B). Further selecting HK2 

inhibitor 3-bromopyruvate (3BP) to treat cells (Figure 4C), we found 
that inhibition of HK2 led to inhibition of the glycolysis pathway 
and then inhibition of the NED of PCa cells (Figure 4D), therefore 
TRIM36 inhibited the NED of PCa cells by inhibiting the expression 
of glycolysis-related protein HK2.

3.5  |  TRIM36 ubiquitinated HK2 and inhibited the 
NED of PCa cells

Because of the protein expression level of TRIM36 was negatively 
correlated with that of HK2, we exploited immunofluorescence 
staining to observe TRIM36 and HK2 expression in PCa cells. The 
observation results are consistent with our conclusions and TRIM36 
co localized with the HK2 which prompted TRIM36 may specifically 
bound to HK2 (Figure 5A). To verify the interaction between TRIM36 
and HK2, we used the antibody of TRIM36 for the Co-IP experi-
ment and detected HK2 in the immune complex. At the same time, 
the Co-IP experiment was repeated with the antibody of HK2, and 
TRIM36 was also detected in the immune complex (Figure 5B). This 
proved to be an interaction between endogenous TRIM36 and en-
dogenous HK2, and TRIM36 can bind specifically to HK2. Prompted 
by the above findings, we analyzed the molecular events involved in 
this interaction. The most prevalent autophagy-targeting signal in 
mammals is the ubiquitination of cargo.16,17 Whereas, TRIM36 can 
function as an E3 ubiquitin ligase. This suggests whether ubiquit-
ination occured between TRIM36 and HK2. To determine whether 
TRIM36-HK2 interaction is related to ubiquitination, we repeated 
the IP experiment. Compared with the control cells, TRIM36 knock-
down showed significantly lower HK2 ubiquitination levels, while 
TRIM36 overexpression showed higher HK2 ubiquitination levels 
(Figure 5C). We then evaluated the ubiquitination of HK2 by TRIM36 
and the degradation of HK2 mediated by ubiquitin protease using 
the proteasome inhibitor MG132. It was found that the ubiquitin 
protease was suppressed as MG132 treated the cells for a longer 
period of time, such that the HK2 labeled with the ubiquitin protein 
was not degraded by the ubiquitin enzyme and accumulated. This 
indicates that TRIM36 can tag and degrade HK2 by ubiquitination 
(Figure 5D). Next, we explored which ubiquitination chain TRIM36 
used to ubiquitinate HK2. K48R ubiquitin mutant (unable to form 
K48-linked chains) impaired HK2 polyubiquitination, whereas the 
K63R mutant (unable to form K63-linked chains) did not (Figure 5E). 
Our results were verified through an IP test on PCa cells. It was 
found that the expression of K48-linked ubiquitin protein was in-
hibited because of the TRIM36 underexpression and was enhanced 

F I G U R E  4  Pharmacological inhibition of HK2 blocked NED of PCa cells. (A) Glucose consumption and lactate production in LNCaP-NC, 
LNCaP-ST, PC3-NC, and PC3-OV cells treated with glycolysis-inhibitor 2DG. Columns, mean; error bars, standard deviation. *P < 0.05, 
**P < 0.01, ***P < 0.001. (B) qRT PCR and Western blotting were used to detect the expression of glycolysis-related genes and NED-related 
genes in PCa cells before and after 2DG treatment. Columns, mean; error bars, standard deviation. *P < 0.05. (C) Glucose consumption 
and lactate production in LNCaP-NC, LNCaP-ST, PC3-NC, and PC3-OV cells treated with HK2 inhibitor 3BP. Columns, mean; error bars, 
standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001. (D) The expression of glycolysis-related genes and NED-related genes in PCa cells 
before and after 3BP treatment was detected by qRT-PCR and Western blotting. Columns, mean; error bars, standard deviation. *P < 0.05
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by TRIM36 overexpression (Figure 5F). In addition, K63-linked ubiq-
uitin did not change with TRIM36 transformation (Figure 5G). We 
therefore determined that TRIM36 could ubiquitinate HK2 through 
the lys48 chain to inhibit the NED of PCa cells.

3.6  |  TRIM36 regulated NED of PCa cells via HK2-
GPX4-ferroptosis

To examine how TRIM36 affected ferroptosis in PCa, we detected 
the ferroptosis-related genes Recombinant Solute Carrier Family 
7, Member 11 (Slc7a11), Peroxiredoxin 6 (Prdx6), and GPx4 protein 
expression, we found that the expression of GPx4 was negatively 
correlated with TRIM36 expression, while Slc7a11 and Prdx6 were 
not related to TRIM36 protein expression (Figure S3). At the same 
time, Western blotting results showed the expression of GPx4 was 
positively correlated with HK2 expression, which was negatively 
regulated by TRIM36 in PCa cells (Figure  6A). To further verify 
our results, we detected the GPx4 expression in PCa cells which 
were treated with HK2 inhibitor 3BP. The results showed that the 
expression of GPx4 decreased with HK2 inhibition (Figure  6B). 
These conclusions indicate that HK2 regulated the expression of 
GPX4 and the NED of PCa at the same time. We assumed that 
HK2 affected the NED of PCa by regulating GPX4. We tested the 
NED-related indicators in PCa cells treated with GPx4 inhibitor 
(1S,3R)-RSL3 (rsl3). It was found that both GPx4 and NED-related 
indicator expression were inhibited by rsl3 in PCa cells (Figure 6C). 
At the same time, we also knocked down HK2 again based on the 
knockdown/overexpression of TRIM36 to verify our previous con-
clusions. The results showed that after the knockdown of HK2, 
the protein expression of NED markers of LNCaP-NC, LNCaP-ST, 
PC3-NC, and PC3-OV were reduced and GPX4 was inhibited 
(Figure  6D). Prostate cancer cell lines showed lower NED char-
acteristics. This is consistent with the conclusions of the above 
in vitro cell experiments. To further evaluate our conclusions in 
vivo, we performed a xenotransplantation experiment in nude 
mice. TRIM36 knockdown promoted the growth of xenografts in 
mice while TRIM36 overexpression greatly inhibited their growth 
(Figure  6E,F). We used immunohistochemical analysis to detect 
the effects of TRIM36 expression on HK2, GPx4, and NED-related 
genes of PCa xenografts. The results in the xenografts were con-
sisted with the conclusion of the PCa cell experiments (Figure 6G). 
Our research revealed that TRIM36 inhibited the NED of PCa by 

inhibiting the expression of the key glycolytic enzyme HK2 and 
ferroptosis-related genes GPx4 (Figure 6H).

4  |  DISCUSSION

Recent studies have shown that TRIM36 is essential for carcino-
genesis and tumor growth. Our previous experimental results have 
confirmed that TRIM36 can inhibit the invasion and proliferation of 
PCa.14 According to our research results, Kimura et al. found that 
TRIM36 can enhance the tumor-suppressive effect by regulating the 
apoptosis-related pathway in PCa.10 Here, we for the first time re-
port that TRIM36 plays a critical role in NEPC.

Surgery or radiotherapy can result in a good prognosis for 
localized PCa, while metastatic PCa easily develops resistance 
against ADT and deteriorates into CRPC.18 To inhibit CRPC, the 
high-affinity AR receptor antagonist can achieve good outcomes, 
but may increase the risk of NEPC.19,20 Our previous studies found 
that in the treatment of PCa, Ar receptor antagonists can inhibit 
TRIM36 expression14 and accelerate the NED of the PCa cell 
line.21,22 We therefore evaluated the effect of TRIM36 on the NED 
of PCa, discovering that the expression of TRIM36 was negatively 
correlated with NED biogenesis-related factor levels, according to 
TCGA database. Interestingly, TCGA database analysis revealed 
that the Gleason score (Gleason grading is a widely used histo-
logical grading method for prostate adenocarcinoma, a higher 
Gleason score indicates a stronger malignancy of prostate cancer) 
of PCa increased as TRIM36 expression decreased. As a highly in-
vasive subtype of PCa, NEPC does not secrete prostate-specific 
antigen. Morphologically, NEPC shares some characteristics with 
small-cell carcinoma and does not express AR, but positively ex-
pressing NED-markers such as ENO2, AURKA, and SYP.23 We ver-
ified the negative correlation between the expression of TRIM36 
and NEPC markers (ENO2, AURKA, and SYP) in vivo and in vitro 
by construction of prostate cancer cell lines with knockdown and 
overexpression of TRIM36. The results were further confirmed 
in primary PCa and NEPC samples. Together, TRIM36, as a novel 
androgen-responsive gene, plays a critical role in NEPC and may 
serve as a therapeutic marker.

During glycolysis, glucose, on anoxic exposure, is converted 
into pyruvate, then into lactic acid. However, despite high oxygen 
in tumor cells, glycolysis is still active enough to produce a large 
amount of lactic acid, a phenomenon that is called the Warburg 

F I G U R E  5  TRIM36 ubiquitinated HK2 and inhibited the NED of PCa cells. (A) Immunostaining showing the HK2 (green) and TRIM36 
(red) in the LNCaP-NC, LNCaP-ST, PC3-NC, and PC3-OV cells. (B) CO-IP experiments were carried out based on the lysates of LNCaP and 
PC3 cells with TRIM36 and HK2 antibodies to analyze TRIM36-HK2 interaction. (C) Cell lysates were immunoprecipitated with antibodies 
against HK2 to detect the ubiquitination levels in LNCaP-NC, LNCaP-ST, PC3-NC, and PC3-OV cells. (D) LNCaP and PC3 cells were treated 
with MG132 for 0, 12, and 24 h, respectively, and their cell lysates were co-immunoprecipitated with anti-TRIM36 antibodies to detect 
whether TRIM36 could ubiquitin degrade its substrate protein HK2. (E) LNCaP and PC3 cells were transfected with wild-type, lys48 mutant, 
and lys63 mutant plasmids. The cell lysates were co-immunoprecipitated with TRIM36 antibody to detect their ubiquitination levels. (F) 
LNCaP-NC, LNCaP-ST, PC3-NC, and PC3-OV cells were immunoprecipitated with HK2 antibody, and the expression of K48-linked ubiquitin 
in the immune complex was detected. (G) The expression of K63-linked ubiquitin in cell lysates of LNCaP-NC, LNCaP-ST, PC3-NC, and PC3-
OV cells was detected by IP test with HK2 antibody
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effect.24 By inhibiting the Warburg effect and blocking the energy 
supply in tumor cells, tumor progression can be effectively inhib-
ited. However, unlike in other malignant tumors, glycolysis mainly 
acts in the late stage of PCa.25,26 Immunohistochemical staining 
has shown that lactate production and glycolysis are upregulated 
in NEPC, an end stage of advanced PCa.27 This suggests that the 
NED of PCa is closely related to glycolysis. However, few studies 
have been carried out to discover the underlying mechanism. In our 
study, the mass spectrometry-based quantitative proteomics stud-
ies, including KEGG pathway analysis, were performed to explore 
TRIM36-induced potential pathogenesis in NEPC. We identified 
the differentially expressed proteins based on TRIM36-changed 
PCa cells, and the differentially expressed proteins mainly enriched 
in the glycolysis pathway. In vitro, glycolysis assay uncovered that 
TRIM36 inhibited the NED of PCa through the glycolysis pathway. 
Furthermore, as the key glycolytic enzyme, HK2 showed a signifi-
cantly different expression compared with other glycolysis-related 
proteins. Interestingly, the significantly negative correlation be-
tween TRIM36 and HK2 expression was only observed at the pro-
tein level and TRIM36 is an E3-ubiquitinated ligase,28,29 therefore 
we evaluated the ubiquitination level of HK2 in PCa cell lines. The 
IP experiment confirmed that TRIM36 specifically binds to HK2 at 
the protein level, and the change in TRIM36 affects the ubiquiti-
nation level of HK2. At the same time, the treatment of cells with 
MG132 proved that TRIM36 can promote its degradation through 
ubiquitination of HK2. We also found that the K48R ubiquitin mu-
tant impaired HK2 polyubiquitation and K48 linked ubiquitin protein 
changes with TRIM36 expression. Our results confirm that TRIM36 
can specifically bind to lys48 to mediate the ubiquitination of HK2 
and reduce its protein expression, thus inhibiting the NED of PCa.

Recent insights indicate that ferroptosis is intrinsically linked 
with multiple cellular metabolic pathways, including energy, lipid, 
and amino acid metabolism, which directly affects the cell's suscep-
tibility to lipid peroxidation and ferroptosis.30–32 The glucose metab-
olism in malignant tumor cells is usually rewired to glycolysis to meet 
their increasing demands for energy and biosynthetic precursors, as 
well as maintenance of redox homeostasis to prevent ferroptosis. For 

instance, it has been observed that tumor cells undergo a high level 
of glycolysis to compensate for their intrinsically low ATP-generating 
efficiency.33,34 Meanwhile, the inhibition of ferroptosis induced by 
glycolysis is not permanent and can be reversed when glycolysis is 
inhibited.35 Interestingly, we found that TRIM36 could indirectly af-
fect the activity of its ferroptosis-regulating gene GPx4 by affecting 
the expression of the key glycolytic enzyme HK2 in prostate can-
cer cells, and the expression of GPx4 decreased when treated with 
HK2 inhibitor 3BP. To further explore the relationship between fer-
roptosis and NED of PCa, we treated prostate cancer cells LNCaP 
and PC3 with GPx4 inhibitor rsl3 and found that the expression of 
NED indexes AURKA, ENO2, and SYP decreased, suggesting that 
ferroptosis may be closely related to NED of PCa. Finally, with the 
HK2 knockdown experiment, we got the same conclusions as the 
above experiments. The decrease in HK2 inhibited GPX4, resulting 
in decreased protein expression of NED markers in PCa cell lines. 
However, the internal mechanism is still unclear and needs to be fur-
ther explored. Finally, we obtained the same results in xenotrans-
plantation experiments in nude mice, which demonstrated in vivo 
that the metabolic regulation of TRIM36 can affect the NED of PCa. 
All these provided new ideas for the study of NEPC treatment.

In conclusion, TRIM36 can regulate the glycolysis metabolic 
pathways of PCa, sensitize PCa to ferroptosis, and ultimately lead to 
the inhibition of NEPC. This mechanism has great potential to design 
new strategies to retard NED and treat NEPC.
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