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HMGB1 promotes the development of castration-resistant
prostate cancer by regulating androgen receptor activation
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Abstract. AR signalling pathway reactivation plays a key
role in the development of castration-resistant prostate cancer
(CRPC). High-mobility group protein Bl (HMGBI) is an
important factor involved in the occurrence and development
of a variety of tumours by regulating gene transcription. In the
present study, the association between HMGBI1 and prostate
cancer (PCa) and the effects of HMGBI on androgen receptor
(AR) transcription and signalling pathway reactivation in PCa
cells in vitro and in vivo were evaluated. A bioinformatics
method was used to determine the mRNA expression level of
HMGBI in PCa specimens and its correlation with the mRNA
expression of AR. Immunohistochemical staining was used to
detect the expression of these proteins in clinical PCa samples.
Reporter gene and ChIP assays were performed to determine
the activity of AR and the effect of HMGBI1 on the ability of
AR to bind to the promoters of prostate specific antigen and
transmembrane protease, serine 2. A bioluminescence reso-
nance energy transfer assay was employed to observe the direct
interaction between HMGBI1 and AR protein. Additionally,
a castrated nude mouse xenograft tumour model was estab-
lished to verify the effect of HMGBI1 on PCa. The results
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revealed that HMGBI expression was significantly increased
in PCa specimens, which may have a strong correlation with
AR expression. Moreover, HMGBI could reactivate the AR
signalling pathway, directly interact with AR, and promote the
development of CRPC in an androgen-independent manner.
The results of the present study indicated that HMGBI1
promoted the development of CRPC by interacting with AR,
which inferred that decreasing the expression of HMGBI1
may be a potential effective method for CRPC prevention and
treatment.

Introduction

In 2020, prostate cancer (PCa) became the most frequently
diagnosed cancer in 112 countries and the leading cause of
cancer-related mortality in 48 countries among men (1). In
recent decades, researchers have found that the activation of
androgen receptor (AR) signalling plays a crucial role in the
development of PCa (2). Thus, androgen deprivation therapy
(ADT) is an important and standard treatment for PCa. In
China, the majority of patients with PCa have progressed to
an advanced stage at the time of diagnosis, and ADT has been
adopted as the first-line treatment when seeking treatment (3).
However, the effect of ADT on prolonging the survival
time of patients with PCa is not satisfactory. Upon ADT,
almost all patients will further develop castration-resistant
prostate cancer (CRPC), with a mean survival time of only
14.5 months (4,5). Hence, there is an urgent need to explore the
specific mechanism of CRPC and ameliorate the prognosis of
patients with CRPC.

Most patients with CRPC exhibit a continuous increase in
prostate-specific antigen (PSA) levels despite the use of ADT
and testosterone levels. The increase in PSA levels indicates
that intratumoural androgen biosynthesis is functional in
CRPC cells (6). Intratumoural androgen is considered the
key factor for the continued activation of AR in CRPC. After
binding with intratumoural androgen, the inactive AR protein
changes its conformation, translocates from the cytoplasm to
the nucleus, and forms AR dimers (7). Furthermore, the AR
dimer is able to bind to androgen response elements (AREs),
such as the promoter or enhancer regions of downstream
genes (7), which promote the development of PCa. Although
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new hormonal agents (e.g., enzalutamide or abiraterone) have
been shown to prolong the overall survival time of patients
with CRPC by blocking intratumoural androgen biosynthesis
and activity, most of the patients will develop resistance to
hormonal agents in only several months (8,9). The reincrease
in PSA in drug-resistant patients with CRPC suggests that the
AR signalling pathway is reactivated in androgen-independent
conditions (6,9). A previous study by the authors confirmed
that the AR protein could still be dimerized and bind to ARE
as well as promote the transcription of its downstream genes
under androgen deprivation conditions, which conferred
CRPC cell growth. By contrast, the dimerization and activity
of AR as well as the growth of the tumour cells were inhib-
ited after mutation of the dimerization sites (F23, 27A/L26A
and A596T/S597T) (10). Therefore, the AR protein still plays
a key role in the reactivation of the AR signalling pathway
even under androgen deprivation conditions. It is important to
identify target genes that can interact with AR proteins and
regulate the ability of AR proteins to bind to AREs.

High-mobility group protein Bl (HMGBI), which plays
an important role in the activation of transcription factor
signalling pathways, has been identified to be involved in
the occurrence and development of a variety of tumours,
including non-small-cell lung, cervical, and colorectal
cancer (11). Moreover, an increasing number of studies have
demonstrated that the overexpression of HMGBI is related to
the poor prognosis of PCa and CRPC (12,13). Although these
studies initially demonstrated that HMGB1 was associated
with the progression, clinical pathological characteristics, and
poor prognosis of PCa, the molecular mechanism by which
HMGBI promotes the development of CRPC remains unclear.
A previous study suggested that HMGBI enhances oestrogen
receptor (ER) dimer binding to the oestrogen response element
(ERE) and then enhances the transcription of its downstream
genes (14). Notably, the protein structure domain and active
form (dimerization) of ER were similar to those of AR (15),
which implied that the activation of ER and AR may be
regulated by the same regulatory factors. Additionally, some
studies have indicated that estrone sulfate and dehydroepian-
drosterone sulfate could enhance the transcriptional activity
of ER and AR simultaneously (16). RO48-8071 was demon-
strated to inhibit the transcriptional activity of ER as well as
AR (17). Hence, it is surmised that HMGBI1 may interact with
AR protein, promote the ability of AR protein to bind to ARE,
and ultimately promote the development of CRPC.

To the best of our knowledge, there are no other studies
reporting that HMGBI protein could regulate AR transacti-
vating activity, which is also well known as AR transcriptional
activity, in PCa. The aim of the present study was to investi-
gate the association between HMGBI1 and/or AR expression
and the pathological features of patients with PCa to verify the
regulatory effect and mechanisms of HMGBI on AR trans-
activating activity in order to provide a theoretical basis for
applying novel targeted drugs for CRPC treatment.

Materials and methods
Bioinformatics analysis. The Oncomine (https:/www.

oncomine.org/resource/login.html), GEPIA (http://gepia.
cancer-pku.cn/index.html),and DepMap Portal (https://depmap.

org/portal/interactive/) databases were used to analyse the
gene expression levels of HMGBI and AR in the prostate
gland, PCa tissues, androgen-dependent PCa cells (LNCaP
and MDAPCAZ2B), and CRPC cells (VCaP and 22RV1). The
data retrieved from Oncomine originated from GSE6099 (18),
GSE68907 (19), GSE6919 (20) and a study of Vanaja et al (21).
Furthermore, the correlation between HMGB1 mRNA expres-
sion and AR mRNA expression was analysed using the GEPIA
database.

Specimens. The present study was approved by the Ethics
Committee of the School of Nursing, Jilin University
(Changchun, China). Paraffin-embedded specimens were
collected from 2001-2009 at the Prostate Diseases Prevention
and Treatment Research Centre of Jilin University (Changchun,
China). All patients were diagnosed during a PCa screening
study for high-risk males. The patients were informed and
agreed to participate in the PCa-relative study. The inclusion
criteria were as follows: i) Male and over 50 years old; ii) the
level of serum PSA exceeded 4 pg/ml or an existing prostate
tumor suggested by imaging; iii) initially diagnosed with PCa;
and iv) the pathological diagnoses were determined as pros-
tate adenocarcinoma by an experienced urological pathologist
working at the Second Hospital of Jilin University. The exclu-
sion criteria were as follows: i) Individual history of other
malignant tumors; ii) the patients had previously undergone
radical prostatectomy or other treatments, such as hormone
treatment or radiotherapy (22). Five patients with benign
prostate hyperplasia (BPH) were included as control subjects.
The clinicopathological features of the patients included are
presented in Table I. The clinicopathological features of pros-
tatic needle biopsy samples are shown in Table II.

Immunohistochemistry. Immunohistochemical (IHC) staining
was performed as previously described (23). Briefly, after
being fixed in 10% formalin at room temperature for 24 h,
PCa samples or mouse tumour samples were embedded in
paraffin and cut into 3-ym-thick sections. After deparaf-
finization by xylol and rehydration by a descending alcohol
series, the sections were soaked in EDTA retrieval buffers
and heated in a microwave oven. Nonspecifc binding was
blocked by 5% bovine serum albumin (product code AR1006;
Boster Biological Technology, Inc.) at room temperature for
20 min. Subsequently, the histological sections were stained
with rabbit anti-AR antibody (product code ab74272; 1:200;
Abcam) and anti-HMGBI antibody (product code A00066-1;
1:200; Boster Biological Technology, Inc.) at 4°C overnight.
Goat anti-rabbit IgG conjugated with horseradish peroxidase
(cat. no. SA00001-2; 1:200; ProteinTech Group, Inc.) was
used as the secondary antibody, and this staining procedure
was carried out at 37°C for 30 min. Reactive products were
visualized with 3,3'-diaminobenzidene (Boster Biological
Technology, Inc.) as the chromogen, and the sections were
counterstained with 0.1% haematoxylin (Boster Biological
Technology, Inc.) at room temperature for 2 min. Histological
images were captured under a light microscope (Olympus
Corporation) with an objective magnification of x200 or x400.
The positive cell density was assessed using Image-Pro Plus
6.0 software (Media Cybernetics, Inc.), and the results are
presented as the mean optical density (MOD) values (22).
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Table I. Clinicopathological features of patients with PCa.

Clinical features No. of cases (%)

Age, years
<73 25 (49.02)
>73 26 (50.98)
Pathological grade
BPH 5(9.80)
GS=6 10 (19.61)
GS=7 10 (19.61)
GS=8 11 (21.57)
GS=9 12 (23.53)
GS=10 3(5.88)
PSA level, pg/ml
<54.3 25 (49.02)
>54.3 26 (50.98)

PCa, prostate cancer; BPH, benign prostate hyperplasia; GS, Gleason
score; PSA, prostate specific antigen.

PCa cell lines and reagents. PC3 (ATCC no. CRL-1435),
C4-2 (ATCC no. CRL-3314), VCaP (ATCC no. CRL-2876),
and DU145 (ATCC no. HTB-81) cells were obtained from
the American Type Culture Collection. LNCaP95 cells were
provided from the College of Life Science of Jilin University
(Changchun, China). LNCaP (cat. no. CL-0143) and 22RV1
(cat. no. CL-0004) cells were obtained from the Procell
Life Science & Technology Co., Ltd. These cells were cultured
in RPMI-1640 medium (HyClone; Cytiva) supplemented
with 10% foetal bovine serum (FBS; Gibco; Thermo Fisher
Scientific, Inc.) in a humidified atmosphere with 5% CO,
at 37°C.

Lentiviral vector plasmid pLVX-Puro (cat. no. 632164;
Clontech; Takara Bio USA, Inc.) was used to construct
pLVX-HMGBI plasmid and pLVX-shRNAI (cat. no. 632177,
Clontech; Takara Bio USA, Inc.) was used to construct
PLVX-shHMGBI, PLVX-shAR, and PLV X-shScramble plas-
mids. The interference sequences were as follows: sitHMGBI,
5'-GGACAAGGCCCGTTATGAA-3"; shAR, 5-TAGTGC
AATCATTTCTGCTGGC-3"; and shScramble, 5'-GTATAA
GTCAACTGTTGAC-3'. The lentiviruses used in this study
were packaged using a 4th generation lentiviral packaging
system (cat. no. 631275; Clontech; Takara Bio USA, Inc.)
according to the manufacturer's instructions. Briefly, after
mixing the lentiviral vector plasmids with premixed complex
including five lentiviral packaging plasmids and transfec-
tion reagent, the nanoparticle complex solution was added
into Lenti-X 293T cells (cat. no. 632180; Clontech; Takara
Bio USA, Inc.). After 24 and 48 h, the media was collected
and concentrated using the Lenti-X Concentrator (cat.
no. 631231; Clontech; Takara Bio USA, Inc.) according to the
manufacturer's instructions. The concentration medium was
used to detect the titer of the virus using a Lenti-X qRT-PCR
Titration Kit (cat. no. 631235; Clontech; Takara Bio USA,
Inc.) according to the manufacturer's instructions, and then
stored at -80°C.

Table II. Clinicopathological features of prostatic needle
biopsy samples.

Mean age Mean PSA level
Samples Case no. (range) (range)
BPH 5 75 (67-84) 19.3 (9.1-29.44)
GS=6 10 77.4 (63-83) 33.24 (4-96.8)
GS=7 10 68.4 (56-82) 83.95 (9.4-300)
GS=8 11 70.9 (64-84) 82.96 (28-254.3)
GS=9 12 73.25 (54-90) 7548 (3-126.1)
GS=10 3 75 (70-78) 29.9 (1.7-49)

PSA, prostate specific antigen; BPH, benign prostate hyperplasia;
GS, Gleason score.

To generate LNCaP-neo and LNCaP-HMGBI cells, LNCaP
cells were infected with 30 MOI of pLVX-HMGBI containing
the HMGBI expression gene or the empty vector pLVX (the
final titer of the virus was 7.5x10° IFU/ml). The media were
changed 48 hlater. For stable transfection, the cells were selected
in medium containing puromycin (2 M) and maintained in
medium containing puromycin (1 #M). Puromycin selection
was continued for 1 week prior to harvesting cells for down-
stream analysis, or 2 weeks prior to further knock down AR.
To detect the effect of HMGBI on AR transcriptional activity,
LNCaP-HMGBI cells were further infected with 30 MOI of
pLVX-shAR containing AR shRNA or pLVX-shScramble
(the final titer of the virus was 7.5x10° IFU/ml). To generate
22RV1-shScramble and 22RV1-shHMGBI cells, 22RV1 cells
were infected with 30 MOI of pLVX-shHMGBI containing
HMGBI shRNA or pLVX-shScramble (the final titer of the
virus was 7.5x10° IFU/ml).

Cell Counting Kit-8 (CCK-8) assay. LNCaP-neo,
LNCaP-HMGBI, 22RV1-shScramble and 22RV1-shHMGBI1
cells were seeded into 96-well plates (1,000 cells/well) and
cultured in RPMI-1640 medium (HyClone; Cytiva) supple-
mented with 10% charcoal-stripped FBS (Thermo Fisher
Scientific, Inc.). Subsequently, 48 and 96 h later, CCK-8
reagent (10 ul/well; BIOSS) was added to each well. Following
culture at 37°C for 1.5 h, the absorbance of each well was
measured at 450 nm using a microplate reader (Cytation 5;
BioTek Instruments, Inc.).

Reporter gene assay. The reporter gene assay was performed
according to the manufacturer's instructions. Briefly,
LNCaP-neo, LNCaP-HMGBI1, 22RV1-shScramble and
22RV1-shHMGBI cells were transiently transfected with an
ARE-luciferase reporter plasmid using Lipofectamine 3000
(Invitrogen; Thermo Fisher Scientific,Inc.). The ARE-luciferase
reporter plasmid was provided by Dr Robert Matusik at
Vanderbilt University School of Medicine (Nashville, USA)
as indicated in a previous study by the authors (24). After
incubating with the transfection mixture at 37°C for 3 h, the
cells were divided equally into 24-well plates and cultured in
charcoal-stripped medium for 96 h. Subsequently, the cells
were lysed in reporter lysis buffer (Promega Corporation), and
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the luciferase activity was determined using the Luciferase
Assay System (Promega Corporation) and normalized based
on the protein concentrations for each sample (24).

Reverse transcription-quantitative PCR (RT-qPCR).
LNCaP-neo, LNCaP-HMGBI1, 22RV1-shScramble and
22RV1-shHMGBI cells were seeded into 6-well plates at
a density of 3x10° cells/well. After being treated with char-
coal-stripped medium for 96 h, the total RNA was extracted
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific,
Inc.), and first-strand cDNA synthesis was performed using a
cDNA synthesis kit (cat. no. AT311-02; TransGen Biotech Co.,
Ltd.) according to the manufacturer's instructions. Real-time
PCR was used to detect the transcription levels of PSA and
TMPRSS2 using the SYBR Green qPCR kit (cat. no. AQ132;
TransGen Biotech Co., Ltd.) according to the manufacturer's
instructions, and GAPDH was used as an internal control
gene. The following primers were used: TMPRSS?2 forward,
5'-ACACACCGATTCTCGTCCT-3' and reverse, 5“TGGCCT
ACTCTGGAAGTTCA-3"; PSA forward, 5'-CGATTCTTC
AGGAGGCTCAT-3' and reverse, 5-GCTGCCCACTGCATC
AG-3"; and GAPDH forward, 5-GAAGGTGAAGGTCGG
AGTC-3' and reverse, 5-GAAGATGGTGATGGGATTTC-3'.
PCR was performed at 94°C for 30 sec, followed by 45 cycles
of amplification at 94°C for 5 sec, 51°C for 15 sec and 72°C for
10 sec using ABI-Q3 (Thermo Fisher Scientific, Inc.). mRNA
expression levels were quantified using 2244 method (25).

Western blotting. Soluble proteins were extracted from
LNCaP, 22RV1, and PC3 cells treated by the indicated manner
using RIPA lysis (Beyotime Institute of Biotechnology). The
protein concentrations were measured by a Coomassie Plus
(Bradford) Assay Kit (Thermo Fisher Scientific, Inc.). Proteins,
at a concentration of 15 ug, were then subjected to each lane
of a 4-15% Precast Tris-Glycine Gel (TransGen Biotech Co.,
Ltd.). Prestained standards (TransGen Biotech Co., Ltd.) were
used as molecular weight markers. Separated proteins were
electrophoretically transferred onto polyvinylidene difluoride
(PVDF) membranes (iBlot system; Invitrogen; Thermo Fisher
Scientific, Inc.). The membranes were then blocked with 5%
skim milk for 1 h at room temperature, and incubated with
primary antibodies, including anti-AR (product code ab74272;
1:100; Abcam), anti-HMGBI (product code A0O0066-1; 1:1,000;
Boster Biological Technology, Inc.), and anti-GAPDH (product
code ab245355; 1:5,000; Abcam), at room temperature for
2 h. Subsequently, following incubation with secondary-HRP
antibodies (cat. no. SA00001-2; 1:20,000; ProteinTech Group,
Inc.) at room temperature for 1 h, the protein levels were
detected with an ECL plus kit and developed via an imaging
densitometer (both from Clinx Science Instruments Co., Ltd.).
The assay was repeated three times independently.

Bioluminescence resonance energy transfer (BRET) assay. To
further detect the interaction between HMGBI and AR protein,
PC3 cells were co-transfected with an HMGB1-RLuc BRET
fusion plasmid (Donor) and an AR-Turbo BRET fusion plasmid
(Receptor). After being cultured in 10% charcoal-stripped
medium for 48 h, the cells were detached with 5 mM EDTA in
PBS and resuspended in PBS with 1% sucrose. Subsequently,
the cells were counted and seeded in triplicate into a 96-well

white-wall microplate at 1x10° cells/well. Freshly prepared
coelenterazine (Nanolight Technologies; Prolume Ltd.) in
water was added to the cells at a final concentration of 25 yM.
BRET readings at 528 and 635 nm were obtained immediately
with a Synergy 2 microplate reader (BioTek Instruments, Inc.).
The BRET ratio was calculated by subtracting the ratio of the
635-nm emission and the 528-nm emission obtained from
cells coexpressing the HMGBI1-RLuc and AR-Turbo fusion
proteins from the background BRET ratio resulting from
cells expressing the RLuc fusion protein alone in the same
experiment: BRET ratio=(emission at 635 nm)/(emission at
528 nm)-(emission at 635 nm RLuc only)/(emission at 528 nm
RLuc only) (10).

Chromatin immunoprecipitation (ChIP) assay. To illus-
trate the effect of HMGBI on the reactivation of the AR
signalling pathway, a Magnetic Bead ChIP assay kit (cat.
no. 26157; Thermo Fisher Scientific, Inc.) was used with
an AR antibody (product code ab108341; Abcam) to deter-
mine the effect of HMGBI on AR binding events at known
AREs of the PSA and TMPRSS2 genes. The ChIP assay
was performed according to the manufacturer's instruc-
tions. Briefly, after being treated with charcoal-stripped
medium for 48 h, the cells were incubated with 1% form-
aldehyde at room temperature for 10 min. The nuclear
DNA-protein complexes of LNCaP-neo, LNCaP-HMGBI,
22RV1-shScramble, and 22RV1-shHMGBI1 cells were
extracted using Lysis Buffer (200 ul for each IP reaction)
of the kit, and then were centrifuged at 9,000 x g for 5 min
(4°C). Subsequently, the nuclei was sonicated to produce
200-500 bp fragments. The chromatin extract was incubated
with antibodies against AR (2 ug for each IP reaction),
10 ul RNA Polymerase II (Thermo Fisher Scientific, Inc.),
or 2 ul IgG (Thermo Fisher Scientific, Inc.) overnight at
4°C. A uniform suspension of 20 ul containing Protein A/G
Magnetic Beads was added to each IP reaction and incu-
bated for 2 h at 4°C with mixing. Following incubation, the
beads were collected and washed three times with IP Wash
Buffer 1. After immunoprecipitation, the IP Elution Buffer
was used to elute the protein-chromatin complex from the
beads at 65°C for 30 min, and the complex was then treated
with proteinase K at 65°C for 1.5 h. Finally, the purified
DNA was analysed using RT-qPCR.

In vivo effect of HMGBI on the development of PCa. A total
number of 20 male BALB/c nu/nu mice (age, seven weeks
old; weight, 15-20 g) were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd. The animal
experiments were approved by the Animal Ethics Committee
of Basic Medical College of Jilin University (Changchun,
China), complied with the recommendations of the ARRIVE
guidelines, and were carried out in accordance with the Good
Laboratory Practice Regulations. Approximately 0.1 ml of
LNCaP-neo or LNCaP-HMGBI cells was mixed with 50%
Matrigel and subcutaneously implanted into the right flank
region of BALB/c nu/nu mice at a dosage of 4x10° cells/mouse.
When the tumour volume reached 100 mm?, the mice were
subjected to sham surgery (intact group) or castration (castra-
tion group). The tumour volume was calculated as follows:
V=L x W?%2, where L and W represent the length and width
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of the tumour, respectively (26). The weight and tumour
volume were measured weekly. When the volume of tumours
in the intact group or castration group reached 2,000 mm?®,
all mice were euthanized by cervical dislocation under 2-3%
isoflurane anaesthesia, and tumour samples were weighed
and collected.

ELISA. After mice were anaesthetized with isoflurane
(a concentration of 2 to 3% for induction and 1.5 to 2% for
maintenance), mouse serum was collected and used for PSA
detection. The level of PSA was determined by an ELISA
kit (cat. no. MM-0421H1; Meimian; http://www.mmbio.cn/)
according to the manufacturer's instructions. Finally, the
absorbance was detected at 450 nm using a microplate reader
(BioTek Instruments, Inc.).

Statistical analysis. Statistical analysis was performed with
multiple comparisons using one-factor analysis of variance
(ANOVA) followed by Dunnett's post hoc test or Bonferroni's
correction test, and the differences among two dependent
samples were analysed using an unpaired Student's t-test. The
linear relationships between two continuous variables were
analyzed by Pearson's correlation analysis. Spearman's corre-
lation analysis was used to determine the correlations between
rank variables and continuous variables. All data were anal-
ysed with the statistical software SPSS 17.0 (SPSS, Inc.), and
the results are expressed as the means + SD. The results were
repeated three times independently. P<0.05 was considered to
indicate a statistically significant difference.

Results

Association of AR and HMGBI mRNA levels in PCa. The asso-
ciations between the mRNA levels of AR and HMGBI in PCa
were analysed using the Oncomine and GEPIA databases. As
shown in Fig. 1A and B, the mRNA levels of AR and HMGBI1
were increased in PCa tissues compared with normal prostate
glands (P<0.05). Interestingly, a significant correlation between
AR and HMGB1 mRNA expression in prostate tissues was
found using Pearson analysis in the GEPIA database (R=0.45,
P<0.01; Fig. 1C). Additionally, the data showed that the mRNA
level of AR and HMGBI1 was increased in CPRC cells (VCaP
and 22RV1) compared with androgen-dependent PCa cells
(LNCaP and MDAPCAZ2B) (Fig. 1D). The data also revealed
that the expression levels of AR protein and HMGBI protein
were higher in 22RV1 cells than that in LNCaP cells (Fig. S1).
LNCaP cells were employed to overexpress HMGBI1 because
of its low expression of HMGBI and androgen-dependent
feature. Moreover, although HMGBI was upregulated in both
22RV1 and LNCaP95 cells compared with the other PCa cell
lines, it was determined that 22RV1 cells exhibited a higher
HMGBI expression than that in LNCaP95 cells, indicating
that 22RV1 cells may be more suitable for silencing HMGBI1
in the subsequent experiments (Fig. S1).

Association of AR and HMGBI proteins in human prostate
tissues. In this study, IHC staining was carried out to detect
the protein expression of HMGBI and AR in human prostate
needle biopsy tissue specimens, including BPH and PCa.
Positive staining of HMGBI1 and AR in various pathologic

categories is presented in Fig. 2A and B. By contrast to a
few disseminated cells in BPH samples, cytoplasmic brown
staining for HMGBI1 and AR protein was widely observed
in PCa tissues. For PCa specimens, the protein expression
levels of HMGBI and AR gradually increased in the epithelial
cytoplasm of PCa cells according to the increasing PSA level
(HMGBI: r=0.348, P=0.012; AR: r=0.487, P=0.000289) as
well as the Gleason Score (GS) (Fig. 2C and D). These results
indicated that both HMGBI1 and AR are closely associated with
the development of PCa. Moreover, the data showed a signifi-
cant positive correlation between HMGBI and AR expression
in PCa tissues (r=0.402, P=0.003; Fig. 2E). The correlations of
AR and HMGBI expression with Gleason score, PSA and age
are also presented in Table III.

HMGBI promotes the proliferation of PCa cells. Following
transfection with HMGB1 or shHMGBI1 using the pLVX
plasmid, the expression of HMGBI1 protein was success-
fully overexpressed or silenced in LNCaP or 22RV1 cells
(Fig. 3A and B), respectively. The effect of HMGBI expression
on LNCaP and 22RV1 cells was examined using a CCK-8
assay under charcoal-stripped conditions. As revealed in
Fig. 3C, HMGBI overexpression significantly promoted the
growth ability of LNCaP cells, while silencing of HMGBI1
inhibited the viability of 22RV1 cells. However, no significant
effect of HMGBI1 on AR protein expression was detected
(Fig. 3A and B).

HMGBI promotes the androgen-independent transactivating
activity of AR. As demonstrated in Fig. 3D, overexpression
of HMGBI significantly increased the levels of PSA and
TMPRSS2 mRNA in LNCaP-HMGBI cells under char-
coal-stripped conditions, which indicated that HMGBI1
promotes the transactivating activity of AR. Moreover, the
increasing levels of PSA and TMPRSS2 mRNA and protein
were almost completely diminished by AR knockdown
(Fig. 3E and F). Furthermore, overexpression of HMGBI
significantly promoted the luciferase activity of ARE in
LNCaP-HMGBI cells under charcoal-stripped conditions,
while the luciferase activity of ARE was inhibited after
silencing of HMGBI in 22RV1 cells (Fig. 3G). These results
indicated that HMGBI promoted the androgen-independent
transactivating activity of AR by increasing the recruitment of
AR to ARE-luc.

HMGBI promotes the binding of AR to the promoter/enhancer
of AR downstream genes. To explore the underlying molecular
mechanism of HMGBI1 on androgen-independent reactivation
of the AR signalling pathway, a ChIP assay was used to detect
the binding levels of the promoter/enhancer of AR downstream
genes. As shown in Fig. 3H, the overexpression of HMGBI in
LNCaP cells significantly upregulated the binding levels of the
promoter/enhancer of PSA and TMPRSS?2 in the ChIP assay,
indicating that HMGBI1 could strengthen the ability of AR
to bind with the promoter/enhancer of its downstream genes
PSA and TMPRSS2 under androgen-free conditions. These
results were further confirmed by the data which revealed that
silencing of HMGBI in 22RV1 cells significantly downregu-
lated the binding levels of the promoter/enhancer of PSA and
TMPRSS?2 in the ChIP assay (Fig. 3I).
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HMGBI initiates the reactivation of the AR signalling
pathway by directly interacting with the AR protein. To
further demonstrate the way in which HMGBI initiates the
reactivation of the AR signalling pathway, a BRET assay was
performed to identify the interaction between AR and HMGBI1

proteins. The BRET saturation curve for the combination
of AR/HMGBI fusion proteins in PC3 cells is presented in
Fig. 3J. The BRET ratios increased hyperbolically and rapidly
saturated with the increase in the ratio of energy acceptor to
energy donor, indicating specific protein interactions (10). The
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density.

BRET data revealed the ability of HMGBI protein to interact
with AR protein. The mechanisms of the BRET assay are
shown in Fig. 3K.

HMGBI promotes the development of PCa in vivo. To verify
whether overexpression of HMGBI could promote the devel-
opment of PCa, a LNCaP xenograft model was developed.
The results revealed that overexpression of HMGBI signifi-
cantly increased the volume and weight of prostate tumours
(Fig. 4A-C). Furthermore, the serum PSA level of mice
exhibited the same tendency as the growth of the tumours
(Fig. 4D). The data from IHC demonstrated that the expression

of HMGBI in tumour tissue was significantly increased in the
two groups injected with LNCaP-HMGBI cells (Fig. 4E). As
shown in Fig. 4F, overexpression of HMGBI significantly
increased AR protein expression in the cell nuclei of the
tumour tissues in both the intact and castration groups. These
results suggested that HMGB1 promoted the development of
PCa in an androgen-independent manner.

Discussion

The present study is the first, to the best of our knowledge,
to reveal the association between HMGBI and AR protein in
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Table III. Correlation of AR and HMGB1 expression with Gleason score, PSA and age.

Prostate tumor

Variable Values Gleason score? PSA® Age®

MOD of AR Protein R 0.259 0.487° -0.018
P-value 0.067 0.000 0.9

MOD of HMGB/1 Protein R 0.298* 0.348° -0.182
P-value 0.033 0.012 0.202

sSpearman's test with significance, P<0.05; ®Person's test with significance, P<0.05 and P<0.01. AR, androgen receptor; HMGB1, high-mobility
group protein B1; PSA, prostate specific antigen; MOD, mean optical density.
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was directly identified, indicating the requirement of HMGBI1
protein for important AR protein functions in CRPC.

The finding in the present study, on the correlation
between HMGBI expression and the malignant progression
of PCa patients is in accordance with a previous study (27).
Wang et al determined that the expression of HMGBI protein
was induced by enzalutamide in mouse CRPC tissues (28).
These findings provide clinical and experimental evidence
for the hypothesis proposed by the authors, that HMGBI may
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be a promising target for CRPC treatment. Furthermore, it was
revealed that the expression levels of HMGBI in PCa samples
were significantly correlated with the levels of AR. Together
with the consideration of the similarity between the structure of
ER and AR (15) as well as the effect of HMGBI on ER signal-
ling pathway activation (29), it was hypothesized that HMGBI1
protein contributed to CRPC development by interacting with
AR protein and then reactivating the AR signalling pathway.

A previous study revealed that HMGBI1 knockdown inhib-
ited the development of enzalutamide-induced CRPC in a
mouse model (28). This is supported by the results of the present
study showing that HMGBI knockdown inhibited the growth of
androgen-independent 22RV1 cells and promoted the growth
of androgen-dependent LNCaP cells without the existence of
androgen. Moreover, the in vivo data showed that overexpres-
sion of the HMGBI protein attenuated the treatment effect of
ADT on LNCaP-bearing mice. This indicated that HMGBI1
could promote the transformation of PCa into CRPC in the
presence of ADT. Thus, it is suggested that targeting HMGBI1
may be a potential strategy for CRPC prevention. Interestingly,
it was determined that the expression of AR was not regulated
by HMGBI protein in vitro, whereas the expression levels
were significantly associated in the tissues of patients PCa. A
plausible explanation is that correlation in expression does not
signify that AR expression is directly regulated by HMGBI,
and HMGBI may only promote AR activity instead of expres-
sion in vitro. The in vivo results that HMGBI overexpression
promoted AR protein expression in the cell nucleus of tumour
tissues provided a further explanation. It is well known that AR
protein is predominantly located in the cytoplasm. Only after
a nuclear translocation process can the activity of AR protein
be activated with or without the presence of androgens (7,30).
From this perspective, the in vivo data of the present study
indicated that HMGBI could activate AR activity by promoting
the nuclear translocation process of AR. However, the detailed
mechanism requires further investigation. Furthermore, it is
suggested that this may also be due to the short regulation time
of HMGBI on AR in vitro. This short time is only enough for
HMGBI to promote AR activity instead of expression. However,
this assumption requires more experiments for verification.
Although the conclusion that HMGBI protein could regulate
the development of CRPC was in accordance with a previous
study, a different mechanism of the effect of HMGBI protein on
CRPC was also identified in the present study.

Based on the data that HMGBI1 protein could induce
androgen-independent increases in the mRNA expression
levels of PSA and TMPRSS2 mRNA, two AR downstream
genes, in an AR-dependent manner, it is suggested that the
mechanism may be related to the regulation of AR transac-
tivating activity to its downstream genes. Interestingly, the
results of the reporter gene assay revealed that HMGBI1 could
enhance AR transactivating activity without the existence of
androgen, which confirmed the aforementioned hypothesis.
Therefore, the potential mechanism of these results is continu-
ally being explored. To date, studies of AR transactivating
activity in CRPC have focused mostly on its ability to bind
to ARE. Selenium suppresses the binding of AR to the ARE
and then inhibits the AR signalling pathway (31). Collak et al
determined that Yes associated protein 1 (YAP1) and AR could
form a complex and ultimately bind to the ARE of PSA (32).

Interestingly, it was determined that HMGBI1 promoted the
ability of AR binding to the AREs of PSA and TMPRSS2
genes in a ChIP assay, which directly identified the promoting
effect of HMGBI protein on AR protein activity.

AR activity is affected not only by ligand binding but also
by homodimerization and by interactions with cofactors (7).
Over 170 cofactors of AR have been found to bind to AR
and influence the transactivating activity of AR at low levels
of androgen (6). The data of BRET performed in the present
study, indicated that HMGBI protein could be a cofactor and
directly interact with AR protein through the formation of an
HMGBI/AR complex in an androgen-independent manner in
CRPC. This, together with the finding that the binding of AR
protein to ARE was promoted by HMGBI protein, demonstrated
that the HMGBI1/AR complex could contribute to the activation
of the AR signalling pathway, which may be the key mechanism
by which the HMGBI protein promotes the malignant progres-
sion of PCa. Thus, disrupting AR/HMGBI interactions may be
an effective strategy for CRPC prevention as well as treatment.

In conclusion, the present study revealed the effects of
HMGBI on the development of CRPC in vitro and in vivo
and described its mechanisms. The results demonstrated that
HMGBI promoted the development of CRPC by interacting
with AR. Targeting HMGB1 may be a novel and effective
treatment strategy for CPRC prevention and treatment.
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