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Introduction

Prostate cancer (PCa) is one of the most common malignant 
tumors of the genitourinary system in middle-aged and 
elderly men (1,2). The incidence of PCa in China has 
increased in recent years, and it has become a serious threat 
to men’s health (3). At present, androgen deprivation therapy 

(ADT) is commonly used clinically to treat patients with 
recurrence and advanced metastasis, but after 12–18 months,  
the disease can progress to castration-resistant PCa (CRPC), 
which can eventually lead to death (4). There is no effective 
treatment for CRPC, and thus new approaches in PCa 
therapy are urgently needed.
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Histone lysine crotonylation (Kcr) is a new type of 
modification found in 2011 that has a similar structure to 
histone lysine acetylation (Kac). Studies have shown that it 
has a certain role in the regulation of transcription, protein 
stability, metabolic pathways, and in the occurrence and 
development of PCa (5,6). Recent studies have shown that 
there is a partial overlap between histone crotonylation sites 
and histone acetylation, indicating the similar biological 
functions of the two modifications (7). Histone modification 
needs to be recognized by the corresponding effector 
protein to function (8). Bromodomain-containing protein 
4 (BRD4) is a member of the bromodomain and extra-
terminal domain (BET) family of proteins and is also an 
effector protein of histone acetylation. BRD4 can bind 
to the sites of histone acetylation and interact with the 
androgen receptor signaling pathway to exert its effects on 
tumor cells (3,9,10). Nevertheless, the relationship between 
BRD4 and crotonylation modification is still unclear. We 
therefore collected the PCa tissues from 72 patients and 
the adjacent tissues of 7 patients, and detect the level of 
histone crotonylation immunohistochemistry. Moreover, 
BRD4 inhibitors including I-BET762, I-BET726, and CPI-
203, with I-BET762 used a positive control [its inhibitory 
effect on tumors has been reported in other studies (11)], 
were used for the first time to explore the effects of BRD4 
inhibitors on histone crotonylation and the potential 
functions of crotonylation in the occurrence of PCa. We 
present the following article in accordance with the MDAR 
checklist (available at http://dx.doi.org/10.21037/tau-21-53).

Methods

Sample source

Specimen source
The tissue samples were purchased from Xi’an Alina 
Biotechnology Co., Ltd. (Xi’an, China), and included PCa 
tissue from 72 patients and adjacent tissue from 7 patients. 
The clinical staging (TNM staging) of the samples was as 
follows: 4 cases in stage 1, 40 cases in stage 2, 12 cases in 
stage 3, and 15 cases in stage 4. Meanwhile, the distribution 
of pathological classification was as follows: 5 cases in grade 
1, well-differentiated and low malignancy; 17 cases in grade 
2, medium differentiation and medium malignancy; 41 cases 
in grade 3, poor differentiation and high malignancy. Some 
of the tumor samples lacked clinical data concerning staging 
or grade.

Cell lines
The cell lines used in this study were human PCa cell lines, 
including PC-3, LNCaP, and C42B cells, purchased from 
the American Type Culture Collection (ATCC, Manassas, 
VA, USA). LNCaP and C42B are androgen-sensitive, 
whereas PC-3 is non-androgen sensitive.

Main reagents

BET762, I-BET726, and CPI-203 were purchased from 
MedChemExpress (NJ, USA), cell counting Kit-8 (CCK-8)  
was purchased from Bimake (Houston, TX, USA), and 
Transwell Chambers were purchased from Corning 
(Corning, NY, USA). Anti-histone crotonylation (Kcr) 
antibody, anti-histone acetylation modification (Kac) 
antibody, and anti-Histone H3 Lys18 crotonylation 
(H3K18cr) antibody at the 18th amino acid position of 
histone H3 were purchased from PTM-Biolabs (Hangzhou, 
China). Anti-actin (β-actin) antibody was purchased from 
Sigma-Aldrich (St. Louis, MO, USA), anti-histone H3 
antibody and BRD4 antibody were purchased from Abcam 
(Cambridge, UK), and anti-histone acetylase P300 antibody 
was purchased from AbSci (Vancouver, WA, USA). Anti-
histone acetylase GCN5 antibody, anti-Cyclin D1 antibody, 
anti-HDAC1 antibody, anti-HDAC2 antibody, anti-
HDAC3 antibody, anti-ACSS2 antibody, anti-AR antibody, 
and anti-PSA antibody were purchased from Santa Cruz 
Biotechnology (Dallas, TX, USA), and C-MYC was 
purchased from Proteintech.

Immunohistochemical test 

After dewaxing, rehydration, antigen retrieval, removal 
of peroxidase, blocking, incubation of primary antibodies 
and secondary antibodies, DAB color development, 
counterstaining, dehydration, and transparency, the sample 
was mounted and observed under an optical microscope. 
The dilution of Kcr was 1:150 while that of H4ac was 
1:1,000. To assess the degree of positive staining of tissue 
sections, dark brown was considered strong positive (3 
points), brown was moderately positive (2 points), light 
yellow was weakly positive (1 point), while the blue nuclei 
staining or no antigen expression was negative (0 points). 
The percentage of cells with different degrees of staining 
was calculated by the following formula: score=∑(PI×I) = 
(percentage of weakly positive cells ×1) + (percentage of 
moderately positive cells ×2) + (percentage of strong positive 
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cells ×3). In this formula, PI represents the percentage of 
positive cells of the total number of cells in the sample, 
and I represents the staining intensity (0–3 points). The 
score ranged from 0 to 300, with a lower score indicating a 
weaker positivity.

Experimental groups

The three PCa cell lines used IC50 as the treatment 
concentration of I-BET762, I-BET726 and CPI-203. For 
example, the IC50 of I-BET762 was used for the treatments 
of the three I-BET762 groups, with the IC50 of PC-3 being 
85 nmol/L, the IC50 of LNCaP being 52 nmol/L, and the 
IC50 of C42B being 63 nmol/L.

Western blotting

Electrophoresis followed by membrane transfer, blocking, 
and primary antibody and secondary antibody incubation 
was performed, after which the Odyssey CLX dual infrared 
laser imaging system (LI-COR Biosciences, Lincoln, 
NE, USA) was used for membrane imaging. The primary 
antibody dilutions were the following: anti-Pan-Kcr 
antibody 1:1,000, anti-Pan-Kac antibody 1:1,000, anti-
H3K18cr antibody 1:1,000, anti-P300 antibody 1:1,000, 
anti-GCN5 antibody 1:500, anti-H3 antibody 1:1,000, and 

anti-β-actin antibody 1:2,000.

Qualitative real time polymerase chain reaction (qRT-PCR)

The total RNA was extracted, and reverse transcribed to 
obtain complement DNA (cDNA), β-actin was then used 
as the internal control, and the mRNA expression was 
detected by SYBR Green kit (TaKaRa, China). The primer 
sequences are shown in Table 1.

CCK-8 assay

A 0–5 d cell growth curve was made according to the 
kit instructions. Specifically, about 1×105 cells per well 
were added to the 96-well plate and cultured for the 
corresponding number of days. CCK-8 detection reagent 
and medium were mixed to a ratio of 1:10. The medium in 
the 96-well plate was then aspirated, and 100 μL of diluted 
reagent was added to each well. The 96-well plate was 
then incubated in a 37 ℃ incubator for 0.5–4 h until the 
color turned orange, the absorbance at 450 nm was then 
measured with a fluorescence counter, and a cell growth 
curve was made accordingly. 

Cell cycles detected by flow cytometry

The treated cells were first digested with 0.25% trypsin, 
collected in a flow tube, resuspended in 70% ethanol, and 
fixed overnight at 4 ℃ in the dark. After fixation, RNaseA 
(final concentration 100 U/mL) was then added to the cell 
suspension, and incubated at 37 ℃ for 40 min in the dark, 
after which propidium iodide (PI) (final concentration 
50 μg/mL) was added, and incubated at 37 ℃ for another  
30 min in the dark before the flow cytometry was used for 
the detection of cell cycles.

Cell scratch test

About 5×105 cells per well were added to the 6-well plate 
and incubated overnight in a 37 ℃ incubator until the 
cells are confluent. A 1 mL pipette tip was used to make a 
scratch in the middle of the cells in the 6-well plate. The 
cells were then washed away with phosphate-buffered saline 
(PBS), and serum-free medium was added afterward. The 
pictures and samples were taken at 0, 12, and 24 h time 
points, and ImageJ software (US National Institutes of 
Health, Bethesda, MD, USA) was used to calculate the cell 
migration distance in the corresponding sampling point.

Table 1 Primer sequence

Primer Sequence

GCN5-F AAAACCCTGGACGGAGTATGT

GCN5-R GGTAGAGGGCCATAGCAGAGA

P300-F CGTTGCCCTATCTCCGTCTC

P300-R GGGAGCAATCGGGTAATTTTCC

AR-F CGCCCCTGACCTGGTTT

AR-R GGCTGTACATCCGGGACTTG

KLK3-F CACCTGCTCGGGTGATTCTG

KLK3-R TGCCCCATGACGTGATACCT

TMPRSS2-F GTCCCCACTGTCTACGAGGT

TMPRSS2-R CAGACGACGGGGTTGGAAG

SLC45A3-F CCTTCACGCTGTTTTACACGG

SLC45A3-R CGCCTTCATCATAGTGTCTCC

FKBP1-F GGTGCCAGATTGGCCTCAC

FKBP1-R GGGGCTGTGTACTGGAAAAAT
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Transwell experiment

Cell suspension density was adjusted to [1–5]×105/mL with 
a serum-free medium (adjusted according to different cell 
migration and invasion capabilities). Next, 100–200 μL of 
these cell suspensions were added into the upper chamber 
of the Transwell in a 24-well plate and given different 
treatments, and 500 μL of medium containing fetal bovine 
serum was then added to the lower chamber. The cells 
were incubated in a 37 ℃ incubator for 12 to 48 h. After 
incubation, cells were then fixed with 4% paraformaldehyde, 
and the cells in the upper chamber were wiped off, 
stained with 0.1% crystal violet at room temperature, and 
decolorized with 33% acetic acid. The eluate was then used 
to measure the absorbance value at 570 nm with a microplate 
reader. The experiment was repeated 3 times.

Statistical analysis

SPSS 23.0 software (IBM Corp., Armonk, NY, USA) was 
used for statistical analysis. Quantitative data are expressed 
as mean ± SD, single-factor analysis of variance was used for 
comparison between groups, and the Student–Newman–
Keuls (SNK) method was used for pairwise comparison 
within groups. Qualitative data are expressed as percentages, 
and comparisons between groups were performed by χ2 test. 
A P value <0.05 was used to indicate statistically significant 
differences.

Results

Comparison of Kcr and H4ac between PCa tissues and 
adjacent tissues

As shown in Figure 1, the expression level of Kcr in PCa 
tissue was relatively weak, and it decreased to varying 
degrees in the nucleus and cytoplasm. The scores of the 
two modifications in PCa and adjacent tissues were also 
compared. The results showed that Kcr was significantly 
lower in PCa tissues than in adjacent tissues (P<0.05), 
whereas there was no statistical difference in the staining 
intensity and score of H4ac in cancerous versus adjacent 
tissues.

Correlation between Kcr and H4ac levels and PCa stages 
and grades

In PCa tissues of different clinical stages (stages 1–4), there 
was no difference between Kcr and H4ac (Figure 2). In 

terms of different grades (grades 1–3), the difference in 
H4ac levels was also not statistically significant. However, 
Kcr levels were found to increase with the increasing 
malignancy of PCa (Figure 3).

Evaluation of the effectiveness of BRD4 inhibitors in PCa 
cell lines

When the PC-3, LNCaP, and C42B cell lines were treated 
with I-BET762, I-BET726, and CPI-203, the expression 
level of C-MYC protein was measured, with the results 
showing that the expression level of C-MYC protein was 
significantly inhibited (Figure 4).

The effects of BRD4 inhibitors and sodium crotonate on 
the proliferation of PCa cell lines

The results of flow cytometry measuring the cell cycles 
showed that after the addition of the three BRD4 inhibitors, 
the proportion of G1 phase cells of the PCa cell lines 
increased significantly, while the percentages of S phase cells 
decreased. However, when sodium crotonate was added, the 
cell cycle did not change significantly (Figures 5,6). CCK-8 
testing results showed that the three BRD4 inhibitors had a 
significant inhibitory effect on the proliferation of PCa cell 
lines, whereas, after the addition of sodium crotonate, the cell 
proliferation function was significantly improved (Figures 7,8). 
Therefore, it seems that the BRD4 inhibitors could inhibit 
the proliferation of PCa cells, whereas histone crotonylation 
could promote the proliferation of PCa cell lines.

Effects of BRD4 inhibitors and sodium crotonate on the 
migration and invasion of PCa cell lines

In the scratch test, the migration distance of PCa cell lines 
with the addition of BRD4 inhibitors was significantly 
shortened compared with that of the control group, 
whereas, when sodium crotonate was added, the migration 
distance of the PCa cell lines increased significantly 
compared to that of the control group (Figures 9,10). In 
the Transwell experiment, the number of PCa cells passing 
through the matrix membrane in the BRD4 inhibitor 
treatment groups was significantly reduced compared with 
that of the control group (Figures 11,12), while the addition 
of sodium crotonate significantly increased the number of 
cells passing through the matrix membrane. Therefore, 
BRD4 inhibitors could inhibit the migration and invasion 
of PCa cells, while histone crotonylation could promote the 
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migration and invasion of PCa cells.

Effects of BRD4 inhibitors on histone modification

After the PC-3, LNCaP, and C42B cell lines were treated 
with I-BET762, I-BET726, and CPI-203 for 24, 48, and 
72 h, the levels of histone modification of Kac, Kcr, and 
H3K18cr decreased significantly, and with the longer 
duration of treatment, both modifications showed a 
downward trend (Figure 13). To confirm that the decline of 
the two modifications was indeed caused by the inhibition 
of BRD4 function, we transiently knocked down the 
expression of BRD4 in three PCa cell lines and indeed 
found that the levels of histone modifications including 
those of Kac, Kcr, and H3K18cr were significantly 

downregulated (Figure 13) confirming that BRD4 could 
regulate histone modifications.

The effects of BRD4 inhibitors on histone modification-
related enzymes

When PC-3, LNCaP, and C42B cell lines were treated 
with I-BET762, I-BET726, and CPI-203, the protein 
expression level of histone acetyltransferase GCN5 and 
P300 was downregulated; however, the protein expression 
level of histone deacetylase (HDAC) enzymes did not 
change (Figure 14).  Furthermore, after BRD4 was 
transiently knocked down, the expression levels of those 
enzymes showed a similar pattern as that of the treatment 
groups (see Figure 14).

Figure 1 Immunohistochemical test of Kcr and H4ac in prostate cancer and adjacent tissues (×400). Kcr, lysine crotonylation; H4ac, 
acetylated histone H. *P<0.05.

Kcr

H4ac

Normal Cancer

Normal 
Cancer

150

100

50

0

S
co

re

Kcr H4ac
Acylation

Prostate cancer

Normal 

Cancer

250

200

150

100

50

0

S
co

re

Kcr Kcr H4ac H4ac

Prostate cancer

NS

*



905Translational Andrology and Urology, Vol 10, No 2 February 2021

  Transl Androl Urol 2021;10(2):900-914 | http://dx.doi.org/10.21037/tau-21-53© Translational Andrology and Urology. All rights reserved.

Effects of BRD4 inhibitors on androgen receptor signaling 
pathway

Since the androgen receptor signaling pathway plays an 
important role in the occurrence and development of PCa, 
we measured the expression level of marker proteins in this 

pathway. Since PC-3 cells are non–androgen-dependent 
cells, this experiment chose androgen-dependent PCa 
LNCaP cells and castration-resistant PCa C42B cells. 
After treating the two types of cells with I-BET762, 
I-BET726, and CPI-203, we found that the expression 
levels of androgen receptor and prostate-specific antigen 

Figure 2 Comparison of Kcr and H4ac levels in prostate cancer 
tissues with different clinical stages. Kcr, lysine crotonylation; 
H4ac, acetylated histone H.
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decreased in the (Figure 15). Furthermore, we measured the 
expression levels of downstream target genes including AR, 
KLK3, TMPREE2, SLC45A3, and FKBP1 in the androgen 
receptor signaling pathway, and found that mRNA 
expression level was also significantly inhibited. Similar 
results were obtained when the BRD4 was knocked down 
transiently.

Discussion

The occurrence and development of PCa are the results 
of the malignant proliferation, migration, and invasion of 
tumor cells caused by a series of genetic and environmental 
factors; these factors constitute a complicated pathogenesis 
which eludes a comprehensive understanding (12). 
At present, the main treatment for PCa is surgery, 
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radiotherapy, and chemotherapy. However, in the face of 
the diversity of PCa types, traditional treatment methods 
have encountered many insurmountable difficulties (13,14). 
In recent years, the studies on histone modification have 
progressed rapidly, and histone lysine residue can now 
be both acetylated and crotonylated. The structure of 
histone crotonylation modification is like that of acetylation 
modification, and it has a significant impact on the overall 
transcription functions (15,16). At present, relatively few 
studies have focused on the biological functions of histone 
crotonylation, and even fewer studies have examined its role 
in tumorigenesis and development. Since abnormalities of 

histone modification are common in tumors, we observed 
a high level of histone crotonylation in PCa tissues; 
furthermore, we found this level to be closely related to the 
pathologic grades of tumors. Therefore, we speculated that 
histone crotonylation may be a potential therapeutic target 
for PCa.

Hundreds of inhibitors for histone modification–related 
enzymes have been reported. These drugs can inhibit tumor 
proliferation, migration, invasion, differentiation, and 
epithelial–mesenchymal transition in different tumors (17).  
Moreover, many new high-efficiency small molecule 
inhibitors targeting effector proteins of histone acetylation 

Figure 7 Effects of BRD4 inhibitors on the proliferation of prostate cancer cell lines.

Figure 8 Effects of BRD4 inhibitors and sodium crotonate on the proliferation of prostate cancer cell lines.
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Figure 9 Effects of BRD4 inhibitors on the migration of prostate cancer cell lines by scratch test (40×).

Figure 10 Effects of BRD4 inhibitors and sodium crotonate on the migration of prostate cancer cell lines by scratch test (40×).
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have been developed, such as the BRD4 inhibitor, 
I-BET762 (3). BRD4 exists in multiple locations in the 
cell; it can undergo plasma–nuclear shuttling and affect the 
expression of cyclin E/D1, promoting cell proliferation and 
metastasis (18). Our study showed that BRD4 inhibitors 
have a significant inhibitory effect on the proliferation, 
migration, and invasion of PCa cells. Given its effectiveness 
on both non–androgen-dependent PC-3 and androgen 
castration-resistant C42B cells, this is of great significance 
to the treatments of these two currently difficult-to-treat 
PCa. Our results also showed that increasing histone 
crotonylation can promote the function of PCa cells, which 
is consistent with the observation that the increase of 

histone crotonylation in PCa correlated with the increasing 
malignancy.

Previous studies have shown that BRD4 is generally 
regarded as a recognition protein for histone acetylation 
modification and plays its biological function as an 
independent transcription factor (19). Other reports 
have also indicated that histones themselves can act as 
histone acetyltransferases to catalyze histone acetylation 
modification in vitro (6). Our results showed that BRD4 
does not have the enzyme activity for histone modification; 
in other words, BRD4 cannot catalyze histone modification 
in vivo. However, it can regulate the level of histone 
modification by regulating the expression level of the 

Figure 11 Crystal violet stains the invaded cells in the Transwell chamber to detect the effects of BRD4 inhibitors on the invasiveness of 
prostate cancer cell lines (100×).
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Figure 12 Crystal violet stains the invaded cells in the Transwell chamber to detect the effects of BRD4 inhibitors and sodium crotonate on 
the invasiveness of prostate cancer cell lines (100×).
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Figure 13 Effects of BRD4 inhibitors on histone modifications of prostate cancer cell lines. BRD4, bromodomain-containing protein 4; 
Kac, lysine acetylation; Kcr, lysine crotonylation; H3K18cr, histone H3 Lys18 crotonylation; H3, histone 3.
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histone acetylase, GCN5 and P300. 
BRD4 can inhibit the activation of the androgen 

receptor signaling pathway, whereas histone crotonylation 
can activate the androgen receptor signaling pathway. By 
using BRD4 inhibitors and short hairpin RNA (sh-RNA) 
to inhibit and transiently knockdown BRD4 expression, we 
found that the expression level of androgen receptor and the 
activities of the androgen signaling pathway were inhibited. 
Furthermore, we also found that sodium crotonate could 
reactivate the androgen receptor signaling pathway by 
specifically improving the level of histone crotonylation. 
Importantly, this phenomenon was also observed in 
the androgen-resistant PCa cell line, C42B. It has been 
reported that mutations and re-splicing of the androgen 
receptor occur in castration-resistant PCa. The activation 
of abnormal androgen receptor signaling pathways is 
closely related to the progression, metastasis, invasion, and 
recurrence of PCa (20). Based on our results, we believe 

that BRD4 inhibitors can regulate histone crotonylation 
by regulating the expression of GCN5 and P300, thereby 
inhibiting the activation of the androgen receptor signaling 
pathway, which can potentially be used effectively in the 
treatment of castration-resistant PCa. Given the close 
relationship between histone crotonylation and PCa, we 
believe that the degree of malignancy of PCa is related to 
the excessive activation of the androgen receptor signaling 
pathway, although this needs to be further verified.

This study also has certain limitations. First, sodium 
crotonate can increase the level of the overall histone 
crotonylation in the cell. It is not clear which sites of the 
crotonylation cause the change of the biological function. 
This may require the use of antibodies targeting multiple 
sites of histone crotonylation coupled with chromatin 
immunoprecipitation (CHIP-Seq) to determine the 
corresponding biological functions for various histone site 
modifications. Secondly, recent studies have found that 

Figure 14 Effects of BRD4 inhibitors on the expression levels of histone modification enzymes in the prostate cancer cell lines. GCN5, 
general control non-depressible 5.
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Figure 15 Effects of BRD4 inhibitors on the androgen receptor signaling pathway of prostate cancer cell lines. AR, androgen receptor; PSA, 
prostate-specific antigen; Kcr, lysine crotonylation; H4ac, acetylated histone H; H3, histone 3.
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effects of other modifications are still not clear. In this 
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be further explored in subsequent research.

Conclusions

In PCa cell lines, histone acetylation effector protein 
BRD4 can regulate histone crotonylation by modulating 
the expression levels of histone acetyltransferases, GCN5 
and P300. In androgen-dependent PCa cell line, LNCaP, 
and castration-resistant PCa cell line, C42B, histone 
crotonylation can specifically activate the androgen receptor 
signaling pathway. Histone crotonylation can promote cell 
proliferation, migration, and invasion of PCa cell lines. 
Therefore, histone crotonylation can be used as a potential 
therapeutic target for the treatment of PCa.
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