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Abstract
Background.  Nonfunctioning pituitary adenoma (NFPA) and growth hormone pituitary adenoma (GHPA) are major 
subtypes of pituitary adenomas (PAs). The primary treatment is surgical resection. However, radical excision re-
mains challenging, and few effective medical therapies are available. It is urgent to find novel targets for the treat-
ment. Bromodomain-containing protein 4 (BRD4) is an epigenetic regulator that leads to aberrant transcriptional 
activation of oncogenes. Herein, we investigated the pathological role of BRD4 and evaluated the effectiveness of 
BRD4 inhibitors in the treatment of NFPA and GHPA.
Methods. The expression of BRD4 was detected in NFPA, GHPA, and normal pituitary tissues. The efficacies of 
BRD4 inhibitors were evaluated in GH3 and MMQ cell lines, patient-derived tumor cells, and in vivo mouse xen-
ograft models of PA. Standard western blots, real-time PCR, and flow cytometry experiments were performed to 
investigate the effect of BRD4 inhibitors on cell cycle progression, apoptosis, and the expression patterns of down-
stream genes.
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Results.  Immunohistochemistry studies demonstrated the overexpression of BRD4 in NFPA and GHPA. In 
vitro and in vivo studies showed that treatment with the BRD4 inhibitor ZBC-260 significantly inhibited the 
proliferation of PA cells. Further mechanistic studies revealed that ZBC-260 could downregulate the expres-
sion of c-Myc, B-cell lymphoma 2 (Bcl2), and related genes, which are vital factors in pituitary tumorigenesis.
Conclusion.  In this study, we determined the overexpression of BRD4 in NFPA and GHPA and assessed the 
effects of BRD4 inhibitors on PA cells in vitro and in vivo. Our findings suggest that BRD4 is a promising 
therapeutic target for NFPA and GHPA.

Key Points

1. �BRD4 is overexpressed in NFPA and GHPA.

2. �BRD4 inhibitors reduced PA cell proliferation in vitro and in vivo.

Pituitary adenoma (PA) is one of the most common intra-
cranial neuroendocrine tumors. As previous epidemiology 
studies have suggested, the prevalence of PA ranges from 
1 in 865 persons to 1 in 2688 persons and has increased 
in recent years.1 PA can result in significant morbidity and 
mortality caused by mass effects and excessive pituitary 
hormone secretion.2 Depending on their hormone-secreting 
capabilities, PAs are classified as clinically nonfunctioning 
PAs (NFPAs) or functioning PAs (FPAs). FPAs may secrete 
one or more of the following hormones: prolactin (PRL), 
growth hormone (GH), adrenocorticotropic hormone, thy-
roid-stimulating hormone, follicle-stimulating hormone, 
and luteinizing hormone. PRLPA is the most common sub-
type, accounting for 32‒51% of PA, and medical therapy 
with dopamine agonist is the preferred initial treatment for 
these patients.2 NFPA and GHPA are the two most common 
types in surgical series, comprising approximately 14‒54% 
and 8‒16% of all adenomas, respectively.1 Patients with 
NFPA can range from being asymptomatic to experiencing 
significant headaches, hypopituitarism, and visual field 
defects.1 Prolonged exposure to excess GH can lead to a 
wide range of systemic manifestations, including extremity 
and facial feature enlargement and cardiovascular, meta-
bolic, endocrine, gastrointestinal, respiratory, and skeletal 
system complications, which are associated with increased 
mortality.3

Transsphenoidal resection has been adopted as the 
primary therapy for the treatment of NFPA and GHPA. 
However, radical excision can be difficult, since NFPA and 
GHPA are usually macroadenomas and sometimes feature 
suprasellar or parasellar extensions.4 Furthermore, NFPA 
and GHPA may also exhibit aggressive behavior character-
ized by high proliferation potential, which can lead to early 
recurrence after surgical resection.5,6 Therefore, to achieve 

long-term remission, an optimal treatment strategy com-
bining surgery, medication, and radiation therapy is 
recommended. Unfortunately, for GHPA, the reported bio-
chemical response rate of the currently available first-line 
medical therapies, somatostatin analogues (SSAs), ranges 
from only 17% to 37%.7 For NFPA, no effective medical 
therapy has yet been approved. Although the expression 
of dopamine receptors and somatostatin receptors has 
been confirmed in NFPA by ex vivo study, only a minority 
of NFPA patients show benefits from dopamine agonists 
and SSAs.8 The current situation highlights the urgent need 
to find additional effective drugs for the treatment of NFPA 
and GHPA.

As emerging evidence in recent years has indicated that 
epigenetic alterations contribute to PA formation, we tend 
to investigate the epigenetic modulators as new antitumor 
drugs for the treatment of PA.9,10 Bromodomain-containing 
protein 4 (BRD4) belongs to the bromodomain and 
extraterminal domain (BET) family.11 Functionally, it acts as 
a chromatin reader that specifically recognizes the acetyl-
ated lysine in histone tails and facilitates the localization 
of chromatin regulatory cofactors, thereby regulating tran-
scription initiation and elongation.12,13 BRD4 also serves as 
a mitotic bookmark and plays a key role in cell cycle pro-
gression.14 Ectopic expression of BRD4 in cultured cells 
results in G1/S arrest, while inhibition of BRD4 function 
by injection of anti-BRD4 antibodies arrests cells in G2/M 
phase.15 Emerging evidence has confirmed that dysfunc-
tion of BRD4 could lead to aberrant transcriptional activa-
tion of oncogenes, notably c-Myc and B-cell lymphoma 2 
(Bcl2), in hematological carcinoma and a wide range of 
solid tumors (melanoma, neuroblastoma, breast cancer, 
glioblastoma, etc).16–19 BRD4 inhibitors, which are now in 
active clinical development, can effectively downregulate 

Importance of the Study

This is the first study to explore the therapeutic potential 
of targeting BRD4 in PAs. Both genetic knockdown and 
pharmacological inhibition of BRD4 with the BRD4 inhibitor 

ZBC-260 significantly reduced the proliferation of NFPA 
and GHPA cells, which provides a strong rationale for the 
development of BRD4 inhibitors for translation in the future.
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the expression of c-Myc and Bcl2, induce cell cycle arrest, 
and suppress tumor growth and metastasis both in vitro 
and in vivo.20–22 In addition, combinations of BET inhibitors 
and other targeted small molecules have shown significant 
cytotoxic effects in human cancers and become a prom-
ising strategy to overcome drug resistance.23–25 According 
to the literature, abnormal expression of c-Myc and Bcl2 
has long been indicated in PA, which suggests that c-Myc 
and Bcl2 interactions are vital factors in pituitary tumori-
genesis and progression.26–29 However, a role for BRD4 in 
PA remains elusive and needs further investigation.

In this study, we detected overexpression of BRD4 in 
NFPA and GHPA and assessed the effect of a BRD4 in-
hibitor on PA cells in vitro and in vivo. Our findings sug-
gest that BRD4 is a promising therapeutic target for NFPA 
and GHPA.

Materials and Methods

Cell Culture

The GH3 cell line (cat. no. CCL-82.1) and MMQ cell line (cat. 
no. CRL-10609) were purchased from the American Type 
Culture Collection and cultured in Ham’s F-12K medium 
(Shanghai BasalMedia Technologies) supplemented with 
2.5% fetal bovine serum, 15% horse serum, and 1% peni-
cillin/streptomycin (all Gibco). Before experiments, all cell 
cultures were maintained in an incubator at 37°C supple-
mented with 5% CO2.

Microarray Data

The microarray data have been deposited in the National 
Center for Biotechnology Information Gene Expression 
Omnibus (https://www.ncbi.nlm.nih.gov/geo/) under acces-
sion number GSE51618 as detailed in the Supplementary 
Material.

Immunohistochemistry

Paraffin sections of human normal pituitary, NFPA, GFPA, 
and xenograft tumors were immunostained with anti-
BRD4 antibody and anti-hormones antibodies as detailed 
in the Supplementary Material. The immunoreactivity was 
measured and quantified with Image-Pro Plus 6.0.

Cell Viability Assay

Cells were seeded in 96-well plates at a density of 5000 
cells per well and then incubated with dimethyl sulfoxide 
(DMSO; control) or a series of 2-fold-diluted concentra-
tions of JQ-1 (cat. no. HY-13030, MedChemExpress), OTX-
015 (cat. no. HY-15743, MedChemExpress), and ZBC-260 
for 4  days. Three replicates were made for each concen-
tration of the drugs. After incubation, Cell Titer-Glo lumi-
nescent assays (cat. no. G7572, Promega) were performed 
to measure cell viability following the manufacturer’s 
protocol.

RNA Interference Study

The small interfering (si)RNAs for BRD4 and negative 
control siRNA (siCtrl) were synthesized by Shanghai 
Genomeditech, and the transfection was performed fol-
lowing the instructions of Lipofectamine RNAiMAX 
Transfection Reagent (cat. no. 13778075, Invitrogen). These 
experiments were performed in triplicate and are detailed 
in the Supplementary Material.

Western Blot Analysis

Western blot was performed as previously described.30 
The blots were blocked in 5% nonfat milk and incubated 
with primary antibody overnight at 4°C, followed by incu-
bation with horseradish peroxidase–conjugated second 
antibody at room temperature for 1 hour and the bands 
were detected in a ChemiScope 3400 imaging system 
using electrochemiluminescence substrate (cat. no. 32106, 
Thermo Scientific). All experiments, as outlined in the 
Supplementary Material, were repeated 3 times.

Real-Time Polymerase Chain Reaction

Total RNA from cells was extracted using TRIzol rea-
gent (cat. no. R401-01, Vazyme Biotech). Reverse tran-
scription was carried out to obtain cDNA using HiScript 
II qRT SuperMix (cat. no. R222-01, Vazyme Biotech). 
Real-time PCR was performed using AceQ qPCR SYBR 
Green Master Mix (cat. no. Q141-02, Vazyme Biotech), 
and amplification was detected with a Quant Studio 
6 Flex Real-Time PCR System (ABI). Every sample was 
tested in triplicate. The primer sequences are listed in 
Supplementary Table 1.

Clonogenic Assay

Clonogenic assay was performed as previously de-
scribed.31 For the isRNA and inhibitor-treated GH3 cells, the 
colonies were fixed with 4% paraformaldehyde and stained 
with 0.1% crystal violet as detailed in the Supplementary 
Material. Three replicates were made in clonogenic assay. 
The colonies were counted with Image-Pro Plus 6.0.

Flow Cytometry Assay

GH3 cells were plated in 6-well plates at a concentration 
of 1 × 106 cells/well and treated with different concentra-
tions of ZBC-260 for 48 hours. For cell cycle analysis, sam-
ples were stained with propidium iodide (cat. no. A211-01, 
Vazyme Biotech) for 30 minutes at room temperature. For 
apoptosis assay, cells were incubated with a fluorescein 
isothiocyanate–labeled annexin V antibody and propidium 
iodide (cat. no. A211-01, Vazyme Biotech) for 10  min. The 
cell cycle phase distribution and apoptosis were detected 
with FACSCalibur (BD Pharmingen) as previously re-
ported.30 Data were presented as the mean ± SD of tripli-
cate samples.

https://www.ncbi.nlm.nih.gov/geo/
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa084#supplementary-data
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Tissue Samples and Primary Cell Culture

Two normal rat pituitary samples were de-
rived from 3-month-old Fischer-344 male rats. For 
immunohistochemistry (IHC) study, a total of 62 samples 
were collected, comprising 5 with normal pituitary tis-
sues, 41 with NFPAs, and 16 with GHPAs (Supplementary 
Table 2). Normal pituitary samples were obtained from 
cadaveric organ donations with no evidence of any en-
docrine disease (Fudan University). For primary cell 
culture, 7 tumor samples (Supplementary Table 2) were 
processed into single-cell suspensions immediately after 
surgical detachment and were cultured with 10% fetal bo-
vine serum containing DMEM as previously reported.32 
PA tissues were surgically removed at the Neurosurgery 
Department, Huashan Hospital, Fudan University, be-
tween 2018 and 2019. Histological diagnoses were per-
formed at the Pathology Department, Huashan Hospital, 
Fudan University, according to the 2017 World Health 
Organization classification. The clinical diagnosis of ad-
enomas was based on the hormone levels measured 
in the serum of the patients and on histological diag-
nosis including hormone expression. NFPA was further 
classified pathologically into gonadotroph adenomas 
(GPAs), null cell adenomas (NCAs), and silent adenomas 
(SPAs). Silent adenomas were tumors for which patients 
present without endocrine hypersecretion syndrome or 
laboratory repercussion but had histological and IHC 
features consistent with a well-differentiated lineage-
specific adenoma. The study was approved by the ethics 
committee at Huashan Hospital, and the samples were 
obtained after acquiring written informed consent from 
all patients.

Xenograft Experiment

BALB/c nude mice were used for generation of the GH3 
xenograft model.33 Six- to 8-week-old male mice were 
subcutaneously injected with GH3 cells (2.5 × 106) mixed 
with Matrigel Matrix (cat. no.  354262, Corning) in one 
flank. Tumor size was measured every 3 days, and tumor 
volume was calculated as width2 × length × 0.5. ZBC-260 
was intragastrically administered at a dose of 2.5  mg/
kg once daily when the tumor volumes approached ap-
proximately 100 mm3. All mice were sacrificed upon com-
pletion of the 26-day experiment, and the tumors were 
excised, weighed, and frozen at −80°C for protein studies. 
A  portion of each tumor was embedded in paraffin for 
IHC studies. All animal experiments were approved 
by the Institutional Animal Care and Use Committee, 
Shanghai Institute of Materia Medica, Chinese Academy 
of Sciences.

Statistical Analysis

Statistical analysis was performed using GraphPad 
Prism 6 software. The data in this study are shown as the 
mean ± SD. Mann–Whitney tests and two-tailed Student’s 
t-tests were used for comparisons between 2 groups. 
P-values <0.05 were considered to indicate significance.

Results

BRD4 Is Overexpressed in NFPA and GHPA

Analysis of publicly available gene expression data from the 
Gene Expression Omnibus repository datasets (GSE51618) 
revealed a strong overexpression of BRD4 in NFPA com-
pared with normal pituitary tissue (Supplementary Figure 
1). For identifying the expression profile of BRD4 in NFPA 
and GHPA, archived paraffin-embedded specimens in-
cluding 5 normal adenohypophysis, 41 NFPA, and 16 GHPA 
samples were selected for IHC (Fig.  1A). There were 27 
GPAs, 9 NCAs, and 5 SPAs contained in the NFPA group. 
The immunoreactivity of BRD4 protein in each sample 
was identified and quantified by using integrated optical 
density (IOD). Comparison of the IOD values between 
normal and tumor tissues revealed significant increases 
in BRD4 expression in NFPA (P  <  0.0001) and GHPA 
(P < 0.0001) tissues, but there was no significant difference 
in BRD4 expression between the NFPA subtypes (Fig. 1B). 
Furthermore, in the sequential IHC sections of normal 
pituitary tissue, it was shown that all neuroendocrine 
hormone-positive cell clusters in normal pituitary tissue 
were negative for BRD4 (Supplementary Figure 2). To verify 
the IHC findings, we compared the BRD4 protein levels in 
normal adenohypophysis tissue with those in NFPA and 
GHPA tissues by western blot analysis. We also performed 
western blot analysis on normal rat pituitary, rat GH3, and 
rat MMQ cell lines. The results indicated that BRD4 was 
significantly overexpressed in PA tissues and GH3 and 
MMQ cell lines, which was consistent with the IHC results 
(Fig. 1C, D). The upregulation of BRD4 in NFPA and GHPA 
suggests a potential role for BRD4 in promoting PA trans-
formation and growth.

BRD4 Knockdown Displayed Anti-Proliferative 
Effects in GH3 Cells

To determine the function of BRD4 in PA, 3 BRD4-specific 
siRNAs were constructed and delivered to GH3 cells. The 
efficiency of siRNA-mediated knockdown was confirmed 
by real-time PCR and western blot analysis at 24 hours 
post transfection (Fig. 2A, B). SiRNA#3 was chosen for fur-
ther studies because it had the greatest BRD4 knockdown. 
Notably, genetic knockdown of BRD4 significantly reduced 
GH3 cell proliferation (P  <  0.001) and impaired GH3 cell 
colony formation (P < 0.01) (Fig. 2C, D). Taken together, our 
data suggest that BRD4 is indispensable for the mainte-
nance of GH3 cell proliferation and may be a therapeutic 
target for PA.

BRD4 Inhibitors Attenuated the Viability of 
GH3 and MMQ Cell Lines and Primary PA Cells 
In Vitro

To further test the sensitivity of PA to treatment with BRD4 
inhibitors, we tested the anti-proliferative effects of 3 well-
studied BRD4 inhibitors (JQ-1, OTX-015, and ZBC-260) 
in the GH3 cell line. After 4 days of treatment, the BRD4 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa084#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa084#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa084#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa084#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa084#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa084#supplementary-data
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inhibitors exhibited promising anti-proliferative effects 
in GH3 cells, among which ZBC-260 was the most potent 
compound, with a half-maximal inhibitory concentration 
value of 18 nM (Fig. 3A). Subsequently, we exposed GH3 
cells to ZBC-260 at concentrations varying from 5  μM to 
39 nM for 24, 48, 72, and 96 hours. The cytostatic effect of 
ZBC-260 was time and dose dependent (Fig. 3B). Moreover, 
to further evaluate the long-term inhibitory effect of ZBC-
260 on GH3 cells, a clonogenic assay was performed. As 
demonstrated in Fig. 3C, prolonged exposure to ZBC-260 
at concentrations of 5 nM (P < 0.01) and 10 nM (P = 0.001) 
for 3 weeks also significantly inhibited the colonization of 
GH3 cells. The anti-proliferative effects of JQ1, OTX015, 
and ZBC-260 were also potent in the MMQ cell line 
(Supplementary Figure 3A). The positive cell line–based 

results impelled us to further investigate the impact of the 
compound on primary pituitary adenoma cells. Patient-
derived PA cells were then incubated with ZBC-260 at 
concentrations of 0, 0.8, and 1.6 µM for 4 days. The results 
showed that ZBC-260 also significantly suppressed the vi-
ability of primary NFPA and GHPA cells (Fig. 3D). In sum-
mary, all of these data suggest that BRD4 inhibitors may be 
plausible agents for the treatment of PA.

The BRD4 Inhibitor Arrested the Cell Cycle at 
G2/M Phase and Induced Apoptosis in GH3 Cells

To preliminarily investigate the mechanism of the anti-
proliferative effect of the BRD4 inhibitor in GH3 cells, 
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cell cycle progression and apoptosis were analyzed after 
treating GH3 cells with ZBC-260 at concentrations of 200, 
100, 50, and 0  nM for 48 hours. According to the flow 
cytometry results, BRD4 inhibition altered the cell cycle 
distribution, increasing the proportion of cells in G2/M 
phase (Fig. 4A, B). This finding was then reinforced by the 
decreased expression of the G2/M-specific protein cyclin 
B2 (Fig.  4C). Additionally, annexin V staining assays re-
vealed that treatment with ZBC-260 dose-dependently in-
creased the proportion of apoptotic cells followed by the 
activation of cleaved caspase-3, which was detected by 
western blotting (Fig. 4D–F). Taken together, these results 
reveal the molecular mechanism that accounts for the anti-
proliferative effect of BRD4 inhibition.

The BRD4 Inhibitor Impeded Pituitary Tumor 
Growth In Vivo

To evaluate the impact of the BRD4 inhibitor on GH3 cells in 
vivo, we generated a xenograft PA model by transplanting 
GH3 cells subcutaneously into the flanks of BALB/c nude 

mice. Once the tumor volume approached approximately 
100 mm3, treatment was started with intragastric adminis-
tration of 2.5 mg/kg ZBC-260 or vehicle control once daily 
for 26 days. All mice were sacrificed after completion of the 
26-day experiment. Treatment with ZBC-260 significantly 
inhibited tumor growth with regard to tumor volume 
(43% inhibition, P  <  0.01) and tumor weight (47% inhi-
bition, P  <  0.01) in comparison with the control regimen 
(Fig. 5A–C). Additionally, treatment with ZBC-260 showed 
minimal effects on mouse body weight, demonstrating its 
safety (Fig. 5D). Since ZBC-260 was designed as a highly 
efficacious BRD4 degrader, we further analyzed the expres-
sion profile of BRD4 in xenograft tumor tissues.34 As ex-
pected, significant decreases in BRD4 were observed in the 
ZBC-260–treated mice (P < 0.05) (Fig. 5E, F).

BRD4 Inhibitor Decreased the Expression of 
c-Myc and Bcl2 in GH3 and MMQ Cell Lines

Since BRD4 inhibition has been proven to be efficient in 
downregulating c-Myc and Bcl2 in many tumors, the 
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influence of the BRD4 inhibitor on the expression of these 
2 target genes in GH3 cells was then investigated to gain 
further mechanistic insight. Treatment with ZBC-260 for 6 
hours and 12 hours notably decreased the expression of 
BRD4, Bcl2, and c-Myc (Fig. 6A, B). The effects of the BRD4 
inhibitor ZBC-260 on the expression of BRD4 and c-Myc in 
MMQ cells were also tested (Supplementary Figure 3B). 
This finding was further confirmed by real-time PCR at 
the mRNA level (Fig. 6C Supplementary Figure 3C). Since 
previous studies have revealed that c-Myc dysregulation 
in tumor cells can promote proliferation by positively 
regulating cell cycle–relevant gene expression and can 
induce replication stress and the DNA damage/repair re-
sponse,35–37 and since BRD4 has been proven to be es-
sential in DNA non-homologous end joining (NHEJ) and 
is responsible for the c-Myc–driven pathway,20,38 we fur-
ther investigated the expression of genes related to DNA 
damage (Atm, Atr, Chk1, and Chk2) and repair (Brca1, 

Brca2, Ku70, and Ku80). As expected, the transcription 
of all these genes was decreased upon BRD4 inhibition 
(Fig. 6C). In addition, BRD4 inhibition caused a reduction 
in the pituitary tumor-transforming gene (Pttg), which is an 
oncogene overexpressed in pituitary adenoma that plays a 
key role in the maintenance of genomic stability after DNA 
damage (Fig.  6C).39–41 Collectively, these results demon-
strate that ZBC-260 could induce BRD4 degradation and in-
hibit the expression of downstream c-Myc‒related genes.

Discussion

Pituitary adenomas are the most common neuroendo-
crine adenomas and now occur with 3–4 times higher 
prevalence than previously reported.42 Although they are 
commonly regarded as benign tumors, 25–55% of PAs are 
infiltrative and exhibit aggressive behaviors.43 NFPA and 
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GHFPA are the 2 major subtypes of PAs in surgical series 
and are usually large at diagnosis, presenting with inva-
sion of surrounding vital structures.4,44 Surgical resec-
tion is the currently preferred first-line therapy for NFPA 
and GHPA. However, the cure rate with surgery alone 
for macroadenomas and for adenomas with supra- or 
parasellar infiltration is unfavorable.43 In addition, drug re-
sistance remains a major hurdle for GHPA, and successful 
chemical intervention for NFPA is lacking.8 Thus, there is 
an urgent need to identify novel therapeutic targets for the 

treatment of NFPA and GHPA in this era of targeted drug 
therapy.

BRD4 is a chromatin reader that can specifically rec-
ognize the acetylated lysine residues in histone tails and 
play pivotal roles in cell proliferation, cell cycle progres-
sion, DNA damage repair, and downstream gene expres-
sion, including the expression of c-Myc and Bcl2.12–14,45 
Emerging evidence has demonstrated the pathological 
function of BRD4 in the occurrence and progression of 
many malignancies, making it a promising target for drug 
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intervention. Currently, many BRD4 inhibitors (OTX-015, 
ABBV-075, I-BET-762, etc) have entered clinical trials for the 
treatment of cancers, including glioblastoma, leukemia, 
and breast cancer, and these trials have demonstrated 
safety and efficacy.17,46 In PAs, c-Myc and Bcl2 are signifi-
cantly upregulated, contributing to the development and 
progression of the tumor.26–29 However, the role of BRD4 
in PAs remains elusive, and little is known about the thera-
peutic potential of BRD4 for the treatment of PAs.

Herein, based on IHC analysis of clinical samples, we 
have shown that BRD4 is significantly overexpressed in 
NFPA and GHPA tissues compared with normal tissues, 
and there is no selective expression of BRD4 in the normal 
gland. In the cell lines, both genetic knockdown using siRNA 
and pharmacological inhibition of BRD4 with the BRD4 in-
hibitor ZBC-260 significantly reduced the proliferation and 
survival of PA. Additionally, treatment with ZBC-260 led 
to cell cycle arrest at G2/M phase and induced apoptosis, 

which partially accounted for its anti-proliferative effect. In 
the primary pituitary adenoma cultures, as the cells grow 
slowly, ZBC-260 might not decrease the cell proliferation 
obviously. Instead, the cell viability assay was performed 
in patient-derived tumors, which could also demonstrate 
the efficiency of the BRD4 inhibitor. Further mechanistic 
studies showed that ZBC-260 decreased the expression of 
c-Myc and Bcl2. In addition, it led to the downregulation of 
c-Myc–related genes such as Atm, Atr, Chks, Brcas, Ku70, 
and Ku80, which play pivotal roles in DNA damage and re-
pair. Notably, the expression of the oncogene Pttg, which 
activates angiogenesis and causes PA formation, was also 
decreased following BRD4 inhibition.47,48

Since the pituitary gland sites outside the blood–brain 
barrier, the inhibitor can freely access pituitary aden-
omas via blood.49 Thus, a murine xenograft flank model 
was applied to explore the efficacy of ZBC-260 on pitu-
itary adenoma in vivo. ZBC-260 significantly inhibited 
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GH tumorigenesis but did not show toxicity to mice 
when orally administered for 26 days. These data sug-
gest that ZBC-260 is a potential candidate drug for PAs.

Besides NFPA and GHPA, the BRD4 inhibitors also pre-
sented great therapeutic potential on prolactin-secreting 
adenoma. Although the existing drugs such as bromo-
criptine and cabergoline have achieved good therapeutic 
effects on prolactin-secreting adenoma, the problem 
of drug resistance is emerging.50 Hence, it is urgent to 
discover new therapeutic methods. Based on our find-
ings, the BRD4 inhibitors showed favorable effects on 
the proliferation of the MMQ cell line, which suggested a 
potential therapeutic approach to prolactin-secreting ad-
enoma in the future.

In summary, our findings demonstrate the potential 
of BRD4 as a valuable target for PA treatment and pro-
vide deep insight into the pathological role of BRD4 in 

the development and progression of NFPA and GHPA. 
Our findings provide strong rationale for novel ther-
apies targeting BRD4 in the future. BRD4 inhibitors 
could provide additional therapeutic options for op-
timal management of intractable pituitary adenomas.

Supplementary Material

Supplementary data are available at Neuro- 
Oncology online.
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