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Abstract. Among all types of kidney diseases, renal cell 
carcinoma (RCC) has the highest mortality, recurrence and 
metastasis rates, which results in high numbers of tumor-asso-
ciated mortalities in China. Identifying a novel therapeutic 
target has attracted increasing attention. Bromodomain and 
extraterminal domain (BET) proteins have the ability to read 
the epigenome, leading to regulation of gene transcription. 
As an important member of the BET family, bromodomain 
testis‑specific protein (BRDT) has been well studied; however, 
the mechanism underlying BRDT in the regulation of RCC 
has not been fully investigated. Eukaryotic translation 
initiation factor 4E-binding protein 1 (eIF4EBP1) is a binding 
partner of eIF4E that is involved in affecting the progression 
of various cancer types via regulating gene transcription. To 
identify novel regulators of eIF4EBP1, an immunoprecipita-
tion assay and mass spectrometry analysis was performed 
in RCC cells. It was revealed that eIF4EBP1 interacted with 
BRDT, a novel interacting protein. In addition, the present 
study further demonstrated that BRDT inhibitors PLX51107 
and INCB054329 blocked the progression of RCC cells, along 
with suppressing eIF4EBP1 and c-myc expression. Small 
interfering (si) RNAs were used to knock down BRDT expres-
sion, which suppressed RCC cell proliferation and eIF4EBP1 
protein expression. In addition, overexpression of eIF4EBP1 
partially abolished the inhibited growth function of PLX51107 
but knocking down eIF4EBP1 improved the inhibitory effects 
of PLX51107. Furthermore, treatment with PLX51107 or 
knockdown of BRDT expression decreased c‑myc expres-
sion at both the mRNA and protein levels, and attenuated its 
promoter activity, as determined by luciferase reporter assays. 
PLX51107 also significantly altered the interaction between the 

c‑myc promoter with eIF4EBP1 and significantly attenuated 
the increase of RCC tumors, accompanied by decreased c-myc 
mRNA and protein levels in vivo. Taken together, these data 
suggested that blocking of BRDT by PLX51107, INCB054329 
or BRDT knockdown suppressed the growth of RCC via 
decreasing eIF4EBP1, thereby leading to decreased c-myc 
transcription levels. Considering the regulatory function of 
BET proteins in gene transcription, the present study suggested 
that there is a novel mechanism underlying eIF4EBP1 regula-
tion by BRDT, and subsequently decreased c‑myc in RCC, and 
further identified a new approach by regulating eIF4EBP1 or 
c‑myc for enhancing BRDT‑targeting RCC therapy.

Introduction

Among adults, renal cell carcinoma (RCC) is the most 
common type of renal tumor (1,2). There are >10,000 deaths 
and 220,000 new cases diagnosed with RCC each year world-
wide (3,4). The number of deaths and diagnosed cases accounts 
for ~40% oc cancers in China (5,6). Data from the National 
Health Commission of the PRC suggested that RCC incidence 
is increasing, with a 95% increase in growth rate over the past 
28 years (1990-2018) (7). To date, RCC has ranked in the top 
three malignant types of tumors in males (8). Recently, due 
to increased incorrect dietary habits, such as high salt diet, 
unfiltered water drinking and sugary drink consumption, 
accompanied by increasingly advanced cancer diagnosis, 
the mortality of RCC has markedly increased in China (9). 
However, the 5-year survival rate is low, at 25-35% (10). Since 
the majority of patients are diagnosed at middle or late stages 
with local or remote invasion, the combination treatment of 
chemotherapy and molecular-targeted therapy are commonly 
utilized (11,12). Thus, investigating novel target molecules that 
serve a critical role in tumor progression and studying their 
molecular mechanism will aid in identifying novel targets for 
anti-RCC treatment. Additionally, there is an urgent need to 
further research the development of RCC and find more effec-
tive therapeutic methods for patients with RCC.

Bromodomain and extraterminal domain (BET) proteins 
serve a role as essential epigenome regulators for gene tran-
scription mediation (13,14). Bromodomain-containing protein 
(BRD)2, BRD3, BRD4 and bromodomain testis‑specific 
protein (BRDT) are members of this family protein (15). 
BRDT has been well studied, and is involved in signaling 
transduction, gene transcription and tumor progression (16,17). 
BRDT was reported to recognize acetylated histones and 
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recruit transcriptional complexes, such as elongation factors, 
and other regulators to facilitate transcription progres-
sion (18,19). However, an increasing amount of evidence 
indicated that BRDT could activate gene transcription during 
various diseases, such as testicular pathologies and malig-
nant tumors (16,20,21). In addition, BET was demonstrated 
as an effective target for lymphoma, multiple myeloma and 
acute myeloid leukemia, as well as in solid tumors including 
lung cancer, liver cancer and ovarian cancer, since c-Myc, 
Fos-related antigen 1 (FOSL1) and IL-7R oncogenes have 
been reported to be act BET targets (22,23). PLX51107, 
INCB054329 and I-BET151, which are currently developed 
BET target treatments, were reported to be effective for 
cancer therapy in clinical trials (24-29). However, the effect 
and molecular mechanism of BET suppression, and the asso-
ciation between BET and eIF4EBP1 have not yet been fully 
elucidated in RCC. Therefore, identifying the downstream 
signals that regulates its functions in RCC is urgently required, 
which would provide basic clinical knowledge for generating 
targeted medicine in RCC.

Eukaryotic translation initiation factor 4E binding protein 1 
(eIF4EBP1) directly interacts with eukaryotic translation 
initiation factor 4E (eIF4E), which functions as an essential 
limiting component to recruit 40S ribosomal subunits to the 
5' end of mRNAs (30-32). Meanwhile, the association between 
proteins and eIF4E suppresses complex assembly and inhibits 
gene translation (33). eIF4EBP1 is phosphorylated in response 
to UV irradiation, insulin signaling and virus infection, and 
diseases including malignant tumors, leading to the disruption 
of eIF4E mRNA translation (34,35). Previous studies demon-
strated that eIF4EBP1 acts as a biomarker in ovarian cancer 
and hepatocellular carcinoma (36,37). eIF4EBP1 facilitates 
tumorigenesis, invasion, reappearance and multidrug resis-
tance in various cell lines and mouse experiments (38-40). 
MicroRNA-125a and microRNA-125b inhibits ovarian cancer 
via repressing transcription of eIF4EBP1 (41). However, the 
advanced position regulators that support eIF4EBP1 expres-
sion or eIF4EBP1 partners are limited. Thus, the present study 
hypothesized that BRDT may act as a partner of eIF4EBP1, 
and thus, regulate eIF4EBP1 transcription.

Investigating new interaction partners of eIF4EBP1 indi-
cates a candidate method for identifying novel drug targets 
for RCC. In the present study, BRDT was identified as a new 
interaction protein of eIF4EBP1in RCC cells. Furthermore, 
it was suggested that BRDT could regulate eIF4EBP1 levels 
via interacting with its promoter sequence, and BRDT inhibi-
tors could regulate eIF4EBP1 transcription as well as RCC 
progression. Overall, the results of the present study revealed 
that BRDT and eIF4EBP1 may function as a potentially novel 
therapeutic targets and biomarkers.

Materials and methods

Reagents. The BRDT inhibitors PLX51107 (cat. no. S8739) 
and INCB054329 (cat. no. S8753) were purchased from Selleck 
Chemicals. Both were dissolved in DMSO at 10 mmol/l, 
stored at ‑80˚C and diluted in DMSO just before use. Exfect 
transfection reagent (cat. no. T202) was purchased from 
Vazyme Biotech Co., Ltd. Polyclonal antibody against BRDT 
(cat. no. NBP1-88357) was purchased from Novus Biologicals, 

Ltd. c‑Myc (D3N8F; cat. no. 13987) and eIF4EBP1 (53H11; 
cat. no. 9644) rabbit monoclonal antibodies were both 
purchased from Cell Signaling Technology, Inc. Rabbit poly-
clonal antibody against β-actin (cat. no. 0407-3) was purchased 
from Huanan Biotechnology. DMSO was purchased from 
Sigma‑Aldrich; Merck KGaA. NP40 lysates and western blot-
ting reagents were all purchased from Beyotime Institute of 
Biotechnology.

Cell lines and cell treatment. 293T cells and human RCC 
cell lines ACHN, 769-P and 768-O were all obtained from 
American Type Culture Collection. All cells were main-
tained in DMEM (cat. no. 11995; Beijing Solarbio Science 
& Technology Co., Ltd.) supplemented with 10% FBS 
(cat. no. 10099‑141; Gibco; Thermo Fisher Scientific Inc.) and 
0.1 mg/m penicillin‑streptomycin solution at 37˚C in a humidi-
fied atmosphere containing 5% CO2.

DNA plasmid construction. The eIF4EBP1 or BRDT open 
reading frame (ORF) was amplified by PCR derived from 
ACHN cells and inserted into a pcDNA3.1 vector (Invitrogen; 
Thermo Fisher Scientific, Inc.). The promoter region from posi-
tions ‑1,100 to +80 of eIF4EBP1 was amplified and inserted 
into a pGL3.0-basic vector (Promega Corporation) to generate 
the pGL3-eIF4EBP1 promoter plasmid.

Sulforhodamine B (SRB) assays. All cells were cultured in 
96-well plates at a density of 3x103 cells/well. Cells were then 
treated with different concentrations (0.5, 1, 2, 4, 8, 10 µmol/l) 
of PLX for 48 h. Cells transfected with small interfering 
(si) RNAs targeting eIF4EBP1 or control siRNAs (siCon) 
for 36 h were re-seeded in 96-well plates at 2x103 cells/well 
and further cultured for 120 h, or re-seeded to 96-well plates 
at 3x103 cells/well and treated with reagents at 48 h for a 
further 72 h. An SRB assay was used to count the cell number. 
Cells were seeded into six-well plates and transiently trans-
fected with eIF4EBP1 siRNAs and control siRNAs for 48 h. 
The cells were then re-seeded into 96-well plates for another 
5 days and subjected to the SRB assay. The proliferation rate of 
cells was assessed based on previously reported methods (20). 
The IC50 was determined using GraphPad Prism (version 5.01; 
GraphPad Software, Inc.).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA from cells or tumors tissues was extracted following 
the manufacturers' protocols of the RNA extraction kit 
(cat. no. P1023; Beijing Solarbio Science & Technology 
Co., Ltd.). RT of RNA and qPCR were performed using the 
High‑Capacity RNA‑to‑cDNA™ kit (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocol. All qPCR experiments were performed in triplicate 
using the ChamQ SYBR Color qPCR Master Mix (Vazyme 
Biotech Co., LTd.) on an ABI Prism 7500 sequence detection 
system (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
The fold-change of target gene transcription was determined 
using the 2-ΔΔCq method (42). The following thermocycling 
conditions were used for the qPCR: Initial denaturation 
at 95˚C for 5 min; 40 cycles of 95˚C for 10 sec and 60˚C for 
30 sec; and a final step at 95˚C for 15 sec, 60˚C for 1 min and 
95˚C for 15 sec. The following primer pairs were used for the 
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qPCR: BRDT (GenBank accession. no. NM‑207189) forward, 
5'-ATC AGA CCA CAC CTT CAC ATG-3' and reverse, 5'-AGA 
GCT GTT CAG AAT CAC CTG‑3'; eIF4EBP1 (GenBank acces-
sion. no. NM-004095.4) forward, 5'-ACC TGT GAC CAA AAC 
ACC C‑3' and reverse, 5'‑TCA AAC TGT GAC TCT TCA CCG‑3'; 
c-myc (GenBank accession. no. NM_001354870) forward, 
5'-CCA AGC TCG TCT CAG AGA AG-3' and reverse, 5'-GAT 
GCA CTC TGA GGC GGC GG‑3' and GAPDH (GenBank 
accession. no. NM-002046.7) forward, 5'-AAT CCC ATC ACC 
ATC TTC CAG-3' and reverse, 5'-AAA TGA GCC CCA GCC 
TTC-3'. Primers were synthesized by Sangon Biotech Co., Ltd.

Immunoprecipitation (IP) and mass spectrophotometry 
(MS). To identify new binding partners of eIF4EBP1, ACHN 
cells were cultured in two 5-cm dishes and transfected 
with 6 µg eIF4EBP1 plasmids and control FLAG plasmids 
(cat. no. 635688, Clontech Laboratories, Inc.) using Exfect 
transfection reagent according to the manufacturer's instruc-
tions. After 48 h, transfected cells were collected for lysis with 
NP40 buffer at 4˚C for 2‑4 h. Total protein was determined 
using a bicinchoninic acid (BCA) Protein Determination kit 
(Beyotime Institute of Biotechonology). Proteins were centri-
fuged at 12,000 x g at 4˚C for 10 min for the subsequent IP 
assay. A total of 1 µg eIF4EBP1 antibody (cat. no. 9644; Cell 
Signaling Technology, Inc.) or FLAG antibody (cat. no. 14793; 
Cell Signaling Technology, Inc.) per 100 µg total protein was 
used for IP for at least 2 h with protein A/G beads (Santa Cruz 
Biotechnology, Inc.) at 4˚C. Finally, beads were collected via 
centrifugation at 2,000 g at 4˚C for 5 min and washed three 
to five times using NP40 buffer. Immunoprecipitated proteins 
were analyzed by MS (Table I).

Western blotting. Protein samples were prepared as described 
above. Protein concentrations were determined using a BCA 
Protein Determination kit. Equivalent amounts (100 µg) 
of cell lysates were subjected to 15% SDS‑PAGE and then 
transferred to PVDF membranes (Beijing Solarbio Science 

& Technology Co., Ltd.). Following blocking with 5% bovine 
serum albumin (cat. no. A602449; Sangon Biotech Co., 
Ltd.) in phosphate-buffered saline (PBS) containing 0.1% 
Tween‑20 (PBS‑T) for 30 min at 25˚C, the membranes were 
incubated with primary antibodies (1:1,000) for 12 h at 4˚C 
with gentle agitation. This was followed by incubation with 
HRP-conjugated goat anti-mouse IgG or goat anti-rabbit IgG 
(1:10,000; cat. nos. K0038M‑HRP and SE134; Beijing Solarbio 
Science & Technology Co., Ltd.) at room temperature for 
45 min. Finally, chemiluminescent signals were scanned and 
analyzed using Amersham Imager 600 (GE Healthcare).

siRNA transfection. To efficiently knock down BRDT and 
eIF4EBP1, the present study designed two BRDT siRNA 
(5'-UCT GCC AAG UCG ACA AAC AGC UAU U-3' and 5'-GCC 
AAG UCG ACA AAC AGC UAU UAU U-3'), two eIF4EBP1 
siRNA (5'-GAG TCA CAG TTT GAG ATG GAC ATT T-3' and 
5'-AGT CAC AGT TTG AGA TGG ACA TTT A-3) and a lucif-
erase siRNA control sequence (5'‑CAG GCC ATG ACA ATG 
CTC CTG ACA A-3') (all synthesized by Genepharm, Inc). 
A total of 100 nmol/l siRNAs were transfected into ACHN, 
769-P or 768-O cells for 48 h using Exfect transfection reagent.

Luciferase reporter assay. ACHN, 769-P and 768-O cells were 
cultured in 24-well plates and transfected with pGL3-eIF4EBP1 
and pRL‑TK (Promega Corporation) using Exfect transfection 
reagents for 24 h, and then exposed to 8 µmol/l BET inhibitors 
for another 24 h. The cells were subsequently collected for 
analysis according to the instructions of the Dual Luciferase 
Reporter Assay system (cat. no. E1910; Promega Corporation). 
The Renilla vector pRL‑TK was used to normalize the trans-
fection efficiency.

Chromatin IP (ChIP) assay. All cells (ACHN, 769-P 
and 768-O) were cultured in 5-cm dishes and exposed to 
8 µmol/l BET inhibitors for 24 h, then collected for the ChIP 
assay according to the instructions of the ChIP assay kit 

Table I. List of immunoprecipitated proteins.

 IP: Anti-FLAG IP: Anti-eIF4EBP1
 ------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------
Accession no. Name Accession no. Name

NP-001017963.2 Heat shock protein 90 α family class member 1 NP‑001014431 AKT serine/threonine kinase 1
NP‑002145.3 Heat shock 70 kDa protein 4 NP‑001158095.1 Argonaute RISC catalytic component 2
NP-001092.1 Actin β (ACTB) NP-997072.2 Bromodomain testis associated protein
NP‑003371.2 Vimentin (Homo sapiens) NP-004086.1  Eukaryotic translation initiation factor 

4E binding protein 1
AAA91576.1 α-tubulin NP-001017963.2  Heat shock protein 90 α family class 

member 1
NP‑002037.2 Glyceraldehyde‑3‑phosphate dehydrogenase NP‑000042.3 ATM serine/threonine kinase

ACHN cells were cultured and either transfected with eIF4EBP1 overexpression plasmids or control FLAG plasmids for 48 h. Whole cell 
lysates were collected for subsequent IP using anti‑eIF4EBP1 antibody or anti‑FLAG antibody and protein A/G beads. An in‑solution trypsin 
digestion was performed on the IP proteins, and the digested samples were sent for mass spectrometry detection. A representative list of 
the most abundant proteins identified in the digest indicated bromodomain testis associated protein as a candidate novel binding partner of 
eukaryotic translation initiation factor 4E binding protein 1. IP, immunoprecipitation.
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(cat. no. P2078; Beyotime Institute of Biotechnology). Briefly, 
in order to crosslink proteins to DNA, whole cells were first 
fixed with 2% formaldehyde for 5 min at room temperature. 
Next, sonication was performed to cut the cross‑linked DNA 
for 1 h at 4˚C five times on the Qsonica Q800R3 sonicator 
(Aoran Biotechnology Co., Ltd.). For the control, 1/10 volume 
of total samples were used. eIF4EBP1 antibody or IgG anti-
body (cat. no. 0806‑1; Hangzhou Huaan Biotechnology Co., 
Ltd.) was used for IP in samples. The immunoprecipitated 
complexes were washed three to five times with NP40 buffer 
and subjected to RT‑qPCR.

Xenograft nude mouse model and treatments. The Institutional 
Animal Care and Use Committee of Sun Yat-sen University 
approved all animal experiments. The Model Animal Research 
Center of Sun Yat-sen University provided 18 6-week-old 
female athymic (nu/nu) mice (weight, ~18 g). All mice were 
raised in specific pathogen‑free conditions and had ad libitum 
access to food and water in 40‑60% humidity and 10/14‑h 
light/dark cycle at 27˚C. ACHN cells were cultured at a density 
of 5x105 cells/ml in serum‑free DMEM. Once tumors reached 
a size of ~100 mm3, all the 18 mice were randomized into 
three groups (n=6 in each group) and treated with BET inhibi-
tors (100 mg/kg/day) via oral gavage. Tumor volumes were 
measured every 2 days. The mice were sacrificed by injection 
with 150 mg/kg barbiturate at the end of the 14‑day treatment 
or when the tumor diameter nearly reached 2 cm. Respiratory 

arrest was validated using a ventilator and absence of heart-
beat was determined by an electrocardiographic system to 
confirm death after euthanasia. After euthanizing, the tumors 
were removed and weighed, homogenized, and subjected to 
RT‑qPCR and western blot analysis.

Statistical analysis. All results were collected from at least 
three independent repeats. Data were analyzed using SPSS 
19.0 (IBM Corp.) and presented as the mean ± SD. Statistical 
significance between datasets were analyzed by one or 
two‑way ANOVA analysis followed by Bonferroni's post hoc 
test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

BRDT interacts with eIF4EBP1. The present study aimed to 
identify new interaction proteins of eIF4EBP1, thereby enabling 
further understanding the regulatory mechanisms of eIF4EBP1. 
The diagram of this study process is shown in Fig. 1A. ACHN 
cells were transfected with pCDNA3.0‑eIF4EBP1 for IP‑MS 
to identify interaction partners of eIF4EBP1. Next, the func-
tion of BRDT involved in ACHN cell proliferation was further 
analyzed. Finally, the molecular mechanism of BRDT inhibi-
tors regulated by eIF4EBP1 and the role of BRDT inhibitors 
in RCC cancer growth were further analyzed. An IP assay 
of eIF4EBP1 in RCC cell lines was performed in the present 

Figure 1. BRDT is a novel binding partner of eIF4EBP1. (A) Experimental workflow diagram. ACHN, 769‑P and 768‑O cells were cultured and transfected 
with eIF4EBP1 overexpression plasmids or control plasmids for 48 h. Immunoprecipitation using anti‑BRDT or IgG were performed in (B) ACHN, (C) 769‑P 
and (D) 768‑O cells, and subsequently subjected to western blotting using the indicated antibodies. (E) ACHN, (F) 769‑P and (G) 768‑O cells were transiently 
transfected with pCDNA3.1‑BRDT for 36 h, and then, the cells were lysed with NP40 buffer and collected for western blotting using the indicated antibodies. 
β‑actin was used as the loading control. IP, immunoprecipitation; BRDT, bromodomain testis‑specific protein; eIF4EBP1, eukaryotic translation initiation 
factor 4E-binding protein 1.
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study. ACHN cells were transfected with eIF4EBP1 plasmid 
for 48 h. Proteins that were precipitated by eIF4EBP1 were 
identified by MS (performed by Applied Protein Technology, 
Shanghai, China). Meanwhile, samples were immunopre-
cipitated with FLAG antibody as the control. The indicated 
identified proteins and negative control proteins are listed 
in Table I. To further confirm the mass spectrometry results 
and the association between eIF4EBP1 and BRDT, co‑IP was 
re-performed with endogenous eIF4EBP1 in ACHN cells and 
769-P and 768-O whole cell lysates. IgG antibody was used 
as the negative control. The results, as presented in Fig. 1B‑D, 
demonstrated that BRDT interacts with eIF4EBP1 endoge-
nously in RCC cells. To further investigate the effect of BRDT 
on eIF4EBP1 expression, western blotting was used to analyze 
the protein levels of eIF4EBP1 following transfection of BRDT 
in RCC cell lines. The results presented in Fig. 1D‑F suggested 
that eIF4EBP1 expression was markedly increased by ectopic 
expression of BRDT in RCC cell lines. Taken together, these 
results suggested that BRDT was identified as a novel interac-
tion partner of eIF4EBP1 and increased eIF4EBP1 expression 
in RCC cell lines.

Silencing BRDT, together with suppressed eIF4EBP1 expres‑
sion, inhibits RCC proliferation. To elucidate the mechanism 
underlying the effects of BRDT on eIF4EBP1 expression, the 
present study first assessed the regulation of eIF4EBP1 by 
interfering with BRDT expression. Two siRNAs that targeted 
different regions of BDRT were used, which, along with the 
control siRNA, were individually transfected into ACHN 
cells for 48 h. Whole cell lysates were collected for western 

blotting. It was revealed that the interference efficiency of 
siRNA#2 targeting BRDT was nearly 80% (Fig. 2A), indi-
cating that BRDT was successfully silenced. The present 
study also revealed that eIF4EBP1 protein expression levels 
were decreased by BRDT knockdown in the RCC cell lines, 
ACHN, 769‑P and 768‑O (Fig. 2B‑D). In addition, SRB assays 
suggested that knockdown of BRDT expression significantly 
blocked the proliferation of ACHN, 769-P and 768-O cells 
compared with the siRNA control group (Fig. 2E-G). Overall, 
these data suggested that inhibition of eIF4EBP1 expression 
may the due to knocking down BRDT.

BRDT inhibitors suppress eIF4EBP1 expression and 
RCC proliferation. BRDT inhibitors, including PLX51107 
and INCB054329, have been demonstrated to suppress 
the progression of lung cancer cells, bladder cancer cells 
and intestinal cancer cells (24,25). The present study first 
analyzed the function of PLX51107 and INCB054329 on 
various RCC cell lines. SRB assays indicated that PLX51107 
significantly inhibited the proliferation of ACHN, 769‑P 
and 768-O cells in a dose-dependent manner (Fig. 3A). 
INCB054329 also exhibited similar results (Fig. 3B). 
The c‑myc gene is a downstream target of PLX51107 and 
INCB054329 (43‑45). The results in Fig. 3C and D show that 
the BET inhibitors PLX51107 and INCB054329, markedly 
decreased c-myc and eIF4EBP1 expression in a dose-depen-
dent manner in RCC cell lines, ACHN, 769-P and 768-O 
cells, which demonstrated that eIF4EBP1 expression was 
significantly decreased by BRDT inhibitors PLX51107 and 
INCB054329. Altogether, these results suggested that RCC 

Figure 2. Silencing of BRDT inhibits the growth of renal cell carcinoma and suppresses eIF4EBP1 expression. (A) 293T cells were transiently transfected 
with two different siRNAs as well as with control siRNA for 48 h. The cells were lysed with NP40 buffer for western blotting with the indicated antibodies. 
Efficient silencing of BRDT with siBRDT#2 was performed in (B) ACHN, (C) 769‑P and (D) 768‑O cells for 48 h. The cells were lysed with NP40 buffer for 
western blotting with the indicated antibodies. β-actin was used as the loading control. (E) ACHN, (F) 769-P and (G) 768-O cells were seeded in six-well plates 
and transiently transfected with siBRDT#2 for 24 h. The cells were then re‑seeded into 96‑well plates for another 120 h and subjected to an SRB assay. Points 
indicate the mean of three experimental repeats. Bars represent the standard deviation. *P<0.05 and **P<0.01 vs. siCon. siRNA, small interfering RNA; SRB, 
sulforhodamine B; BRDT, bromodomain testis‑specific protein; eIF4EBP1, eukaryotic translation initiation factor 4E‑binding protein 1; siCon, control siRNA.
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proliferation and eIF4EBP1 expression were inhibited by 
BET inhibitors.

eIF4EBP1 affects the inhibitory function of PLX51107 in RCC. 
The role of eIF4EBP1 in affecting the growth inhibitory func-
tion of PLX51107 and INCB054329 in RCC cell lines, ACHN, 
769-P and 768-O cells, was further evaluated. Since the effect 
of PLX51107 and INCB054329 was similar, PLX51107 was 
selected for these experiments. The three cell lines were tran-
siently transfected with recombinant plasmids containing full 
length ORFs for eIF4EBP1 or control empty vector for 48 h. 
The cells were lysed with NP40 buffer and subsequently sepa-
rated via SDS‑PAGE for western blotting with the indicated 
antibodies. eIF4EBP1 protein levels were markedly increased 
in pcDNA3.0‑eIF4EBP1 groups compared with the empty 
vector groups, indicating that eIF4EBP1 was successfully 
expressed in the three cell lines (Fig. 4A). In addition, SRB 
assay results showed that overexpression of eIF4EBP1 signifi-
cantly partially attenuated the growth inhibition of PLX51107 
in the three cell lines compared with the empty vector groups.

To further confirm the effects of eIF4EBP1 on regulating 
PLX5114 inhibitory function, two siRNAs targeting different 
regions of eIF4EBP1 and control siRNA were designed. The 
three cell lines were transfected with the aforementioned 
siRNAs for 48 h, and then subjected to western blotting with 
the indicated antibodies. The results revealed that eIF4EBP1 
protein levels significantly decreased up to 70% with the 
different siRNAs in different cell lines, which was in contrast 
to the control siRNAs, suggesting an efficient knockdown 
(Fig. 4C). Furthermore, the SRB assay suggested that the 
suppression effects of PLX51107 on the growth of the cell 
lines increased in eIF4EBP1-silenced cells in a dose-depen-
dent manner (Fig. 4D). Overall, these results demonstrated 
that PLX51107 suppressed the proliferation of RCC cells via 

inhibition of eIF4EBP1 expression, and eIF4EBP1 affected the 
inhibition of PLX51107 on RCC cells.

BRDT inhibitors decrease the interaction between eIF4EBP1 
and c‑myc promoter. Due to decreased regulation of eIF4EBP1 
expression assuming an essential role in mediating the growth 
inhibitory effect of PLX51107, it was hypothesized that 
eIF4EBP1 directly affects c-myc expression in RCC cells. 
The present study first analyzed the mRNA transcription 
levels of c‑myc mediated by BRDT inhibitors, PLX51107 and 
INCB054329. As shown in Fig. 5A and B, the c-myc mRNA 
transcription levels significantly decreased upon treatment with 
PLX51107 and INCB054329 at 6 and 18 h in the three cell lines. 
Meanwhile, the RT‑qPCR assay revealed that silencing BRDT 
expression also significantly decreased c‑myc mRNA tran-
scription levels compared with control siRNA groups (Fig. 5C), 
which is consistent with the results of si-eIF4EBP1 transfection 
(Fig. 5C). Next, the present study assessed the promoter activity 
of c-myc using dual-luciferase reporter assays. The pGL3-c-myc 
promoter plasmid and the control vector pGL3.0-basic were 
transfected into the three cells for 36 h, and then treated with 
PLX51107 and INCB054329 for another 24 h. The Renilla 
plasmid, used to normalize the transfection efficiency, was also 
co‑transfected to the cells. As presented in Fig. 5D, treatment 
with the BRDT inhibitors, PLX51107 and INCB054329, could 
significantly decrease c-myc promoter activity in the three 
cell lines compared with controls, indicating that BET inhibi-
tors suppressed c-myc transcription. In conclusion, these data 
demonstrated that BET inhibitors decreased c-myc transcrip-
tion via inhibition of BRDT and eIF4EBP1.

To investigate the molecular mechanism underlying how 
BET inhibitors inhibit c-myc promoter activity, a ChIP assay 
using eIF4EBP1 antibody in the three cell lines was performed. 
The three cell lines were treated with PLX51107 for 24 h. 

Figure 3. Bromodomain and extraterminal domain inhibitors suppresses renal cell carcinoma cell proliferation and eIF4EBP1 expression. ACHN, 769-P and 
768‑O cells were treated with different concentrations of (A) PLX51107 or (B) INCB054329 for 3 days and subjected to an SRB assay. ACHN, 769‑P and 768‑O 
cells were treated with 4, 7 and 10 µmol/l (C) PLX51107 or (D) INCB054329 as indicated for 36 h. Cells were lysed for western blotting with the indicated 
antibodies. β-actin was used as the loading control. Points indicate the mean of three experimental repeats. Bars represent the standard deviation. *P<0.05 and 
**P<0.01 vs. untreated control. ‑, untreated control groups; SRB, sulforhodamine B; PLX, PLX51107; INCB, INCB054329; eIF4EBP1, eukaryotic translation 
initiation factor 4E-binding protein 1.
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Whole cell lysates were used for the CHIP assay. The results in 
Fig. 5E and F showed that the PCR products of c-myc promoter 
were significantly decreased in the eIF4EBP1 antibody IP 
group compared with the control IgG group, implying that 
PLX51107 decreased the interaction of c‑myc promoter with 
eIF4EBP1. These results suggested that PLX51107 inhibited 
eIF4EBP1 protein levels and the association of eIF4EBP1 with 
c‑myc promoter, and inhibited subsequent c‑myc transcription.

BET inhibitors suppresses ANCH tumor progression and c‑myc 
protein levels in vivo. To further verify the underlying mechanism 

and function of BET inhibitors in RCC tumors and c-myc regula-
tion, an ACHN xenograft nude mouse model in vivo experiment 
was established. PLX51107 (oral gavage, 100 mg/kg/day) and 
INCB054329 (oral gavage, 90 mg/kg/day) and negative control 
(oral gavage with physiological saline) were used to treat mice 
for 14 days (n=6 in each group) (24). The tumor volume was 
significantly lower in both PLX51107‑ and INCB054329‑treated 
groups compared with the control group (Fig. 6A). Meanwhile, 
the tumor weight significantly decreased in both PLX51107 and 
INCB054329 groups compared with the control group (Fig. 6B). 
The images of the tumors are presented in Fig. 6C. In addition, 

Figure 4. eIF4EBP1 affects the inhibitory function of PLX51107 in renal cell carcinoma. (A) ACHN, 769‑P and 768‑O cells were transiently transfected with 
pCDNA3.1‑eIF4EBP1 plasmids or empty control plasmids for 48 h using Exfect transfection reagent, and then subjected to western blotting using the indicated 
antibodies. (B) The three cell lines were transfected with the indicated plasmids as aforementioned for 24 h and then re-cultured in 96-well plates, treated 
with different concentrations of PLX51107 as indicated for another 3 days, and subjected to an SRB assay. (C) The three cell lines were transfected with two 
different siRNAs targeting two regions of eIF4EBP1 and the control siRNAs for 48 h, and then subjected to western blotting with the indicated antibodies. 
(D) The three cell lines transfected with the indicated siRNAs of eIF4EBP1 or the control siRNAs for 24 h were re‑seeded to 96‑well plates and treated with 
PLX at the indicated concentrations, and then subjected to an SRB assay. Data are representative of three independent experiments. Bars represent the standard 
deviation. *P<0.05 and **P<0.01 vs. control groups. SRB, sulforhodamine B; siRNA, small interfering RNA; PLX, PLX51107; siCon, control siRNA.
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the transcription and protein levels of c-myc were determined by 
RT‑qPCR and western blotting. The results in Fig. 6C showed 
that the mRNA transcription and protein levels of c-myc in vivo 
tumors treated with BET inhibitors were significantly lower 
compared with the control group tumors (Fig. 6D). Taken 
together, these results suggested that treatment with BRDT 
inhibitors PLX51107 and INCB054329 could inhibit RCC tumor 
progression and decrease c-myc expression in vivo.

Discussion

The present study revealed several results with regard to 
BRDT inhibition in the progression of RCC: i) BRDT‑specific 
inhibitors, PLX51107 and INCB054329, inhibited the prolif-
eration of various RCC cell lines; ii) BRDT was identified 
as a novel interaction partner of eIF4EBP1; iii) Expression 
of eIF4EBP1 was directly affected by BRDT; iv) BRDT 

Figure 5. Bromodomain and extraterminal domain inhibitors decrease eIF4EBP1 associated with c-myc promoter. The three cell lines were treated with the 
indicated concentrations of (A) PLX51107 or (B) INCB054329 for different time periods (0, 6 and 18 h) and subjected to RT‑qPCR. (C) The three cell lines 
were transiently transfected with the indicated siRNAs or control siRNAs for 24 h. Total RNA was extracted and subjected to RT‑qPCR assay for detecting 
the c‑myc mRNA transcription level. (D) The three cell lines were transiently transfected with c‑myc promoter plasmid or the control vector using Exfect 
reagent and treated with the indicated concentrations of PLX51107 or INCB054329 for 36 h. Renilla plasmids were co-transfected as the loading control. The 
cells were lysed and subjected to dual luciferase reporter assays. The three cell lines were treated with PLX51107 for 36 h, and then subjected to chromatin 
immunoprecipitation using eIF4EBP1 antibody. The c-myc promoter was detected using primers designed from -586 to -399 pre-leading regions of the start 
site (0 is the ATG start site). The PCR products of c‑myc promoter was analyzed by (E) and agarose gel electrophoresis and (F) qPCR. Data are representative 
of three independent experiments. Bars represent the standard deviation. *P<0.05 and **P<0.01. RT‑qPCR, reverse transcription‑quantitative PCR; PLX, 
PLX51107; INCB, INCB054329; Con, control; siRNA, small interfering RNA; siCon, control siRNA; BRDT, bromodomain testis‑specific protein; eIF4EBP1, 
eukaryotic translation initiation factor 4E-binding protein 1.



ONCOLOGY REPORTS  44:  2475-2486,  2020 2483

regulated the binding of eIF4EBP1 with c‑myc promoter; v) 
Knockdown of BRDT protein inhibited RCC cell proliferation 
and vi) BRDT inhibitors suppressed ACHN tumors growth 
in vivo. Targeting BET proteins was demonstrated to inhibit 
tumor growth in various types of cancer, including multiple 
myeloma, lymphoma, ovarian cancer, bladder cancer, castra-
tion‑resistant prostate cancer and lung cancer (46,47). BRD4, 
a family of BET proteins, was reported to function as a tumor 
suppressor in colon cancer and lung cancer (48). To the best 
of our knowledge, there have been no reports on the role of 
the BET family in RCC cell proliferation. The present study 
revealed that three RCC cell lines were sensitive to the BRDT 
inhibitors PLX51107 and INCB054329.

PLX51107 and INCB054329 are small molecular inhibitors 
that specifically target BRDT. PLX51107 and INCB054329 
interact with the domain of BRDT that recognizes acetylated 
lysine and disassociates from chromatin, thereby blocking 
gene transcription (24,25), which suggests that PLX51107 
and INCB054329 may disrupt the interaction of BRDT with 
other regulators to block gene transcription during chromatin 
remodeling. Hence, PLX51107 and INCB054329 is thought to 
inhibit tumor progression during specific conditions (49‑51). 
Suppression of c-Myc transcription was hypothesized to 
serve an important role in BRD4‑induced suppression of 
tumor growth in malignant hematological diseases and 
solid tumors (52‑54). In lung cancer, the BET inhibitor JQ1 

demonstrated antitumor functions not only via suppression of 
c-myc, but also via downregulation of FOSL1 (55). The present 
study first identified that eIF4EBP1 acted as a novel binding 
partner with BRDT, and it was also revealed that c‑myc and 
eIF4EBP1 expression was decreased by BRDT inhibitors 
or BRDT knockdown. These results provided an additional 
mechanism for the effects of BRDT in RCC.

In the present study, eIF4EBP1 was identified as a novel 
binding partner of BRDT and c‑myc was a target of eIF4EBP1. 
The mRNA transcription and protein expression levels of 
c‑myc were inhibited by BRDT inhibitors, PLX51107 and 
INCB054329, or when BRDT was silenced in RCC cell 
lines. This was also observed in a xenograft mouse model. 
Furthermore, overexpression of eIF4EBP1 significantly 
attenuated BRDT inhibitor suppression on cell proliferation, 
indicating that knockdown of eIF4EBP1 serves a role in the 
progression of RCC. eIF4EBP1 is an important interaction 
partner of eIF4E, which facilitates the restriction process 
during translation initiation (56). It was also reported to be 
upregulated in various types of tumors and promote cancer 
growth (57). The present study demonstrated that eIF4EBP1 
downregulation significantly improved PLX51107‑induced 
growth suppression of RCC, revealing a new approach for 
cancer therapy by co‑targeting PLX51107 and BRDT protein.

In recent decades, alternative epigenetic regulation 
for gene expression has attracted an increasing amount of 

Figure 6. Bromodomain and extraterminal domain inhibitors inhibits renal cell carcinoma tumor growth and c-myc expression in vivo. ACHN cells were 
inoculated in the subcutaneous regions of nude mice. The mice were treated with 100 mg/kg/day PLX51107 or 90 mg/kg/day INCB054329 or the vehicle for 
14 days (n=6 for each group). The (A) volume and (B) weight of ACHN tumors were determined and calculated. (C) Images of the tumors. (D) Total RNA from 
tumors were isolated and subjected to reverse transcription‑quantitative PCR and western blotting using the indicated antibodies to assess c‑myc transcription 
and protein levels. Columns represent the mean of three independent experiments. Bars represent the standard deviation. *P<0.05 and **P<0.01 vs. control. PLX, 
PLX51107; INCB, INCB054329; Con, control.
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attention (58,59). Targeting the downstream target of eIF4E, 
eIF4F or its binding partners is emerging as a potential treat-
ment opportunity. The present study observed a decrease 
in c‑myc mRNA expression following addition of BRDT 
inhibitors, and a decrease in c-myc promoter activity caused 
by BRDT inhibitors in a dual luciferase reporter assay, 
implying a mechanism of c-myc transcription mediation. The 
ChIP assay demonstrated that the association between c-myc 
promoter and eIF4EBP1 was significantly decreased by BRDT 
inhibitors, implying that BRDT inhibitors decreased c‑myc 
expression via inhibition of eIF4EBP1 protein, and the binding 
of eIF4EBP1 with c‑myc promoter and subsequent transcrip-
tion. There is a possibility that BRDT may also bind with 
transcriptional factors or transcription regulatory proteins, 
or attract multi‑complexes to modified chromatin to promote 
transcription (58).

In conclusion, the results of the present study suggested 
that targeting BRDT by PLX51107 and INCB054329, or 
BRDT‑knockdown, suppressed RCC cell proliferation and 
tumor growth via releasing the binding of eIF4EBP1 from 
the c‑myc promoter and decreasing subsequent c‑myc mRNA 
transcription and protein expression. These results identified 
a novel molecular mechanism of BRDT‑regulated eIF4EBP1 
as well as c-myc in RCC tumors and demonstrated a new 
method of targeting both eIF4EBP1 and c-myc to support 
BRDT‑targeted cancer therapy.
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