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ABSTRACT

Bromodomain and extra-terminal (BET) protein inhibitors have been shown 
to effectively inhibit tumorgenesis and ameliorate pulmonary fibrosis by targeting 
bromodomain proteins that bind acetylated chromatin markers. However, their 
pharmacological effects in renal fibrosis remain unclear. In this study, we examined 
the effect of I-BET151, a selective and potent BET inhibitor, on renal fibroblast 
activation and renal fibrosis. In cultured renal interstitial fibroblasts, exposure of 
cells to I-BET151, or silencing of bromodoma in-containing protein 4 (Brd4), a key 
BET protein isoform, significantly reduced their activation as indicated by decreased 
expression of α-smooth muscle actin, collagen 1 and fibronectin. In a murine model 
of renal fibrosis induced by unilateral ureteral obstruction (UUO), administration of 
I-BET151 suppressed the deposition of extracellular matrix proteins, renal fibroblast 
activation and macrophage infiltration. Mechanistically, I-BET151 treatment abrogated 
UUO-induced phosphorylation of epidermal growth factor receptor and platelet 
growth factor receptor-β. It also inhibited the activation of Smad-3, STAT3 and NF-
κB pathways, as well as the expression of c-Myc and P53 transcription factors in the 
kidney. Moreover, BET inhibition resulted in the reduction of renal epithelial cells 
arrested at the G2/M phase of cell cycle after UUO injury. Finally, injury to the kidney 
up-regulated Brd4, and I-BET151 treatment abrogated its expression. Brd4 was also 
highly expressed in human fibrotic kidneys. These data indicate that BET proteins are 
implicated in the regulation of signaling pathways and transcription factors associated 
with renal fibrogenesis, and suggest that pharmacological inhibition of BET proteins 
could be a potential treatment for renal fibrosis.

INTRODUCTION

Fibrotic diseases contribute to ∼45% of mortalities 
in developed countries [1] and represent a significant 
burden on public health systems. Chronic kidney disease 
(CKD) is a chronic fibrotic disease prevalent amongst 
roughly 10% of the world’s population. In some cases, 
CKD will progress to the end stage of renal disease that 
necessitates replacement therapy or kidney transplantation 

[2, 3]. Currently, there is no available treatment to halt 
the progression of CKD despite evidence showing that 
inhibitors of the renin-angiotensin system have been 
able to slow down this process in a certain population 
of patients [4].Therefore, it is important to develop new 
approaches that can deliver significant efficacy in treating 
CKD.

Recently, epigenetics-based therapy has become 
the focus of scientific investigation. This approach 
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involves the use of drugs or other techniques to treat 
medical conditions by targeting epigenetic mechanisms. 
Epigenetic regulation affects chromatin dynamics and 
nucleosome assembly. One such modification is histone 
acetylation which relaxes chromatin structure by loosening 
their interaction with DNA, thereby facilitating gene 
expression. However, the functional role of acetylated 
histones is regulated by bromodomains and extra-terminal 
(BET) domain family proteins [5]. It has been reported 
that members of BET proteins such as Brd2, Brd3, Brd4 
are associated with acetylated chromatin and facilitate 
transcriptional activation through increasing the effective 
molarity of recruited transcriptional activators [6]. 
As such, pharmacological inhibition of bromodomain 
proteins that bind acetylated chromatin marks may repress 
downstream gene expression. Recently, a number of small-
molecule inhibitors targeting bromodomain proteins such 
as JQ1 and I-BET151 have been developed [7-9]. These 
small molecules can bind to bromodomains of BET family 
proteins and compete with acetylated-lysine histone 
peptides [10]. The wealth of pre-clinical data supports 
BET inhibition as a promising new therapeutic strategy 
against cancer, inflammation and cardiovascular disease 
[11].

Recently, the efficacy of BET inhibitors has also 
been tested in animal models of tissue fibrosis. For 
example, Budd et al demonstrated that inhibition of 
Brd4 by JQ1 can block platelet derived growth factor 
(PDGF) and transforming growth factor-β1 (TGF-β 
1)-induced migration and proliferation of lung fibroblasts 
isolated from patients with rapidly progressing idiopathic 
pulmonary fibrosis [12]. Oral administration of JQ1 
was also capable of preventing the development of 
experimentally induced pulmonary fibrosis in mice [12]. 
In addition, Ding et al found that JQ1 was also effective in 
blocking activation and proliferation of hepatic stellate cell 
activation in vitro and in vivo [1]. Furthermore, in a carbon 
tetrachloride -induced mouse model of liver fibrosis, BET 
inhibitors were shown to prevent liver injury and reverse 
the progression of existing fibrosis [1]. Cistromic analyses 
indicated that BRD4 is co-localized with profibrotic 
transcription factors and concentrates at specific enhancers 
that are associated with genes involved in multiple 
profibrotic pathways [1]. A very recent study shows that 
inhibition of BET protein with JQ1 can ameliorate renal 
damage via suppressing renal inflammation [13]. To date, 
there are still no reports assessing the pharmacological 
effect of BET inhibitors on renal fibrosis. Like other 
chronic fibrotic diseases, CKD is characterized by the 
activation of fibroblasts and deposition of excessive 
amounts of extracellular matrix (ECM)proteins [3]. Renal 
fibroblast activation can be induced by the activation 
of multiple growth factor/cytokine receptors, such as 
TGF-β1 receptors, platelet derived growth factor receptors 
(PDGFR) and epidermal growth factor receptors (EGFR) 
[14]. The signals initiated from the receptors are then 

transduced by several intracellular signaling pathways, 
including Smad-3, signal transducer and activator of 
transcription 3 (STAT3), and nuclear factor-κB (NF-κB). 
The profibrotic growth factors/cytokines can be produced 
from renal tubular cells after injury [15]. Severely injured 
renal tubular cells usually undergo maladaptive processes 
and differentiate into a profibrotic phenotype characterized 
by G2/M arrest. These cells acquire an ability to produce 
and release excessive amounts of profibrotic factors, 
leading to renal interstitial fibroblast activation and 
fibrosis [16, 17]. It has been documented that many 
signaling molecules and transcriptional factors involved in 
renal fibrogenesis are subjected to epigenetic regulations, 
in particular, acetylation [18-20].Thus, the BET domain 
family of proteins may act as potent drivers of the fibrotic 
responses in the kidney after injury. 

In this study, we examined the effect of BET protein 
inhibition on the activation of renal interstitial fibroblasts 
in cultured rat renal interstitial fibroblasts, as well as the 
development of renal fibrosis a murine model of renal 
fibrosis induced by unilateral ureteral obstruction by using 
I-BET151, a small molecule with potent binding affinity to 
BRD2, BRD3 and BRD4 [21].

RESULTS

I-BET151 inhibits activation and proliferation of 
renal interstitial fibroblasts

Activation of renal interstitial fibroblasts is the 
predominant cellular event indicating the development 
and progression of renal fibrosis [22, 23]. As a first step 
towards understanding the role of BET protein in renal 
fibrosis, we examined the effect of I-BET151on renal 
fibroblast activation in normally cultured renal interstitial 
fibroblast cells (NRK-49F) with 5% FBS. As shown 
in Figure 1A, I-BET151 dose-dependently inhibited 
the expression of α-smooth muscle actin (α-SMA), the 
hallmark of fibroblast activation, as well as collagen I 
and fibronectin, two major ECM proteins. Densitometry 
analysis of the immunoblot results demonstrated that 
I-BET151 reduced expression of α-SMA, fibronectin, 
and collagen 1 by approximately 60%, 70%, and 70, 
respectively, at a dose of 5 μM (Figure 1B-1D). The 
time course study with 5μM of I-BET151 (Figure1E-
1H) also showed a significant decrease in the expression 
level of α-SMA, fibronectin, collagen 1 over time, with a 
maximum inhibition at 36 hours. Next, we examined the 
effect of I-BET151 on the TGF-β 1-induced activation of 
renal fibroblasts. As shown in Figure 2A-2D, I-BET151 
also dose-dependently suppressed the TGF-β 1-induced 
expression of α-SMA, fibronectin and collagen 1. Taken 
together, these results suggest that BET protein activity 
is necessary for activation of renal interstitial fibroblasts, 



Oncotarget69293www.impactjournals.com/oncotarget

and that I-BET151 is a potent inhibitor of BET proteins.

Silencing of BRD4 inhibits serum and TGF-β 1 
induced activation of renal fibroblasts

BRD4, a member of the Brd4 family, plays a 
central role in mediating a variety of biological responses 

of BET proteins [24, 25].To validate the role of BET 
proteins in mediating activation of renal fibroblasts, we 
examined the effect of Brd4 silencing on the expression 
of α-SMA, fibronectin, and collagen 1 in cultured renal 
fibroblasts. Our results show that silencing of Brd4 
significantly inhibited serum-induced expression of all 
three aforementioned hallmarks of renal myofibroblasts 
(Figure3A, 3B). Silencing of Brd4 also suppressed the 

Figure1: I-BET151 inhibits serum-induced activation of renal interstitial fibroblasts in a dose and time dependent 
manner. Normally cultured NRK-49F cells were treated with I-BET151 (0-5μM) for 36hA., or 5μM for (0-36h)E.. Then, cell lysates were 
prepared and subjected to immunoblot analysis with antibodies against α-SMA, collagen-1, fibronectin, and GAPDH A. and E. The levels 
of α-SMA B., F., fibronectin C., G., collagen-1 D., H. were quantified by densitometry and normalized with GAPDH. Values are the means 
±SEM of at least three independent experiments. Bars with different letters (a-d) are significantly different from one another (p < 0.05).
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TGF-β 1 stimulated expressions of α−SMA, fibronectin, 
and collagen 1 (Figure 3D, 3E). Brd4 siRNA largely 
reduced expression of Brd4 (Figure 3A, 3C, 3D, 3F).
Thus, these results suggest that Brd4 may be a critical 
component in the mechanism of BET family protein-
mediated renal fibrosis.

BRD inhibition is protective against renal fibrosis 
following obstructed injury

To assess the role of BET proteins in the 
development of renal fibrosis, we examined the anti-
fibrotic effect of I-BET151 in a murine model of renal 
fibrosis induced by unilateral ureteral obstruction 
(UUO). At day 7 following ureteral ligation, kidneys 
were collected and then subjected to Masson trichrome 
staining and immunoblots to analyze the expression of 
ECM proteins. As shown in Figure 4A, collagen fibrils 
are extensively deposited within the interstitial space after 
UUO injury, as indicated by an increase in positive areas 
of Masson trichrome staining. Semi-quantitative analysis 
of Masson trichrome-positive areas revealed about a 

3-fold increase in deposition of ECM components in the 
obstructed kidney compared with the control kidneys. 
Administration of I-BET151 reduced ECM deposition 
by 80% (Figure 4B). To confirm the anti-fibrotic effect 
of I-BET151, we further examined its effect on the 
expression of α-SMA and deposition of fibronectin and 
collagen 1 in obstructed kidneys. Immunoblot analysis of 
the whole-kidney tissue lysates indicated an increase in 
the expression of α-SMA, collagen 1, and fibronectin in 
the kidney after 7 days of UUO injury. Administration of 
I-BET151 remarkably decreased the level of collagen 1 
(∼70%) (Figure 4C, 4D, fibronectin (∼60%) (Figure 4C, 
4E), α-SMA (∼60%)(Figure 4C, 4F). Collectively, these 
data demonstrate that inhibition of BRD by I-BET151 
attenuates development of renal fibrosis after UUO injury.

Administration of I-BET151 reduces Brd 4 level 
in the kidney following UUO injury

Brd4 has been reported to moderate TGF-β 
1-mediated α-SMA induction in lung fibrosis [12]. To 
demonstrate whether I-BET151 elicited renal fibrosis 

Figure 2: I-BET151 inhibits TGF-β 1-induced activation of renal interstitial fibroblasts in a dose and time dependent 
manner. Normally cultured NRK-49F cells were treated with TGF-β 1 (2 ng/ml) in the presence of I-BET151 (0-5μM) for 36h A.. Then, 
cell lysates were prepared and subjected to immunoblot analysis with antibodies against α-SMA, collagen 1, fibronectin, and GAPDH. The 
levels of α-SMA B., fibronectin C. and collagen-1D. were quantified by densitometry and normalized with GAPDH. Values are the means 
±SEM of at least three independent experiments. Bars with different letters (a-d) are significantly different from one another (p < 0.05).
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reduction was associated with the inhibition of Brd4, we 
performed immunoblot analysis to examine the effect 
of I-BET151 on Brd4 expression in the murine kidney 
collected at 7 days after UUO. As shown in Figure 
5A-5C, Brd4 was detectable in the kidney of sham-
operated mice. UUO injury increased its expression. 
Administration of I-BET151 reduced the expression of 
Brd4 to the basal level in the kidney of UUO injured mice. 
Immunohistochemistry staining also showed increased 
expression of Brd4 in the kidney after UUO injury, and 
I-BET151 treatment reduced its expression. Furthermore, 
we found that Brd4 is expressed in both the renal tubular 
cells and interstitial myofibroblasts of the injured kidney 
(Figure 5C). This data suggests that Brd4 may be involved 
in the regulation of pro-fibrotic machinery in both renal 
fibroblasts and renal tubular cells. 

BET inhibition suppresses TGF-β/Smad3 
signaling

TGFβ1 is a central cytokine in the regulation of renal 
fibrosis in various models, which initiates fibrosis via the 
activation of the Smad3 signaling pathway. Conversely, 
Smad-7 is a key antagonist of TGF-β1 signaling [26-28]. 
On this basis, we examined the effect of BET inhibition on 
the phosphorylation of Smad3 and expression of Smad7 in 
the kidney after ureteral obstruction. As shown in Figure 
6A-6D, UUO injury resulted in the phosphorylation of 
Smad3 and decreased expression levels of Smad7 in the 
kidney, whereas I-BET151 treatment reduced p-Smad3 
expression (Figure 6A) and maintained Smad7 expression 
levels (Figure 6D). The efficacy of I-BET151 treatment 

Figure 3: Knockdown of Brd4 with siRNA inhibits fibroblast activation. Serum-starved NRK-49F cells were transfected with 
siRNA targeting Brd4 or scrambled siRNA and then incubated in 5% FBS A.-C. or TGFβ1 (2 ng/ml) D.-F. for an additional 24 hours. Cell 
lysates were prepared for immunoblot analysis with antibodies against α-SMA, fibronectin, collagen1, or GAPDH A. and D. Expression 
levels of α-SMA, fibronectin, collagen 1, and Brd4 were quantified by densitometry and normalized with GAPDH B., C., E., and F.. Values 
are the means±SEM of at least three independent experiments. Bars with different letters (a-d) for each molecule are significantly different 
from each another (p < 0.05).
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in preserving Smad7 levels may, in part, contribute to the 
inactivation of TGFβ1 signaling and the attenuation of 
renal fibrogenesis in the UUO injured kidney.

I-BET151 inhibits UUO injury-induced EGFR 
and PDGFRβ phosphorylation

Results from our previous studies, as well as 
those of other groups have shown that the activation of 
EGFR and PDGFRβ plays an important role in renal 
fibroblast activation and proliferation [29-31]. As such, 
we further examined the effect of I-BET151on EGFR and 

PDGFRβ expression and phosphorylation in the kidney 
by immunoblot analysis. The phosphorylated EGFR at 
Tyr1068 (p-EGFR) and PDGFRβ at Tyr751 (p-PDGFRβ) 
were barely detectable in the sham-operated kidneys. After 
UUO injury, their phosphorylation levels greatly increased 
in the kidney; however, administration of I-BET151 
blocked their phosphorylation (Figure 7A, 7B, 7D). UUO 
injury also increased total EGFR and PDGFRβ levels, 
but I-BET151 treatment did not affect their expression 
(Figure7A, 7C and 7E). This suggests that BET proteins 
playa regulatory role in the phosphorylation, but not the 
expression of these two tyrosine kinase receptors.

Figure 4: Administration of I-BET151 alleviates development of deposition of ECM in obstructed kidneys. A. 
Representative image of Masson trichrome staining of kidney. B. The Masson trichrome-positive tubulointerstitial area (blue) relative to the 
whole area from 10 random cortical fields was evaluated. Data are represented as the mean ± SEM (n  =  6). C. Kidney tissue lysates were 
subjected to immunoblot analysis with antibodies against collagen-1, α-SMA, fibronectin, or GAPDH. Expression levels of collagen-1, 
fibronectin, α-SMA, and GAPDH were quantified by densitometry, and the levels of collagen1D., fibronectin E., and α-SMAF. were 
normalized with GAPDH. Values are the means±SEM (n = 6). Means with different letters (a-c) are significantly from one another (P < 
0.05). Scale bar = 50µM.
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Figure 5: I-BET151 inhibits the expression of Brd4 in obstructed kidneys. The prepared tissue lysates from sham operated 
and obstructed kidneys of mice treated with or without I-BET151 were performed immunoblot analysis with antibodies against Brd4 and 
GAPDH A.. Quantification of Brd4 protein expression was normalized to GAPDH B.. Values are the means±SEM (n = 6). Means with 
different letters (a-b) are significantly from one another (P < 0.05). C. Representative image of Brd4 immunohistochemistry staining of 
kidney. Arrows indicate interstitial cells. Scale bar = 50µM.

Figure 6: I-BET151 inhibits activation of TGF-β1/Smad3 signalingin UUO models. A.Kidney tissue lysates were subjected 
to immunoblot analysis with antibodies to phosopho-Smad3, Smad3, Smad7, or GAPDH. Expression levels of all of those proteins were 
quantified by densitometry, and Phosopho-Smad3 was normalized to its total protein level B.. Smad3 C. and Smad7 D. levels were 
normalized to GAPDH. Data are represented as the mean ± SEM. Bars with different letters (a-b) are significantly different from one 
another (P < 0.05).
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I-BET151 suppresses the phosphorylation and 
acetylation of NF-κB and STAT3 in the UUO 
injured kidney

Previous studies, including our own, have shown 
that both NF-κB and STAT3 signal pathways are 
implicated in the pathogenesis of chronic kidney disease 
[17, 32-34]. Emerging evidence indicates that I-BET151 
has a strong inhibitory effect on the activation of NF-κB 
[35, 36]. To investigate the effect of I-BET151 on the 
expression, phosphorylation and acetylation of STAT3 
and NF-κB in the obstructed kidney, we conducted an 
immunoblot analysis. I-BET151 inhibited UUO-induced 
phosphorylation and acetylation of both NF-κB and 

STAT3 (Figure 8A, 8B, 8D, Supplemental Figure 1). 
Although expression levels of total STAT3 were also 
increased in the UUO injured kidney, I-BET151 treatment 
did not affect their expression (Figure 8A, 8C). UUO 
injury and I-BET151 had no effect on the expression of 
total NF-κB. Since activation of both NF-κB and STAT3 
are involved in inflammatory responses, it is likely that 
I-BET151 is able to suppress UUO injury-induced renal 
inflammation.

In addition, we found that UUO injury resulted 
in increased phosphorylation of ERK1 and decreased 
phosphorylation of ERK2, whereas I-BET151 treatment 
partially inhibited these responses (Supplemental Figure 
2). The functional significance of BET-mediated distinct 
regulation of ERK1/2 needs further investigations. 

Figure 7: I-BET151 inhibits phosphorylation of EGFR and PDGFRβ in obstructed kidneys. A. Kidney tissue lysates were 
subjected to immunoblot analysis with antibodies against phospho-EGFR (Tyr1068), phospho-PDGFRβ(Tyr751), EGFR, PDGFRβ,and 
GAPDH. All of these proteins were quantified by densitometry, andphospho-EGFR and PDGFRβB. and D. were normalized to their total 
protein levels; EGFRC. and PDGFR E. were normalized with Tubulin. Data are represented as the mean ± SEM. Means with different 
superscript letters (a-c) are significantly different from one another (P < 0.05).
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I-BET151 suppresses the expression of MCP-1 
and infiltration of macrophage cells in the UUO 
injured kidney

Inflammation is involved in the progression 
of chronic kidney disease [37]. Accumulation and 
infiltration of macrophages in tubulointerstitial areas 
contributes to pathological alterations of chronic kidney 
disease [38]. To elucidate the influence of I-BET151 
on macrophage infiltration in the kidney after UUO 
injury, we first examined the expression levels of CD68, 
a marker of macrophage presence in the kidney via 
immunohistochemistry staining. As shown in Figure 9A, 
9B, the CD68 (+) cells were located in tubulointerstitium 
and increased after UUO injury. I-BET151 treatment 
completely blocked injury-induced macrophage 
infiltration. Similarly, I-BET151 abolished CD68 
expression in the injured kidney as shown by immunoblot 

analysis (Figure 9C, 9E). Since monocyte chemoattractant 
protein-1 (MCP-1) plays a critical role in recruiting 
macrophages to injured tissues, we also examined the 
effect of I-BET151 on the expression of MCP-1 in the 
injured kidney and demonstrated that I-BET151 was 
effective in decreasing its expression as well (Figure 9C 
and 9D). These results indicate that I-BET151 is able to 
inhibit the inflammatory responses in the kidney after 
UUO injury.

I-BET151 inhibits UUO injury-induced 
expression of c-Myc and p53 in the kidney

It has been reported that c-Myc and p53 are 
involved in the regulation of many biological functions 
including renal fibrosis [39, 40] and that BET proteins are 
able to regulate their expression [41, 42]. We thus sought 
out to determine whether BET protein inhibition affects 

Figure 8: I-BET151 inhibits phosphorylation of STAT3 and NF-κB in the kidney after obstructed injury.A. Kidney 
tissue lysates were subjected to immunoblot analysis with specific antibodies against p-STAT3, STAT3, p-NF-κB,NF-κB, or GAPDH. 
Expression levels of p-STAT3 B. and p-NF-κB D. were quantified by densitometry and normalized with STAT3 and NF-κB. Expression 
levels of STAT3 C. and NF-κB E. were quantified by densitometry and normalized with GADPH. Data are means ± SEM. Means with 
different superscript letters (a-c) are significantly different from one another (P < 0.05).
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c-Myc and p53 expression in the UUO injured kidneys. 
As shown in Figure 10, the basal levels of c-Myc and p53 
were detected in the sham-treated kidney, and their levels 
were dramatically increased in the kidney after obstructive 
injury. Western blot analysis (Figure 10A-10C) indicated 
that I-BET151 treatment inhibited the expression of c-Myc 
and p53. We also examined the expression of c-Myc and 
p53 in the kidney by immunofluorescence analysis. It 
appears that both of them were mainly expressed in the 
renal tubules. UUO injury increased their expression and 
I-BET151 dramatically reduced their expression levels 
(Figure 10D, 10E). Thus, our data suggests that BET 
proteins that mediate renal fibrosis may also be associated 
with activation of c-Myc and p53 transcription factors.

I-BET151 inhibits renal tubular cells arrested 
at the G2/M stage of the cell cycle in the UUO 
injured kidney

Renal epithelial cells arrested at the G2/M phase 
in the cell cycle resulted in a prominent profibrotic 
phenotype that produces profibrotic growth factors/
cytokines such as TGFβ 1 in the kidney after chronic 
injury [43]. To determine whether BET proteins mediate 
this process in the injured kidney, we investigated the 
effect of I-BET151 on the expression of phospho-histone 
H3 (ser10) [43], a hallmark of cells arrested at the G2/M 
stage, in the obstructed kidney by immunoblot analysis. 

Figure 9: I-BET151 suppresses expression of MCP-1 and infiltration of macrophage in the obstructed kidneys. A. CD68 
(a macrophage marker) was stained with immunohistochemistry. B. The corresponding group data show the number of positive staining 
cells per high power field (HP). C. Kidney tissue lysates were subjected to immunoblot analysis with specific antibodies against CD68, 
MCP-1, or GAPDH. Expression levels ofMCP-1D. and CD68 E. were quantified by densitometry and normalized with GADPH. Data 
are means ± SEM. Means with different superscript letters are significantly different from one another (P < 0.05). Yellow arrows indicate 
macrophages. 
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Renal phospho-histone H3 was minimally detectable 
in sham-operated animals, but significantly increased 
after UUO injury. Treatment with I-BET151 completely 
blocked UUO-induced increase of phospho-histone H3 
in the kidney (Figure 11A and 11B).Therefore, our data 
indicate that BET protein inhibition may also attenuate 
renal fibrosis by reducing the number of renal epithelial 
cells arrested at the G2/M stage of the cell cycle and 
subsequently decrease the production of some profibrotic 
factors. 

Expression of Brd4 in human kidneys with 
chronic renal diseases

To further elucidate the relevance of these results 
to human disease, we performed immunofluorescence 
staining to visualize the alteration of Brd4 in the kidney 

with different diseases and a normal kidney tissue from 
the normal pole of a kidney resected from a renal tumor. 
As seen in Figure 12, Brd4 was barely expressed in tubular 
epithelial cells and α-SMA expression was not detectable 
in the normal kidney tissue. However, Brd4 was detected 
in both tubular cells and interstitial cells in the kidney of 
patients with focal segmental glomerulosclerosis (FSGS) 
and IgA nephropathy. Notably, some of interstitial cells 
were co-localized with α-SMA. In line with our findings 
in the kidney after UUO injury, Brd4 expression also 
increased in human kidneys with renal diseases. This 
suggests that Brd4 may play an essential role in mediating 
the progression of chronic kidney disease. 

DISCUSSION

Compared with extensive studies on BET inhibitors 
in tumors and other diseases, there are few studies to 

Figure 10: I-BET151 inhibits the expression of c-Myc and p53 in the kidney after obstructed injury. A. Kidney tissue 
lysates were subjected to immunoblot analysis with antibodies against c-Myc, p53, and GAPDH. Expression levels of c-Myc B. and p53 C. 
were quantified by densitometry and normalized with GADPH. Data are means ± SEM. Means with different superscript letters (a-b) are 
significantly different from one another (P < 0.05). Representative image of c-Myc D. and p53 E. immunofluorescence staining of kidney. 
Scale bar = 50µM.
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Figure 11: I-BET151 decreases the expression of phospho-histone H3 at Ser10 in the kidney after UUO injury. A. Kidney 
tissue lysates were subjected to immunoblot analysis with antibodies against phospho-histone H3 at Ser10 (P-H3ser10) and GAPDH. 
Expression levels of p-H3 ser10 B. were quantified by densitometry and normalized with tubulin. Data are means ± SEM. Bars with different 
letters (a-b) are significantly different from one another (P < 0.05).

Figure 12: Brd4 is expressed in renal tubular cells and interstitial fibroblasts in human CKD. Representative images of 
double immunofluorescence staining for Brd4 and α-SMA in sections of kidneys biopsies from two random subjects diagnosed with FSGS, 
IgA nephropathy. Nontumor kidney tissue from patients who had renal cell carcinoma and underwent nephrectomy was used as a control. 
Arrows indicate Brd4-positive myofibroblasts. Scale bar = 50µM.
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evaluate the efficacy of BET inhibitors in preclinical 
models of renal disease. Administration of MS417, 
a BET specific bromodomain inhibitor, can suppress 
inflammation and kidney injury in murine models of HIV-
associated nephropathy and diabetic nephropathy [44]. 
JQ1 treatment can also delay cyst growth and kidney 
enlargement and preserve renal function in early stage 
genetic mouse strains with PKD1 mutations [45] and 
ameliorates renal inflammation [13]. In the current study, 
we extended these observations by examining the effect of 
BET protein inhibition on renal fibroblast activation and 
renal fibrosis development after UUO injury. Our results 
showed that treatment with I-BET151 inhibits activation 
of renal interstitial fibroblasts and attenuates renal fibrosis 
in vivo. Furthermore, BET inhibition leads to suppression 
of activation and/or expression of multiple signaling 
molecules and transcriptional factors associated with renal 
fibrogenesis. These data indicate that BET bromodomains 
are critically involved in the activation of profibrotic 
machinery in the kidney, and suggest that pharmacological 
targeting of BET proteins could be a therapeutic option for 
CKD treatment. 

Renal fibrosis is the common feature of CKD caused 
by various etiologies. At the cellular level, activation of 
renal interstitial fibroblasts is the most important event 
in renal fibrosis as their persistent activation results in 
progressive deposition of fibrillar collagens that cause 
parenchyma damage [46]. Our observations indicate that 
treatment with I-BET151 inhibited serum and TGF-β 1 
induced expression of α-SMA, fibronectin, and collagen 
1, in a dose- and time dependent fashion in vitro and 
attenuated renal fibrosis in vivo. As serum is the mixture 
of multiple growth factors and TGF-β 1 is the most potent 
profibrotic cytokine, diminishing of their effects on renal 
fibroblast activation by the BET inhibitor underscores the 
importance of BET bromodomains in mediating activation 
of the core machinery that propagates myofibroblast 
activation and renal fibrosis. Indeed, BET inhibition 
results in inactivation/suppression of multiple molecular 
and cellular events associated with these processes as 
listed below.

Firstly, BET inhibition causes inactivation of 
profibrotic growth factor receptors. Both our own studies 
and those from other groups have shown that activation 
of EGFR and PDGFR are important for the activation of 
renal fibroblasts and the development of renal fibrosis [47, 
48]. Here we found that I-BET151treatment dramatically 
reduced the expression of phosphorylated EGFR and 
PDGFR in the kidney after UUO injury. The mechanism 
by which BET proteins regulate phosphorylation of 
these receptors is not clear at this time. It is possible 
that BET proteins indirectly regulate activation of these 
two receptors via modulation of PTEN expression. 
PTEN is a well-known phosphatase that can induce 
dephosphorylation of many signaling molecules including 
EGFR and PDGFR [49, 50]. PTEN can be acetylated and 

this acetylation inhibits its catalytic activity [51]. Given 
that BET proteins function as a reader when binding to 
acetylated proteins, I-BET151 treatment may stabilize 
PTEN activity through interfering with its acetylation and 
subsequently inhibit EGFR and PDGFR phosphorylation. 
Additional studies are needed to further explore the role 
of PTEN in mediating BET protein regulation of growth 
factor receptors. 

Secondly, BET inhibition blocks activation of 
multiple intracellular signaling pathways associated with 
renal fibrosis. Activation of TGF-β1 signaling is central 
to the development of renal fibrosis in various models. In 
this pathway, TGF-β1 transduces its fibrotic signal through 
activation (phosphorylation) of Smad-3. Smad-7, on the 
other hand, is a key antagonist of TGF-β signaling [26-
28]. Thus, we examined the effect of I-BET151 on the 
phosphorylation of Smad3 and expression of Smad-7 and 
demonstrated that I-BET151treatment inhibited injury-
induced Smad3 phosphorylation and Smad-7 suppression. 
This suggests that I-BET151 elicited attenuation of renal 
fibroblast activation is, at least in part, attributed to Smad-7 
preservation and subsequent Smad3 inhibition. In addition, 
we found that I-BET151 inhibits activation of STAT3 
and NF-κB, two pathways involved in the regulation of 
proinflammatory responses, including the production 
of chemokines and the infiltration of macrophages. 
As a consequence of their inhibition, we observed that 
administration of I-BET151 reduced expression of MCP1, 
a major chemokine in recruiting monocytes to the injured 
kidney, and CD68, a mark of macrophages in the injured 
kidney. Therefore, it appears that I-BET151 can attenuate 
renal fibrosis through suppressing activation of multiple 
intracellular signaling pathways associated with renal 
fibroblast activation and proinflammatory responses.

Thirdly, BET inhibition results in suppression 
of multiple transcription factors. Bromodomain 
reader proteins bind acetylated histones and recruit 
transcriptional complexes, therefore representing an 
important link between histones and transcription. BET 
inhibitors have been reported to reduce tumor growth 
through their suppression of multiple transcription 
factors, including c-Myc and p53 [52, 53] . Since the 
transcriptional activity of c-Myc and p53 is also associated 
with induction of many profibrotic genes, we examined 
the effect of I-BET151 on their expression. Our results 
showed that I-BET151 treatment significantly suppressed 
UUO-induced c-Myc and p53 expression in the kidney, 
suggesting that suppression of c-Myc and p53 may be 
one of the mechanisms by which I-BET151 inhibits renal 
fibrosis.

 Finally, BET inhibition abrogates the arrest of renal 
epithelial cells at the G2/M phase of cell cycle, a cellular 
event associated with the production of profibrotic growth 
factors/cytokines. After severe renal injury, many tubular 
cells are reported to arrest in the G2/M phase of the cell 
cycle and produce profibrotic factors. Subsequently, these 
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factors induce activation and proliferation of pericytes/
fibroblasts to accelerate production of extracellular 
matrix components [54]. Our previous studies have 
demonstrated that UUO injury can increase the number 
of renal tubular cells expressing phospho-histone H3 at 
serine 10, the hallmark of cells at the G2/M phase of the 
cell cycle [55] . In the current study, we found that Brd 4 is 
highly expressed in the renal tubule of chronically injured 
kidneys in mice and humans. These data suggest that BET 
protein inhibition may block the machinery that induces 
cell arrest at the G2/M phase. Nevertheless, this may not 
be the sole mechanism by which BET protein inhibition 
reduces profibrotic factors. As mentioned above, BET 
inhibitors-elicited suppression of macrophage infiltration 
may also contribute to this process. 

Currently, the isoform of Brds involved in renal 
fibrosis remains unclear. It has been reported that Brd4 
associates directly with many transcription factors and 
chromatin-modifying enzymes [56] . Brd4 might therefore 
be one of the BET proteins that regulate development of 
renal fibrosis. This was evidenced by our observations 
that Brd4 is expressed in the kidney injured by ureteral 
obstruction and from humans with kidney diseases such 
as FSGS and IgA nephropathy and silencing of BRD4 
with its siRNA reduced activation of the cultured renal 
interstitial fibroblasts. However, since I-BET151 is able 
to inhibit BRD2, BRD3, and BRD4 activity [9], there 
remains the possibility that other forms of BET proteins 
may also be involved in renal fibrogenesis. Further studies 
are required to identify the I-BET151 target(s) responsible 
for inhibition of renal fibrosis. 

Recently, some BET inhibitors have been shown to 
have potent antitumor effects in a number of preclinical 
cancer models [57, 58]. It has also been shown that 
BET inhibitors confer protection against lung [59] 
and liver fibrosis [1]. I-BET151 is a highly specific 
and potent isoxazoloquinoline BET inhibitor, with a 
pharmacokinetic and bioavailability profile compatible 
for future clinical development. Like all BET inhibitors, 
I-BET151 interacts with the Brd pocket in a manner 
competitive with acetylated peptide binding, leading 
to the displacement of BET protein from acetylated 
chromatin in cells exposed to this inhibitor. I-BET151 has 
been studied in a number of hematological malignancies, 
including myeloma [21], acute myeloid leukaemia [60] 
, lymphoma [61], and myeloproliferative neoplasms 
[62]. More recently, I-BET151 showed effective 
inhibition of osteoclastogenesis and inflammatory bone 
resorption [63]. Furthermore, clinical trials for three BET 
inhibitors; BET762, OTX015 and CPI-0610 in refractory 
haematological malignancies are currently underway. 
Based on the strong anti-fibrotic effect of I-BET151in the 
kidney, BET inhibitors could be developed as a potential 
therapy to treat patients with CKD.

In summary, we were for the first time able to 
provide evidence that pharmacological targeting of BET 

proteins can effectively inhibit renal fibroblast activation 
and attenuate renal fibrosis. Mechanistically, inhibition 
of BET with I-BET151 led to inactivation of multiple 
profibrotic signaling pathways, decreased expression of 
transcription factors, and reduced the number of renal 
epithelial cells arrested at the G2/M phase. Therefore, 
BET protein obstruction may represent a novel potential 
therapeutic approach to inhibit kidney fibrosis after injury.

MATERIALS AND METHODS

Chemicals and antibodies

Antibodies to p-STAT3, STAT3, p-Smad3, Smad3, 
Smad7, p-PDGFR-β , PDGFR-β , p-EGFR (Tyr-845), 
p-NF-κB, NF-κB, p-53, fibronectin, were purchased from 
Cell Signaling Technology (Danvers, MA). Antibodies to 
Brd4, CD68, collagen 1(A2), c-Myc,MCP-1,GAPDH and 
the immunohistochemistry kit were purchased from Santa 
Cruz Biotechnology, CA. Small interfering RNA (siRNA) 
specific for Brd4 and Lipofectamine 2000 were purchased 
from Invitrogen (Carlsbad, CA). Antibodies to α-SMA 
and α-tubulin, and all other chemicals were obtained from 
Sigma (St. Louis, MO). 

Animal model of UUO and treatment protocols

The UUO model was established in male C57BL/6 
mice (Jackson Laboratory, Bar Harbor, ME) as described 
previously [64]. To examine the efficacy of I-BET151 in 
renal fibrosis after UUO injury, I-BET151 at 30mg/kg in 
50 μl DMSO was given via I. P. according to previous 
reports [65, 66]. I-BET151 was injected immediately after 
ureteral ligation based and then administered daily for 7 
days before kidneys were harvested. DMSO only-treated 
animals were used as controls. The animals were killed 
and the kidneys were collected7 days after surgery. Six 
mice were used in each group. All animal studies were 
performed according to the US Guidelines to the Care and 
Use of Laboratory Animals and approved by the Lifespan 
Animal Welfare Committee.

Immunohistochemistry

Kidneys were fixed in formalin and then embedded 
in paraffin wax. Immunohistochemistry (IHC) was 
performed to identify macrophages using a rabbit anti-
CD68 antibody (1:100) (Santa Cruz) and to determine 
Brd4 expression using a rabbit anti-Brd4 antibody (1:100) 
(abcam).Blocking agents included 20% goat serum or 
donkey serum according to the protocols. Specimens were 
incubated with the primary antibody overnight at 4ºC. 
immunohistochemistry kit (Santa Cruz Biotechnology, 
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CA) was used for immunoperoxidase staining, and 
specimens were counterstained with hematoxylin. The 
specificity of the other antibodies has been established as 
referenced.

Histochemical and immunofluorescent staining

To measure renal fibrosis quantitatively, the collagen 
tissue area was evaluated after Masson trichrome staining 
using Image Pro-Plus Software (Media-Cybernetics, 
Silver Spring, MD) by drawing a line around the perimeter 
of the positive staining area, and calculating and graphing 
the average ratio to each microscopic field (400 ×). 
Immunofluorescent staining was carried out according 
to the procedure described in our previous studies [64]. 
For immunofluorescent staining, Rabbit anti-P53(1:100), 
mouse anti-c-Myc (1:100), rabbit anti-Brd4 (1:100) 
and mouse anti-α-SMA (1:100) (sigma) were used. 
Fluorescent-conjugated secondary antibodies (1:500) were 
applied to the sections. 

Cell culture and treatment

NRK-49F cells were purchased from the ATCC 
(Manassas, VA) and cultured in Dulbecco’s modified 
Eagle’s medium: Hams F12 medium (DMEM-F12) 
(Sigma-Aldrich, St Louis, MO) containing 5% fetal 
bovine serum (FBS), 0.5% penicillin and streptomycin 
in an atmosphere of 5% CO2 and 95% air at 37 °C. To 
determine the effects of I-BET151on fibroblast activation, 
I-BET151 was directly added to subconfluent NRK-
49F cells and then incubated for the time as indicated in 
figure legends. For TGF-β1 treatment, NRK-49F were 
starved for 24 h by incubation with 0.5% FBS containing 
DMEM-F12 and then exposed to TGF-β1 (2 ng/ml) for 24 
h in the absence or presence of I-BET151.

Transfection of siRNA into cells

NRK-49F cells were seeded to 50-60% confluence 
in antibiotic-free medium and grown for 24 h. The siRNA 
oligonucleotides targeted specifically to Brd4 (100 
pmol) were transfected into cells using Lipofectamine 
(Invitrogen). As a control, 100 pmolof scrambled control 
siRNA was also transfected into NRK-49Fcells in separate 
dishes. After transfection, cells were cultured for an 
additional 48 h in DMEM-F12 with 5% FBS before cell 
lysates were prepared for immunoblot analysis.

Western blot analysis

Proteins of kidney lysates were performed by 
Western blot analysis as described previously [17] . 
The densitometry analysis of Westernblot results was 

determined using Image J software (National Institutes of 
Health, Bethesda, MD).

Statistical analysis

Data were expressed as means ± SEM for each 
group. Multiple-group comparison was performed using 
one-way analysis of variance (ANOVA). Student’s test 
was performed to analyze the differences between two 
groups. P < 0.05 was considered as statistically significant.

ACKNOWLEDGMENTS 

This study was supported by the US National 
Institutes of Health (5R01DK085065 to S.Z.), the 
National Nature Science Foundation of China grants 
(81270778, 81470920, 81670623 to S.Z), and the Key 
Discipline Construction Project of Pudong Health Bureau 
of Shanghai (PWZx2014-06 to S.Z.).

CONFLICTS OF INTEREST

None.

REFERENCES

1. Ding N, Hah N, Yu RT, Sherman MH, Benner C, Leblanc 
M, He M, Liddle C, Downes M and Evans RM. BRD4 is 
a novel therapeutic target for liver fibrosis. Proc Natl Acad 
Sci USA. 2015; 112:15713-15718.

2. Ramos AM, Gonzalez-Guerrero C, Sanz A, Sanchez-Nino 
MD, Rodriguez-Osorio L, Martin-Cleary C, Fernandez-
Fernandez B, Ruiz-Ortega M and Ortiz A. Designing drugs 
that combat kidney damage. Expert Opin Drug Discov. 
2015; 10:541-556.

3. Kramann R, Dirocco DP, Maarouf OH and Humphreys BD. 
Matrix Producing Cells in Chronic Kidney Disease: Origin, 
Regulation, and Activation. Curr Pathobiol Rep. 2013; 1(4).

4. Ruggenenti P, Cravedi P and Remuzzi G. Mechanisms and 
treatment of CKD. J Am Soc Nephrol. 2012; 23:1917-1928.

5. Padmanabhan B, Mathur S, Manjula R and Tripathi S. 
Bromodomain and extra-terminal (BET) family proteins: 
New therapeutic targets in major diseases. Journal of 
biosciences. 2016; 41:295-311.

6. Dhalluin C, Carlson JE, Zeng L, He C, Aggarwal 
AK and Zhou MM. Structure and ligand of a histone 
acetyltransferase bromodomain. Nature. 1999; 399:491-
496.

7. Zuber J, Shi J, Wang E, Rappaport AR, Herrmann H, Sison 
EA, Magoon D, Qi J, Blatt K, Wunderlich M, Taylor MJ, 
Johns C, Chicas A, Mulloy JC, Kogan SC, Brown P, et al. 
RNAi screen identifies Brd4 as a therapeutic target in acute 
myeloid leukaemia. Nature. 2011; 478:524-528.

8. Asangani IA, Dommeti VL, Wang X, Malik R, Cieslik M, 



Oncotarget69306www.impactjournals.com/oncotarget

Yang R, Escara-Wilke J, Wilder-Romans K, Dhanireddy S, 
Engelke C, Iyer MK, Jing X, Wu YM,  et al. Therapeutic 
targeting of BET bromodomain proteins in castration-
resistant prostate cancer. Nature. 2014; 510:278-282.

9. Dawson MA, Prinjha RK, Dittmann A, Giotopoulos G, 
Bantscheff M, Chan WI, Robson SC, Chung CW, Hopf 
C, Savitski MM, Huthmacher C, Gudgin E, Lugo D, et al. 
Inhibition of BET recruitment to chromatin as an effective 
treatment for MLL-fusion leukaemia. Nature. 2011; 
478:529-533.

10. Filippakopoulos P, Qi J, Picaud S, Shen Y, Smith WB, 
Fedorov O, Morse EM, Keates T, Hickman TT, Felletar 
I, Philpott M, Munro S, McKeown MR, et al. Selective 
inhibition of BET bromodomains. Nature. 2010; 468:1067-
1073.

11. Ferri E, Petosa C and McKenna CE. Bromodomains: 
Structure, function and pharmacology of inhibition. 
Biochem Pharmacol. 2016; 106:1-18.

12. Tang X, Peng R, Ren Y, Apparsundaram S, Deguzman J, 
Bauer CM, Hoffman AF, Hamilton S, Liang Z, Zeng H, 
Fuentes ME, Demartino JA, Kitson C, Stevenson CS and 
Budd DC. BET bromodomain proteins mediate downstream 
signaling events following growth factor stimulation in 
human lung fibroblasts and are involved in bleomycin-
induced pulmonary fibrosis. Molecular pharmacol. 2013; 
83:283-293.

13. Suarez-Alvarez B, Morgado-Pascual JL, Rayego-Mateos 
S, Rodriguez RM, Rodrigues-Diez R, Cannata-Ortiz P, 
Sanz AB, Egido J, Tharaux PL, Ortiz A, Lopez-Larrea 
C and Ruiz-Ortega M. Inhibition of Bromodomain and 
Extraterminal Domain Family Proteins Ameliorates 
Experimental Renal Damage. J Am Soc Nephrol. 2016 Jul 
19. pii: .2015080910.

14. Liu F and Zhuang S. Role of Receptor Tyrosine Kinase 
Signaling in Renal Fibrosis. Int J Mol Sci. 2016; 20; pii: 
E972. doi: 10.3390/ijms17060972 

15. Ponnusamy M, Zhou X, Yan Y, Tang J, Tolbert E, Zhao 
TC, Gong R and Zhuang S. Blocking sirtuin 1 and 2 inhibits 
renal interstitial fibroblast activation and attenuates renal 
interstitial fibrosis in obstructive nephropathy. J Pharmacol 
Exp Ther. 350:243-256.

16. Bonventre JV. Maladaptive proximal tubule repair: cell 
cycle arrest. Nephron Clin Pract. 2014; 127:61-64.

17. Liu N, Guo JK, Pang M, Tolbert E, Ponnusamy M, Gong 
R, Bayliss G, Dworkin LD, Yan H and Zhuang S. Genetic 
or pharmacologic blockade of EGFR inhibits renal fibrosis. 
J Am Soc Nephrol . 2012; 23:854-867.

18. Brilli LL, Swanhart LM, de Caestecker MP and Hukriede 
NA. HDAC inhibitors in kidney development and disease. 
Pediatr Nephrol. 2013; 28:1909-1921.

19. Van Beneden K, Geers C, Pauwels M, Mannaerts I, 
Wissing KM, Van den Branden C and van Grunsven LA. 
Comparison of trichostatin A and valproic acid treatment 
regimens in a mouse model of kidney fibrosis. Toxicol Appl 

Pharmacol. 2013; 271:276-284.
20. Lin CL, Lee PH, Hsu YC, Lei CC, Ko JY, Chuang PC, 

Huang YT, Wang SY, Wu SL, Chen YS, Chiang WC, 
Reiser J and Wang FS. MicroRNA-29a promotion of 
nephrin acetylation ameliorates hyperglycemia-induced 
podocyte dysfunction. J Am Soc Nephrol . 2014; 25:1698-
1709.

21. Chaidos A, Caputo V and Karadimitris A. Inhibition 
of bromodomain and extra-terminal proteins (BET) 
as a potential therapeutic approach in haematological 
malignancies: emerging preclinical and clinical evidence. 
Ther Adv Hematol. 2015; 6:128-141.

22. Mack M and Yanagita M. Origin of myofibroblasts and 
cellular events triggering fibrosis. Kidney Int. 2015; 87:297-
307.

23. Duffield JS. Cellular and molecular mechanisms in kidney 
fibrosis. J Clin Invest. 2014; 124:2299-2306.

24. Jung M, Gelato KA, Fernandez-Montalvan A, Siegel S 
and Haendler B. Targeting BET bromodomains for cancer 
treatment. Epigenomics. 2015; 7:487-501.

25. Fu LL, Tian M, Li X, Li JJ, Huang J, Ouyang L, Zhang 
Y and Liu B. Inhibition of BET bromodomains as a 
therapeutic strategy for cancer drug discovery. Oncotarget. 
2015; 6:5501-5516. doi:10.18632/oncotarget.3551.

26. Schnaper HW, Jandeska S, Runyan CE, Hubchak SC, Basu 
RK, Curley JF, Smith RD and Hayashida T. TGF-beta 
signal transduction in chronic kidney disease. Front Biosci. 
2009; 14:2448-2465.

27. Abbate M, Zoja C, Rottoli D, Corna D, Tomasoni S and 
Remuzzi G. Proximal tubular cells promote fibrogenesis 
by TGF-beta1-mediated induction of peritubular 
myofibroblasts. Kidney Int. 2002; 61:2066-2077.

28. Coimbra TM, Carvalho J, Fattori A, Da Silva CG and 
Lachat JJ. Transforming growth factor-beta production 
during the development of renal fibrosis in rats with subtotal 
renal ablation. Int J Exp Pathol. 1996; 77:167-173.

29. Bonner JC. Regulation of PDGF and its receptors in fibrotic 
diseases. Cytokine Growth Factor Rev 2004; 15:255-273.

30. Terzi F, Burtin M, Hekmati M, Federici P, Grimber G, 
Briand P and Friedlander G. Targeted expression of a 
dominant-negative EGF-R in the kidney reduces tubulo-
interstitial lesions after renal injury. J Clin Invest. 2000; 
106:225-234.

31. Ludewig D, Kosmehl H, Sommer M, Bohmer FD and 
Stein G. PDGF receptor kinase blocker AG1295 attenuates 
interstitial fibrosis in rat kidney after unilateral obstruction. 
Cell Tissue Res. 2000; 299:97-103.

32. Poveda J, Tabara LC, Fernandez-Fernandez B, Martin-
Cleary C, Sanz AB, Selgas R, Ortiz A and Sanchez-Nino 
MD. TWEAK/Fn14 and Non-Canonical NF-kappaB 
Signaling in Kidney Disease. Front Immunol. 2013; 4:447.

33. Yan Y, Ma L, Zhou X, Ponnusamy M, Tang J, Zhuang MA, 
Tolbert E, Bayliss G, Bai J and Zhuang S. Src inhibition 
blocks renal interstitial fibroblast activation and ameliorates 



Oncotarget69307www.impactjournals.com/oncotarget

renal fibrosis. Kidney international. 2015.
34. Pang M, Ma L, Gong R, Tolbert E, Mao H, Ponnusamy 

M, Chin YE, Yan H, Dworkin LD and Zhuang S. A novel 
STAT3 inhibitor, S3I-201, attenuates renal interstitial 
fibroblast activation and interstitial fibrosis in obstructive 
nephropathy. Kidney Int. 2010; 78:257-268.

35. Gallagher SJ, Mijatov B, Gunatilake D, Gowrishankar K, 
Tiffen J, James W, Jin L, Pupo G, Cullinane C, McArthur 
GA, Tummino PJ, Rizos H and Hersey P. Control of NF-
kB activity in human melanoma by bromodomain and 
extra-terminal protein inhibitor I-BET151. Pigment Cell 
Melanoma Res. 2014; 27:1126-1137.

36. Barrett E, Brothers S, Wahlestedt C and Beurel E. 
I-BET151 selectively regulates IL-6 production. Biochim 
Biophys Acta. 2014; 1842:1549-1555.

37. Impellizzeri D, Esposito E, Attley J and Cuzzocrea S. 
Targeting inflammation: new therapeutic approaches in 
chronic kidney disease (CKD). Pharmacol Res. 2014; 
81:91-102.

38. Nikolic-Paterson DJ, Wang S and Lan HY. Macrophages 
promote renal fibrosis through direct and indirect 
mechanisms. Kidney Int Suppl. 2014; 4:34-38.

39. Cuevas CA, Gonzalez AA, Inestrosa NC, Vio CP and Prieto 
MC. Angiotensin II increases fibronectin and collagen I 
through the beta-catenin-dependent signaling in mouse 
collecting duct cells. Am J Physiol Renal Physiol. 2015; 
308:F358-365.

40. Fan Y, Wang N, Chuang P and He JC. Role of HIPK2 in 
kidney fibrosis. Kidney Int Suppl. 2014; 4(1):97-101.

41. Shahbazi J, Scarlett CJ, Norris MD, Liu B, Haber M, Tee 
AE, Carrier A, Biankin AV, London WB, Marshall GM, 
Lock RB and Liu T. Histone deacetylase 2 and N-Myc 
reduce p53 protein phosphorylation at serine 46 by 
repressing gene transcription of tumor protein 53-induced 
nuclear protein 1. Oncotarget. 2014; 5:4257-4268. 
doi:10.18632/oncotarget.1991.

42. Henssen A, Thor T, Odersky A, Heukamp L, El-Hindy N, 
Beckers A, Speleman F, Althoff K, Schafers S, Schramm 
A, Sure U, Fleischhack G, Eggert A and Schulte JH. BET 
bromodomain protein inhibition is a therapeutic option 
for medulloblastoma. Oncotarget. 2013; 4:2080-2095. 
doi:10.18632/oncotarget.1534.

43. Yang L, Besschetnova TY, Brooks CR, Shah JV and 
Bonventre JV. Epithelial cell cycle arrest in G2/M mediates 
kidney fibrosis after injury. Nat Med. 2010; 16:535-543.

44. Zhang G, Liu R, Zhong Y, Plotnikov AN, Zhang W, Zeng 
L, Rusinova E, Gerona-Nevarro G, Moshkina N, Joshua J, 
Chuang PY, Ohlmeyer M, He JC and Zhou MM. Down-
regulation of NF-kappaB transcriptional activity in HIV-
associated kidney disease by BRD4 inhibition. J Biol Chem. 
2012; 287:28840-28851.

45. Zhou X, Fan LX, Peters DJ, Trudel M, Bradner JE and Li 
X. Therapeutic targeting of BET bromodomain protein, 
Brd4, delays cyst growth in ADPKD. Hum Mol Genet. 

2015; 24:3982-3993.
46. Venkatachalam MA, Weinberg JM, Kriz W and Bidani AK. 

Failed Tubule Recovery, AKI-CKD Transition, and Kidney 
Disease Progression.. 2015; 26(8):1765-1776.

47. Liu N, Wang L, Yang T, Xiong C, Xu L, Shi Y, Bao W, 
Chin YE, Cheng SB, Yan H, Qiu A and Zhuang S. EGF 
Receptor Inhibition Alleviates Hyperuricemic Nephropathy. 
J Am Soc Nephrol. 2015; 26:2716-2729.

48. He S, Liu N, Bayliss G and Zhuang S. EGFR activity 
is required for renal tubular cell dedifferentiation and 
proliferation in a murine model of folic acid-induced 
acute kidney injury. Am J Physiol Renal Physiol. 2013; 
304:F356-366.

49. Huang L and Fu L. Mechanisms of resistance to EGFR 
tyrosine kinase inhibitors. Acta Pharm Sin B. 2015; 5:390-
401.

50. Abouantoun TJ, Castellino RC and MacDonald TJ. 
Sunitinib induces PTEN expression and inhibits PDGFR 
signaling and migration of medulloblastoma cells. J 
Neurooncol. 2011; 101:215-226.

51. Song MS, Salmena L and Pandolfi PP. The functions and 
regulation of the PTEN tumour suppressor. Nat Rev Mol 
Cell Biol. 2012; 13:283-296.

52. Cheng Z, Gong Y, Ma Y, Lu K, Lu X, Pierce LA, Thompson 
RC, Muller S, Knapp S and Wang J. Inhibition of BET 
bromodomain targets genetically diverse glioblastoma. Clin 
Cancer Res. 2013; 19:1748-1759.

53. Stewart HJ, Horne GA, Bastow S and Chevassut TJ. BRD4 
associates with p53 in DNMT3A-mutated leukemia cells 
and is implicated in apoptosis by the bromodomain inhibitor 
JQ1. Cancer med. 2013; 2:826-835.

54. Ferenbach DA and Bonventre JV. Mechanisms of 
maladaptive repair after AKI leading to accelerated kidney 
ageing and CKD. Nat Rev Nephrol. 2015; 11:264-276.

55. Tang J, Liu N, Tolbert E, Ponnusamy M, Ma L, Gong R, 
Bayliss G, Yan H and Zhuang S. Sustained activation of 
EGFR triggers renal fibrogenesis after acute kidney injury. 
Am J Pathol. 2013; 183:160-172.

56. Wu SY, Lee AY, Lai HT, Zhang H and Chiang CM. 
Phospho switch triggers Brd4 chromatin binding and 
activator recruitment for gene-specific targeting. Mol cell. 
2013; 49:843-857.

57. Shao Q, Kannan A, Lin Z, Stack BC, Jr., Suen JY and Gao 
L. BET protein inhibitor JQ1 attenuates Myc-amplified 
MCC tumor growth in vivo. Cancer Res. 2014; 74:7090-
7102.

58. Trabucco SE, Gerstein RM, Evens AM, Bradner JE, Shultz 
LD, Greiner DL and Zhang H. Inhibition of bromodomain 
proteins for the treatment of human diffuse large B-cell 
lymphoma. Clin Cancer Res. 2015; 21(1):113-122.

59. Tang X, Peng R, Phillips JE, Deguzman J, Ren Y, 
Apparsundaram S, Luo Q, Bauer CM, Fuentes ME, 
DeMartino JA, Tyagi G, Garrido R, Hogaboam CM, et 
al. Assessment of Brd4 inhibition in idiopathic pulmonary 



Oncotarget69308www.impactjournals.com/oncotarget

fibrosis lung fibroblasts and in vivo models of lung fibrosis. 
Am J Pathol. 2013; 183:470-479.

60. Dawson MA, Gudgin EJ, Horton SJ, Giotopoulos G, 
Meduri E, Robson S, Cannizzaro E, Osaki H, Wiese M, 
Putwain S, Fong CY, Grove C, Craig J,  et al. Recurrent 
mutations, including NPM1c, activate a BRD4-dependent 
core transcriptional program in acute myeloid leukemia. 
Leukemia. 2014; 28:311-320.

61. Tolani B, Gopalakrishnan R, Punj V, Matta H and 
Chaudhary PM. Targeting Myc in KSHV-associated 
primary effusion lymphoma with BET bromodomain 
inhibitors. Oncogene. 2014; 33:2928-2937.

62. Wyspianska BS, Bannister AJ, Barbieri I, Nangalia J, 
Godfrey A, Calero-Nieto FJ, Robson S, Rioja I, Li J, 
Wiese M, Cannizzaro E, Dawson MA, Huntly B, Prinjha 
RK, Green AR and Gottgens B. BET protein inhibition 
shows efficacy against JAK2V617F-driven neoplasms. 
Leukemia.2014; 28:88-97.

63. Park-Min KH, Lim E, Lee MJ, Park SH, Giannopoulou 
E, Yarilina A, van der Meulen M, Zhao B, Smithers N, 
Witherington J, Lee K, Tak PP, Prinjha RK and Ivashkiv 
LB. Inhibition of osteoclastogenesis and inflammatory 
bone resorption by targeting BET proteins and epigenetic 
regulation. Nat Commun.2014; 5:5418.

64. Pang M, Kothapally J, Mao H, Tolbert E, Ponnusamy M, 
Chin YE and Zhuang S. Inhibition of histone deacetylase 
activity attenuates renal fibroblast activation and interstitial 
fibrosis in obstructive nephropathy. American journal of 
physiology Renal physiology. 2009; 297(4):F996-f1005.

65. Long J, Li B, Rodriguez-Blanco J, Pastori C, Volmar CH, 
Wahlestedt C, Capobianco A, Bai F, Pei XH, Ayad NG and 
Robbins DJ. The BET bromodomain inhibitor I-BET151 
acts downstream of smoothened protein to abrogate the 
growth of hedgehog protein-driven cancers. The Journal of 
biological chemistry. 2014; 289(51):35494-35502.

66. Chaidos A, Caputo V, Gouvedenou K, Liu B, Marigo I, 
Chaudhry MS, Rotolo A, Tough DF, Smithers NN, Bassil 
AK, Chapman TD, Harker NR, Barbash O, et al. Potent 
antimyeloma activity of the novel bromodomain inhibitors 
I-BET151 and I-BET762. Blood. 2014; 123(5):697-705.


