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Abstract: Post-translational modifications have been identified to be of great importance 

in cancers and lysine acetylation, which can attract the multifunctional transcription factor 

BRD4, has been identified as a potential therapeutic target. In this paper, we identify that 

BRD4 has an important role in colorectal cancer; and that its inhibition substantially wipes 

out tumor cells. Treatment with inhibitor MS417 potently affects cancer cells, although 

such effects were not always outright necrosis or apoptosis. We report that BRD4 

inhibition also limits distal metastasis by regulating several key proteins in the progression 

of epithelial-to-mesenchymal transition (EMT). This effect of BRD4 inhibitor is 

demonstrated via liver metastasis in animal model as well as migration and invasion 

experiments in vitro. Together, our results demonstrate a new application of BRD4 

inhibitor that may be of clinical use by virtue of its ability to limit metastasis while also 

being tumorcidal. 

Keywords: colorectal cancer; BRD4; MS417; metastasis; epithelial-to-mesenchymal 

transition (EMT) 

 

1. Introduction 

Colorectal cancer (CRC) is the third most prevalent form of cancer globally and accounts for 

approximately 8% of all estimated new cases of cancer in 2014 [1]. Currently, CRC is commonly 

treated using combinations of surgery, chemotherapy and radiotherapy. However, chemotherapy drugs, 

such as fluorouracil (5-FU) and irinotecan (commonly used as part of the FOLFIRI regimen), have 

negative effects on healthy tissue at the doses required for successful tumor elimination and may also 

be promoting pathways that lead to tumor resistance, through the activation of pro-inflammatory and 

anti-apoptotic factors [2–4]. Surgical interventions may not be able to clear out all cancerous tissue, 

and the mortality rate of CRC, especially in cases with distant metastases, still remains high [1].  

As a result, it is clear that novel therapies for treating CRC that target the tumor cells in different ways 

are urgently needed. 

Epigenetic modifications, such as DNA methylation and posttranslational histone modifications, 

have been shown to affect almost every component of gene regulation. Histone (de)acetylation, which 

functions importantly in chromatin remodeling and gene activation [5], is best characterized in CRC [6].  

In 1999, bromodomains (BRDs), a group of protein modules which contain ~110 amino acids were 

reported as the first protein modules to recognize acetylated lysine in histone through the unusual  

left-handed four-helix bundle structure [7,8]. To date, a total of 61 BRDs have been clustered into 

eight human BRD families based on structure and sequence similarity [9]. The bromodomain and extra 

terminal (BET) family including BRD2, BRD3, BRD4 and BRDT is one of them and features  

a distinctive domain architecture of two tandem amino-terminal bromodomains that exhibit high levels 

of sequence conservation [10]. BRD2 and BRD4 have been reported to be involved in cell cycle 
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progression, given the evidence that binding of BRD2 and BRD4 to acetylated chromatin persists even 

during mitosis when chromatin is highly condensed and transcription is interrupted [11,12]. BRD2  

is underexpressed in some subtypes of human lymphoma [12]. Recently, BRD4 has been demonstrated 

to play a key role in the pathogenesis of several different types of cancers and is considered to be  

a compelling therapeutic target [10]. BRD4 has been identified functioning in an aggressive form  

of human squamous carcinoma as a component of a recurrent t(15;19) chromosomal translocation [13,14]. 

It has been found to be involved in a wide range of immune-cell related cancers including acute 

myeloid leukemia (AML), mixed lineage leukemia (MLL) and diffuse large B cell lymphoma [15–18]. 

Recently, BRD4 has also been of great interest in diverse solid tumors. Many of those, such as  

non-small cell lung cancer, metastatic breast cancer and melanoma do not currently have effective 

conventional therapies, making BRD4 inhibition a very promising option by default [19–23]. 

The naturally existing isoforms of BRD4 and their functions are not fully understood since  

Scott R. Floyd and his groups [24] have shown that BRD4 encodes A, B and C three splice isoforms 

with two bromodomains and an extra-terminal (ET) domain presenting in each isoform. They 

demonstrated that the A isoform contains a carboxy-terminal domain (CTD), which is notably absent 

in the B and C isoforms, and it is replaced with a divergent short 75 amino-acid segment in the  

B isoform. Moreover, only the B isoform has the ability to inhibit DNA damage response signaling  

by recruiting the condensing II chromatin remodeling complex to acetylated histones through BRD 

interactions, leading to an uncontrolled cell-cycle progression. While other groups provided the 

evidences that the two isoforms of BRD4 (short isoform and long isoform) share the same N-terminal 

region except for the final three amino acids and have opposing roles in breast cancer growth and 

progression [20–22]. 

Motivated by the above rationale, small molecular selective inhibitors of bromodomains in BET 

proteins have been developed and it is likely that they will find broad application in medicine and basic 

research as exemplified by the recent significant effects in treating several disorders. Suppression of 

BRD4 using small compounds such as JQ1, I-BET151 and MS417 has been shown profound efficacy 

against a wide range of cancers such as diffuse large B cell lymphoma, AML, MLL, non-small cell 

lung cancer, breast cancer, pancreatic cancer and melanoma [10,15,16,19,23,25]. However, the role of 

BRD4 has not been well studied for colorectal cancer, with the exception of one paper demonstrated 

that overexpression of BRD4 reduced colorectal tumor growth in vivo [26]. In this paper, we 

demonstrate that BRD4 inhibition has a significant effect on CRC, and that it can curtail associated 

tumor metastasis.  

2. Results and Discussion 

2.1. BRD4 Is Highly Expressed in Colon Cancer Cells and Colon Cancer Tissues  

Since BRD4 has been implicated to be a critical player in the aforementioned cancers, we first 

explored to see if its expression was also of significance in CRC. Seven established colon cancer cell 

lines (LoVo, SW48, SW480, HCT8, HCT116, HT29 and SW620) were analyzed for expression of 

BRD4 and BRD2 relative to the normal colon cell FHC line by real-time PCR. Our results indicate that 

high levels of BRD2, as well as BRD4 isoforms (long and short) were present in colon cancer cells,  
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as compared to normal colon epithelial cell (Figure 1A). To further confirm this finding, we analyzed 

expression of BRD4 on the protein level in colon cancer tissues. 45 paired samples of cancerous and 

healthy colon tissue from patients of different age, gender, disease state, and disease site were analyzed 

for BRD4 expression by Western blotting (Table 1). Overall, there was a noticeable higher expression 

of BRD4 in the tumor samples compared to healthy control (n = 45; p = 0.0005) (Figure 1B). Our 

analysis also revealed a potential age correlation for BRD4 expression, with older patients tending to 

have higher expression of the protein (n = 45, p = 0.11) (Figure 1C). More samples would be needed 

for confirmation. However, it seemed to be no correlation between the expression level of BRD4 and 

CRC stages (n = 45, p = 0.89) (Figure 1D). 

Table 1. Patients’ clinicopathological characteristics and Brd4 expression fold changes. 

Clinicopathological Characteristics 
Number (%) of Patients 

(n = 45, Paired) 

Age (years) 
20–49 9 (20.0) 
50–64 20 (44.4) 
≥65 16 (35.6) 

Gender 
Male 27 (60.0) 

Female 18 (40.0) 

Site of tumor 

Ascending colon 6 (13.3) 
Transverse colon 3 (6.7) 
Descending colon 3 (6.7) 

Sigmoid colon 13 (28.9) 
Rectum 20 (44.4) 

Histologic differentiation 

Well and moderately differentiated 
(≥50% gland formation) 

37 (82.2) 

Poorly differentiated  
(<50% gland formation) 

7 (15.6) 

Missing 1 (2.2) 

AJCC stage 

I 4 (8.9) 
II-A 6 (13.3) 
II-B 11 (24.4) 
III-A 0 (0.0) 
III-B 13 (28.9) 
III-C 5 (11.1) 
IV 6 (13.3) 

T classification 

T1 1 (2.2) 
T2 3 (6.7) 
T3 12 (26.7) 
T4 29 (64.4) 

N classification 
N0 21 (46.7) 
N1 15 (33.3) 
N2 9 (20.0) 

M classification 
M0 39 (86.7) 
M1 6 (13.3) 

Relative fold change of cases 
expressing Brd4 (Tumor/Normal) 

>1 31 (68.9) 
<1 14 (31.1) 
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Figure 1. BRD4 is highly expressed in colorectal cancer (CRC). (A) mRNA expression 

levels of BRD2, BRD4 short isoform and BRD4 long isoform in normal colon epithelial 

cell lines and colon cancer cell lines; (B) Protein levels of BRD4 in normal and colon 

cancer human tissues (tumor and healthy control); (C) Protein levels of BRD4 according to 

different ages; (D) Protein levels of BRD4 according to the stage of CRC (per AJCC 

guidelines). BRD4S: BRD4 short isoform; BRD4L: BRD4 long isoform; BRD4C: 

Commercial BRD4 primer as positive control; CRC: colorectal cancer.  

2.2. Colon Cancer Cell Proliferation Is Potently Inhibited by BRD4 Inhibitor in Vitro 

Several different small molecules have been synthesized in recent years with the capability of 

selectively binding to the bromodomains of BRD4, inhibiting its function [15–17]. MS417 is one of 

them, and has been demonstrated to be effective in other reports [23,27–29]. After having observed 

that BRD4 is highly expressed in CRC, we next sought to determine the consequences that  

would follow from its inhibition. For this purpose, we treated five distinct colon cancer cell lines 

(HT29, HCT8, HCT116, SW480 and SW620) with a series of doses of MS417 ranging from 1 to  

30 μM, and then plotted out their survival rates relative to the concentration as determined by  

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) assay. Interestingly, survival rates varied 

dramatically between the various cell lines at low concentrations, with the survival rate of SW620 cells 

being double that of HT29 cells at a MS417 concentration of 1 μM (Figure 2A). Overall, HT29 

showed the highest sensitivity to MS417 at all doses and all time points tested, whereas SW620 

showed the lowest sensitivity in responding to BRD4 inhibition. All cell lines tested responded in  

a dose dependent fashion, with all of them experiencing near 100% inhibition at a concentration of  

12 μM (Figure 2A). Except in HCT116 cell line, for which the population remained consistently from 
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24 to 72 h, all cell lines also showed time dependent reduction at 24, 48 and 72 h incubations, as 

expressed as doses (Figure 2B). However, there appeared to be no obvious correlation between the 

amount of BRD4 protein expressed in a cell line and the effect of the MS417. Because of the striking 

differences in survival rates over the experimental MS417 treatment concentration range (1–12 μM) 

despite similar characteristics in several respects (such as with significant expression of the Myc 

oncogene, an enhancing element found to interact strongly with BRD4) (Table S1), HT29 and SW620 

were chosen for further investigation. 

To confirm those results, we performed colony formation assay to further clarify the anti-proliferative 

effects of MS417. As expected, the number of colonies of HT29 and SW620 decreased sharply in the 

presence of 1 μM MS417 (Figure 2C,D). The colonies that did develop in the MS417 treated groups 

were also smaller (Figure 2C). In fact, the MS417-treated HT29 group developed almost no colony 

growth, exhibiting a stronger response to MS417 than SW620 cells, results consistent with our MTT. 

Overall, our data also suggest that inhibition of BRD4 has potent antiproliferative effects on colon 

cancer cells, however with an unknown correlation of different cell types. 

 

 

 

Figure 2. Cont. 



Int. J. Mol. Sci. 2015, 16 1934 

 

 

 

 

Figure 2. BRD4 inhibition attenuates proliferation, migration and invasion in vitro.  

(A) 72 h survival rate curve of HT29, HCT8, HCT116, SW480 and SW620 treated with 

vehicle (DMSO) or MS417 (1, 3, 6, 9, 12, 24, 30 µM), measured by MTT; (B) IC50 of 

HT29, HCT8, HCT116, SW480 and SW620 following vehicle/MS417 for 24, 48 and 72 h; 

(C,D) macroscopic and microscopic images and quantification of colonies formed by 

HT29 or SW620 cell lines treated with MS417 (1 µM); (E,F) Cell migration and invasion 

of HT29 or SW620 cell lines were inhibited by MS417 (1 µM). n = 3 repeats with similar 

results. ** p < 0.01; *** p < 0.001. Values are depicted as Mean ± SEM. 

2.3. Colon Cancer Cell Migration and Invasion Are Reduced by BRD4 Inhibition in Vitro 

Both HT29 and SW620 are invasive cancer cells with significant metastatic potential [30,31]. 

Consequently, we performed migration and invasion assay using transwell to verify if MS417 also 

attenuates the metastatic capability of these lines. After treatment with MS417 for 48 h, cell counts for 

both HT29 and SW620 reduced significantly compared to control, indicating a significant reduction in 

cellular movement. The migratory and invasive behavior of HT29 cells was largely curtailed as a result 

of the addition of MS417. Although less noticeable change was discovered in the SW620 cell line, the 

reduction of migration and invasion were still statistically significant (Figure 2E,F). While the cell 

counts may have also been influenced by the toxic effect of MS417, there was no evidence that the 

cellular debris was blocking migration, and the magnitude of the difference in counts between treated 

and untreated groups makes the results statistically significant regardless. Based on data above, BRD4 

inhibition via MS417 appears to capably suppress CRC cell migration and invasion, suggesting that 

BRD4 plays a key role in these processes. 
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2.4. BRD4 Inhibition Alters Protein Expression in CRC Cells 

Having seen that BRD4 inhibition leads to the reduction of the proliferative ability of CRC cell 

lines HT29 and SW620, we next tried to elucidate the means by which that effect was generated.  

We first investigated whether or not the cells were experiencing increased apoptosis as a result of 

MS417 application. Flow cytometry staining with standard apoptosis markers Annexin V and PI 

showed minimal increases in the number of apoptotic cells (Figure 3A). Mixed results were observed 

through Western blotting, with Fas, an important cell surface receptor protein of the TNF receptor 

family, which induces apoptosis on binding Fas ligand, increased after BRD4 inhibition in both cells  

(Figure 3B). Interestingly, increased expression of some anti-apoptotic factors (such as XIAP) was also 

observed in HT29. However, the expression of XIAP decreased in SW620 (Figure 3B). It seems clear 

that apoptosis was not the controlling factor for BRD4-inhibition mediated suppression of the cells. 

This result is not surprising, given that cancer cells are generally not believed to be cleared via apoptosis. 

 

 

 

Figure 3. Cont. 
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Figure 3. BRD4 inhibition impacts transcriptional programs that control cell proliferation 

and EMT. (A) Apoptosis of HT29 and SW620 cell lines treated with vehicle (DMSO), 

MS417 (1 µM) or MS417 (12 µM); (B) Protein levels of candidate apoptosis-related 

factors following vehicle/MS417 treatment (1 and 12 µM) for 48 h; (C) Protein levels of 

E-cadherin and Vimentin in HT29 or SW620 cell lines treated with vehicle or MS417  

(1 and 12 µM). The expression level of each protein was normalized against GAPDH.  

* p < 0.01; ** p < 0.001; n.s. not significant. 

We then searched for alternative changes that could explain the dramatic reduction of migration and 

invasion has been seen in HT29 and SW620 after BRD4 inhibitor treatment. As mentioned previously, 

we had noticed a curious change in the shape and size of the cells as a result of BRD4 inhibition from 

the colony growth assays. Based on those results, we investigated for changes in structural proteins, 

and in proteins involved in epithelial-mesenchymal transition (EMT). Results revealed that protein 

level of epithelial marker E-cadherin increased sharply in HT29 even at a low dose as 1 μM, while it 

only showed a significant increase at a higher dose in SW620. These results were consistent with  

our findings in previous drug sensitive tests, which HT29 present the highest sensitivity to MS417  

(Figure 3C). Expression level of vimentin, a mesenchymal marker, which is required for EMT, only 

decreased at a high dose in both cell lines (Figure 3C). These results confirmed our theory that the 

inhibition effect of BRD4 inhibitor on cell migration and invasion is at least in part due to EMT inhibition. 

2.5. BRD4 Inhibition Impairs Colon Cancer Tumor Growth in Vivo 

To further examine the antitumorigenic potential of BRD4 inhibition in vivo, we next used a classical 

xenograft mouse model. Nude mice were grafted via injection of HT29 or SW620 into the left or right 
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flanks. Mice then received treatment (MS417 at 20 mg/kg) or sham (DMSO) over the course of three 

weeks, with the first treatment beginning on the second day. By tracking the development of tumor 

volume and tumor weight, we found that mice treated with BRD4 inhibitor displayed a significant 

reduction in tumor growths of both cell lines (Figure 4A,B). Interestingly, tumors in SW620 cells were 

also largely reduced by MS417, indicating that SW620 cells also showed a high sensitivity to BRD4 

inhibitor in vivo (Figure 4C), in contrast with a relatively much lower sensitivity in MTT assay. The 

high degree of proliferation of SW620s in the group treated with sham further demonstrates that the 

lineage behaves very differently in vivo as compared to in vitro. HT29 cells, on the other hand, 

displayed similar growth and sensitivity both in vivo and in vitro, and HT29 tumors in the treated mice 

were also highly suppressed (Figure 4C). Overall health effects on the mice were also monitored over 

the course of MS417 treatment, with mice weights taken at every treatment time. Our results show that 

group of mice treated with MS417 also had more stable weights as compared with the placebo group 

(Figure 4D). The changes were pronounced for both injected cell lines. Collectively, these results 

indicate that MS417 may effectively clear tumor cells in vivo without fatal consequences. 

 

Figure 4. BRD4 inhibition impairs CRC tumor growth in vivo. (A) Macroscopic images of 

resected tumors at the conclusion of the experiment; (B) average weight of resected 

tumors; (C) average tumor volume of mice injected with either vehicle (DMSO) or MS417 

(20 mg/kg, n = 4/treatment); (D) average mice weights with every 2-day injection of 

vehicle/MS417 over a time course of 3 weeks. *, p < 0.05; **, p < 0.05; ***, p < 0.001. 

Values are depicted as Mean ± SEM. 

2.6. BRD4 Inhibition Suppressed Colon Cancer Liver Metastasis in Nude Mice 

Liver metastasis commonly occurs in conjunction with CRC, and is obviously highly detrimental.  

It was also a natural extension of our investigation, given that metastasis requires EMT and 

intracellular communication. Based on the promising effect BRD4 inhibition had on curtailing the 

migration and invasion of colon cancer cell lines in vitro and our results indicating changes it induced 
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in EMT, we next used a liver metastasis model to further confirm our results in vivo using HT29 and 

SW620 cells. BRD4 inhibitor MS417 was administered by intraperitoneal injection every two days, 

starting two days after tumor cell inoculation into the spleen. After three weeks, all of the mice injected 

with SW620 developed liver tumors. In the HT29 group however, only 40% of the mice treated with 

MS417 exhibited liver metastasis, while all of the ones treated with sham (DMSO) developed tumors 

(Figure 5A,B). Both cell lines showed significant inhibition of metastatic capability with the number  

of metastases in liver dropping by over an order of magnitude, and fewer liver micrometastases  

per liver section, following BRD4 inhibition (Figure 5C,D). This result was somewhat unsurprising, 

since tumor metastasis relies on significant intercellular communication and signal propagation. The 

complete blockage of metastasis of HT29 in some mice treated with BRD4 inhibitor clarifies the need 

for BRD4 in EMT. Collectively, these results further support our hypothesis that the in vitro effect of 

EMT and signaling suppression following BRD4 inhibition is also present in vivo. 

 

 

Figure 5. Cont. 
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Figure 5. BRD4 inhibition suppresses CRC liver metastasis in vivo. (A,B) Macroscopic 

images of resected livers at the conclusion of the experiment in mice injected by HT29 or 

SW620 cell lines and then treated by vehicle/MS417 (20 mg/kg, n = 5/treatment);  

(C,D) Representative microscopic H&E images of livers. Metastatic focus is circled.  

*** p < 0.001. Values are depicted as Mean ± SEM. 

3. Discussion 

The development and optimization of small-molecule modulators of epigenetic targets as cancer 

therapeutics is a major collaborative focus of current biomedical research groups. BRD4, an important 

transcription mediator, binds to acetylated histones to influence transcription and thus stimulate  

or inhibit gene expression [11,32]. BRD4 is implicated in transmitting epigenetic memory and 

functions as an associated factor of the positive transcriptional elongation factor b (P-TEFb), which 

plays an important role in cell cycle progression [33,34]. In fact, BRD4 is expressed ubiquitously  

in different tissues and is indispensable in cellular growth. Knockout of Brd4 in mice is embryonic 

lethal, and mouse BRD4 knockout embryonic stem cells do not growth in culture [11,35]. 

In most previous studies, BRD4 is thought to exist in two spliced isoforms with opposing roles  

in tumor growth and progression [20–22]. They provided the evidences that BRD4 long isoform 

reduced metastasis, however short isoform enhanced metastasis in breast cancer through interactions 

with the metastasis susceptibility protein RRP1B and SIPA1 [22]. They further demonstrated that 

BRD4 short isoform is a nuclear membrane-associated protein, while the long isoform is associated 

with the nuclear matrix and the short isoform might be an indirect competitive inhibitor of the long 

isoform [22]. Thus, we tested mRNA expression level of both BRD4 short and long isoforms in CRC. 

Unexpectedly, both isoforms showed a higher expression in various colon cancer cell lines comparing 

to normal colon epithelial cell. On the other hand, we observed a higher protein expression level of 
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BRD4 in 45 colon cancer tissues, which were collected from China. It is interesting that the molecule 

weight of BRD4 antibody used in this study is around 150 kDa, while the full length of BRD4  

is supposed to encode a 1362 amino acid protein with a molecular weight of 200 kDa [9,11]. If so, 

further structure analysis of BRD4 isoforms would be necessary for revealing the association between 

BRD4 expression level and its role in colon cancer tumorigenesis and metastasis, although we have 

found that BRD4, most likely the short isoform, has an increasing expression in both colon cancer cell 

lines and colon cancer tissues, indicating a pro-oncogenic role in CRC. 

Given the rationale evidence above, we next hypothesized that CRC might be inhibited by BRD4 

inhibitor. Not surprisingly, reduction of cell proliferation by MS417, a novel BRD4 inhibitor, provides 

a clear indication that BRD4 may be closely related to CRC tumorigenesis. A restrained migratory and 

invasive capability of colon cancer cells inhibited by MS417 reveals that BRD4 plays a critical role in 

metastasis, although this does not mean that BRD4 is the only protein that functions importantly in this 

progression. During the past decades, small-molecular inhibitors of BRD4 are becoming the subject of 

intensive investigation. MS417 was first designed to block BRD4 binding to the acetylated NF-κB, 

which effectively attenuates NF-κB transcriptional activation of pro-inflammatory genes [27]. MS417 

is structurally related to I-BET and shares the same thieno-tria-zolo-1,4-diazepine scaffold as JQ1. The 

main difference between MS417 and JQ1 is that the former consists of a methyl ester, which is much 

smaller than the replacement in latter so that it can interact with Leu-95, Tyr-97 and Tyr-139 in a small 

hydrophobic cavity formed between the ZA and BC loops [27]. MS417 has been reported to have 

efficacy effect on HIV-associated kidney disease and recently has been indicated in sustaining 

melanoma proliferation [23,27–29]. We have paid close attention to several previous studies, which 

showed that BRD4 inhibitor seemed to be effective only at inhibiting primary tumor growth. I-BET151 

has been showed unable to reduce pulmonary metastasis in breast cancer and the decrease of lung 

metastasis burden of melanoma by MS417 has the similar result [22,23]. However, in the present 

paper, we observed a sharp inhibition of invasiveness and migration properties in colon cancer cell 

lines, as well as a significant reduction of metastasis in vivo. Our results suggest several plausible 

explanations. First, different isoforms of BRD4 may exist in different cancers and the account of  

each isoform may vary in different cell lines, which is consistent with our study that both short isoform 

and long isoform express in colon cancer cells; Second, we couldn’t make a conclusion that the two 

isoforms have opposing functions, but it is possible that they might somehow be controlled and 

regulated by each other. Overexpression and reduction of any isoform will result in disorder and 

disfunction in both; Third, the two isoforms might be not inhibited equally by the inhibitor. Since 

previous study has demonstrated that BRD4 short isoform has an expanded histone binding range 

compared to long isoform. It is also reported that casein kinase II phosphorylation may induce 

conformational changed in BRD4 long isoform that alters bromodomain II accessibility, which may 

result in a differential activity to BRD4 inhibitors. It is no doubt that further investigation will  

be required to determine the mechanism in interaction between BRD4 isoforms and inhibitors. 

Colorectal cancer, like many other adenocarcinomas, often spreads throughout the body via EMT, 

and the discovery of distant metastasis has been strongly correlated with worsened prognosis—current 

AJCC staging classifications of CRC deem a positive test for metastasis to be indicative of progression 

to stage IV. As a result, interventions that can control tumor spread and limit EMT are of great utility 

in treating CRC. As other results as well as ours have shown, suppression of these communication 
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channels can strongly inhibit the ability of tumors to metastasis, a result that is of great benefit  

if achieved in clinical practice [36].  

It is possible, of course, that such EMT and signaling disruption was caused in part by the necrosis 

induced by BRD4 inhibition. However, our result suggest that necrosis alone could not fully account 

for the disruption, as the disruption could be seen on a protein level even at fairly low concentrations 

of MS417, when the survival rate of the cells was near full. These protein level changes were reflected 

in both in vitro and in vivo results. Future studies may uncover more precisely the exact contributions 

of the inhibition of BRD4 and necrosis to the results observed. BRD4 is a multifunctional protein, and 

its potential interaction with proteins involved in EMT and intercellular signaling are not completely 

unexpected. Work done by other groups has demonstrated that Twist, an EMT mediator, interacts with 

BRD4 after deacetylation [37]. Other groups have shown that the C-terminus domain is critical for 

BRD4 induction of EMT [21]. These results may be of use in conceiving new therapies for CRC that 

might use BRD4 inhibition to control tumor expansion, making it easier for the tumor to be eliminated 

in place (likely in conjunction with other chemotherapy medicines). Furthermore, the differences 

between mice that allow for some to have liver metastasis completely blocked off following BRD4 

inhibition merits additional study, as such work may identify novel factors that act in conjunction with 

BRD4 inhibition to produce that result. Further work will be needed to clarify the exact contributions 

of each interaction, which BRD4 inhibition may be disrupting in CRC. After all, other proteins besides 

Twist, such as Snail and Zeb1, have been found to work as transcription activators to up-regulate  

EMT [38,39], and may also be interaction partners with BRD4.  

Given the increasing popularity of multi-drug chemotherapy regimens, the identification of additional 

functional roles and pathways provides essential information for therapy design. The anti-metastatic 

effect of BRD4 may allow for it to fill a valuable function in anti-CRC treatments. For instance,  

the anti-foliate medication methotrexate is in widespread use for its tumorcidal abilities [40,41]. 

However, folate deprivation has also been demonstrated to promote CRC cell invasion [42]. A BRD4 

inhibitor may potentially serve to suppress induced invasion, as an alternative to simply increasing the 

dosage of methotrexate. In addition, several commonly used chemotherapy drugs, such as paclitaxel 

have been demonstrated to also induce resistance, through the promotion of inflammation along the 

NF-κB pathway [43]. BRD4 inhibition has been shown to capably suppress NF-κB transcription and  

function [17,27]. Given the constant search for effective therapies that are effective at lower doses of 

medication (in the interest of limiting side effects), such potential combinations may have useful 

clinical applications.  

In summary, our findings demonstrate that BRD4 is a positive regulator in colorectal cancer, 

playing a key role in tumor metastasis. We demonstrate that one BRD4 inhibitor is effective in suppressing 

cancer growth and preventing distal metastasis through multiple means. The latter role may allow 

BRD4 inhibitors to be suitable additions to existing chemotherapy regimens in colorectal cancer.  
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4. Experimental Section  

4.1. Cell Culture 

All cell lines were purchased from the American Type Culture Collection (ATCC, Manassas, VA, 

USA). The human normal colon epithelial cells (FHC cell line) were grown in a DMEM:F12 Medium 

(ATCC) supplemented with 10% heat-inactivated bovine fetal serum (FBS; Gibco, Grand Island, NY, 

USA), 100 U/mL penicillin, and 100 µg/mL streptomycin (Invitrigen, Camarillo, CA, USA), extra  

10 mM HEPES (Gibco), 10 ng/mL cholera toxin (Sigma-Aldrich, St. Louis, MO, USA), 0.005 mg/mL 

transferrin (Sigma-Aldrich) and 100 ng/mL hydrocortisone (Sigma-Aldrich). The human colon  

cancer cell lines HT29, LoVo, SW48, SW480, HCT8, HCT116 and SW620 were maintained in 

Dulbecco’s modified Eagle’s Medium (DMEM) with 10% FBS, 100 U/mL penicillin and 100 µg/mL 

streptomycin. Cells were cultured at 37 °C in an incubator containing 5% CO2. 

4.2. Patient Samples 

This study included 45 paired colorectal cancer samples (Table 1), which were obtained from 

patients who underwent colonoscopy between January 2011 to January 2012 at Southern Medical 

University, Guangzhou, China. This study was reviewed and approved by the Institution Ethical 

Review Boards of Southern Medical University. Samples were kept at −80 °C until analysis. The 

histological diagnosis of resected specimens was confirmed by at least two well-trained pathologists. 

Total protein from each sample was extracted as following: 1 mL of 1× lysis buffer (Cell Signaling 

Technology, Danvers, MA, USA) with 1× protease inhibitor cocktail (Roche Applied Science, 

Indianapolis, IN, USA) and 1× phosphatase inhibitor cocktail was added to each tissue sample and the 

lysate was sonicated twice for 15 s each time on ice, and then centrifuged at 14,000 rpm for 30 min at 

4 °C. The protein concentration was determined using BCA Protein Assay kit (PIERCE, Rockford, IL, 

USA) and analyzed via Western blotting. 

4.3. Real-Time PCR 

Total RNA was extracted using TRIzol reagents (Life Technologies, Carlsbad, CA, USA), 

according to the manufacturer’s instructions. RNA samples were reverse transcribed at 50 °C for  

50 min, using the high-capacity cDNA reverse transcription kit (SuperScript; Life Technologies, 

Carlsbad, CA, USA) according to the standard protocol of the supplier. Sequences of the PCR primers 

used are as follows: β-actin primer forward: 5'-CCAGAGCAAGAGAGGCATCCT-3' and reverse:  

5'-TAGATGGGCACAGTGTGGGTGA-3'; BRD2 primer forward: 5'-GTCAAACTGG GTCTACC 

GGATT-3' and reverse: 5'-CTTTTCCAGCGTTTGTGCCA-3'; BRD4 short isoform primer forward:  

5'-ACAACAAGCCTGGAGATGACA-3' and reverse: 5'-GTTTGGTACCGTGGAAACGC-3'; BRD4 

long isoform primer forward: 5'-CCGGAAATGAAGCCTGTGGAT-3' and reverse: 5'-TTTTCA 

GGTCCTTTTTGGGCG-3'; Commercial BRD4 primer (Qiagen, Valencia, CA, USA) was used as 

positive control. Real-time PCR was carried out using LightCycler® 480 Real-Time PCR System 

(Roche Diagnostics, Penzberg, Germany). Amplification system included 15 μL of SYBRGreen Mix 

(10 μL), ddH2O (1 μL), cDNA (2 μL), forward primer (1 μL) and reverse primer (1 μL). The results of 
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real-time PCR were analyzed by the DCT method: ΔCt = Ct selected gene − Ct β-actin, RQ (Relative 

Quantitation) = 2−ΔCt × 100%. The results of real-time PCR were presented as the ratio between the 

selected genes and β-actin transcripts. All experiments were performed in triplicates.  

4.4. MTT Assay 

MTT assay was performed to assess the IC50 of BRD4 inhibitor. Cells were seeded at 2 × 103 cells 

per well on a 96-well plate. The day after (day 0), cells were treated with DMSO or with increasing 

doses of MS417 (1, 3, 6, 9, 12, 24, 30 µM) and cultured for another 3 days. The  

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) solution as added to each well and then 

the plates were cultured for 2 h at 37 °C. The Medium was removed and cells were stained with  

0.1% crystal violet. Crystals were dissolved in DMSO and optical density was read at 590 nm. 

Experiments were repeated three times, and data represented as the mean of sextuplicate wells ± SEM. 

4.5. Colony Formation Assay 

Cells were seeded at 250 cells per well in 6-cm well plates (n = 3). Cells were then treated with 

MS417 after 1 day, and culture cells over 10 days. The cells were then stained with crystal violet, 

photographed, and counted.  

4.6. In Vitro Migration and Invasion Assay 

Equal numbers of cells (3 × 105) in DMEM complemented with 2% FBS were added to the upper 

compartment of a Transwell chamber (8 µm, Costar, Cambridge, MA, USA) and kept at 37 °C for  

48 h. As a chemoattractant, the lower compartment contained DMEM supplemented with 10% FBS. 

At the end of the incubation period, cells from the upper surface of the filter were wiped off with  

a cotton swab. Cells on the lower surface of the filter were fixed with 2% formaldehyde for 30 min and 

then stained with 0.1% crystal violet. The number of cells having migrated to the bottom of the 

chamber was counted in the light microscope on ten randomly selected fields. The mean number of 

cells was calculated per field. Three sets of experiments were carried out, each in triplicate. For the 

matrigel assay, the filter was replaced by a BD BioCoat Matrigel invasion chamber (BD Bioscience, 

Mountain View, CA, USA). 

4.7. Annexin V/PI Assays for Apoptosis 

For Annexin V/PI assays, cells were stained with Annexin V-FITC and PI, and evaluated for 

apoptosis by flow cytometry according to the manufacturer’s protocol (BD PharMingen, San Diego, 

CA, USA). Briefly, 1 × 106 cells were washed twice with phosphate-buffered saline (PBS), and stained 

with 5 µL of Annexin V–FITC and 10 µL of PI (5 µg/mL) in 1× binding buffer (10 mm HEPES,  

pH 7.4, 140 mm NaOH, 2.5 mm CaCl2) for 15 min at room temperature in the dark. The apoptotic 

cells were determined using a flow cytometer (FACSCalibur, BD Biosciences). Both early apoptotic 

(annexin V-positive, PI-negative) and late (annexin V-positive and PI-positive) apoptotic cells were 

included in cell death determinations. 
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4.8. Western Blot Analysis 

HT29 and SW620 cells were seeded onto 10 cm dish at a density of 1 × 106. The day after, cells 

were completely adherent and then treated with MS417 at doses of 1 and 12 µM or with DMSO  

as control. Keep culturing for 48 h, cells were harvested by the end of the experiment. Proteins were 

extracted as descrbed as before. For Western blot assay, proteins (20 µg) were boiled for 5 min and 

resolved by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were then transferred 

from gels to nitrocellulose membranes. The membranes were blocked with 3% BSA for 1 h at room 

temperature and incubated with primary antibodies at 4 °C overnight. All primary antibodies used were 

purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The second day, membrane was 

incubated with secondary antibodies conjugated with horseradish peroxidase (Amersham, Arlington, 

Height, IL, USA) for 1 h at room temperature. The membrane was developed with chemiluminescence 

substrate (Immun-Star™ HRP Peroxide Buffer/Immun-Star™HRP Luminol Enhancer) (Bio-Rad, 

Hercules, CA, USA). The grey value of each protein was measured using freeware ImageJ and 

normalized by the standard control protein glyceraldehyde-3-phosphate dehydrogenase (GAPDH).  

4.9. Mouse Xenograft and Liver Metastasis Model 

All procedures involving animals were approved by Animal Care and Use Committee (Approval 

number SYXK 2011-0074) of Southern Medical University. Surgery was performed using sodium 

pentobarbital anesthesia. Twenty-eight female BALB/c-nu nude mice (16–20 g) aged 5–7 weeks were 

obtained from Guangdong Province Medical Experimental Animal Center and were used to build two 

models. HT29 cells and SW620 cells were injected (5 × 106/Mouse) subcutaneously in the left and 

right flanks of nude mice. Two days after, mice were randomized into 2 groups, 4 mice per each group 

and treated intraperitoneally with vehicle (2.5% DMSO) or with 20 mg/kg MS417 every 2 days. 

Tumor volume and mouse weight were measure every 2 days during 3 weeks. Tumor weight was 

analyzed when the tumors were excised at the end of the experiment. For the liver metastasis model, 

HT29 cells or SW620 cells were transplanted (1.5 × 106) intrasplenically. MS417 or DMSO were 

administered by intraperitoneal injection every 2 days, starting 2 days after tumor cell inoculation. 

After treating the mice with MS417 or placebo for 3 weeks, liver was removed and metastatic tumors 

on surface of liver were measured. Afterward, tissues were fixed in 10% formalin, paraffin embedded, 

and 5 µm sections were hematoxylin and eosin (H&E)-stained. 

4.10. Statistical Analysis 

Statistical analyses were performed with MS Excel and GraphPad Prism (5.01 for Windows; 

GraphPad Prism Software Inc., San Diego, CA, USA), version 17.0 (SPSS, Inc., Chicago, IL, USA). 

Mean values ± SEM are representative of one of three independent experiments. Statistical 

significance was determined by unpaired t test. Of note, * p < 0.05; ** p < 0.01 and *** p < 0.001.  

5. Conclusions 

A multifunctional protein that can influence the behavior of many proteins, BRD4 has been the 

subject of significant scrutiny. In our present paper, we suggest that BRD4 has a role in colorectal 



Int. J. Mol. Sci. 2015, 16 1945 

 

 

cancer and epithelial-mesenchymal transition, in addition to the previous functions discovered. We 

also report the success of using BRD4 inhibitor to target colorectal cancer cell growth in vivo, albeit 

through xenografts. Further confirmation of these phenomena may help to further inform future use of 

BRD4 inhibitors, and guide the testing of additional compounds for use in specialized chemotherapy 

regimens. Future studies may also identify other proteins of interest related to these proteins altered 

during the course of BRD4 inhibition. 

Supplementary Materials 

Supplementary materials can be found at http://www.mdpi.com/1422-0067/16/01/1928/s1. 

Acknowledgments 

We gratefully thank Professor Mingming Zhou for providing compound MS417 to our study. This 

study was supported by “Science and technology planning project of Guangdong Province”, Grant 

number: 2012B050600022 and “Project of international scientific and technological cooperation”, 

Grant number: 2014DFA32220.  

Author Contributions 

Bo Jiang, David. Y. Zhang and Huabao Xiong conceived the study design. Zihan Zheng and  

Yuan Hu wrote the manuscript. Jieqiong Zhou performed the animal experiments. Molecular 

biological parts of study were performed by Yuan Hu and Feihong Xu. Fei Ye, Liang Peng,  

Chengguo Wei, Miao Cui, Xinying Wang, Zhongqiu Wang and Peng Lee contributed substantially to 

collecting and interpreting the data. Hongfa Zhou collected the samples. Mingming Zhou provided the 

compound. All authors read and approved the final manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Siegel, R.; Desantis, C.; Jemal, A. Colorectal Cancer Statistics, 2014. CA Cancer J. Clin. 2014, 

64, 104–117. 

2. Klajic, J.; Busato, F.; Edvardsen, H.; Touleimat, N.; Fleischer, T.; Bukholm, I.R.;  

Borresen-Dale, A.L.; Lonning, P.E.; Tost, J.; Kristensen, V.N. DNA Methylation Status of Key 

Cell Cycle Regulators such as CDKNA2/p16 and CCNA1 Correlates with Treatment Response to 

Doxorubicin and 5-Fluorouracil in Locally Advanced Breast Tumors. Clin. Cancer Res. 2014, 20, 

6357–6366. 

3. Alazzam, M.; Tidy, J.; Osborne, R.; Coleman, R.; Hancock, B.W.; Lawrie, T.A. Chemotherapy 

for Resistant or Recurrent Gestational Trophoblastic Neoplasia. Cochrane Database Syst. Rev. 

2012, 12, doi:0.1002/14651858.CD008891.pub2. 

4. Holohan, C.; van Schaeybroeck, S.; Longley, D.B.; Johnston, P.G. Cancer Drug Resistance:  

An Evolving Paradigm. Nat. Rev. Cancer 2013, 13, 714–726. 



Int. J. Mol. Sci. 2015, 16 1946 

 

 

5. Grunstein, M. Histone Acetylation in Chromatin Structure and Transcription. Nature 1997, 389, 

349–352. 

6. Van Engeland, M.; Derks, S.; Smits, K.M.; Meijer, G.A.; Herman, J.G. Colorectal Cancer 

Epigenetics: Complex Simplicity. J. Clin. Oncol. 2011, 29, 1382–1391. 

7. Dhalluin, C.; Carlson, J.E.; Zeng, L.; He, C.; Aggarwal, A.K.; Zhou, M.M. Structure and Ligand  

of a Histone Acetyltransferase Bromodomain. Nature 1999, 399, 491–496. 

8. Mujtaba, S.; Zeng, L.; Zhou, M.M. Structure and Acetyl-Lysine Recognition of the Bromodomain. 

Oncogene 2007, 26, 5521–5527. 

9. Filippakopoulos, P.; Picaud, S.; Mangos, M.; Keates, T.; Lambert, J.P.; Barsyte-Lovejoy, D.; 

Felletar, I.; Volkmer, R.; Muller, S.; Pawson, T; et al. Histone Recognition and Large-Scale 

Structural Analysis of the Human Bromodomain Family. Cell 2012, 149, 214–231. 

10. Filippakopoulos, P.; Qi, J.; Picaud, S.; Shen, Y.; Smith, W.B.; Fedorov, O.; Morse, E.M.;  

Keates, T.; Hickman, T.T.; Felletar, I; et al. Selective Inhibition of BET Bromodomains. Nature 

2010, 468, 1067–1073. 

11. Mochizuki, K.; Nishiyama, A.; Jang, M.K.; Dey, A.; Ghosh, A.; Tamura, T.; Natsume, H.;  

Yao, H.; Ozato, K. The Bromodomain Protein BRD4 Stimulates G1 Gene Transcription and 

Promotes Progression to S Phase. J. Biol. Chem. 2008, 283, 9040–9048. 

12. Lenburg, M.E.; Sinha, A.; Faller, D.V.; Denis, G.V. Tumor-Specific and Proliferation-Specific 

Gene Expression Typifies Murine Transgenic B Cell Lymphomagenesis. J. Biol. Chem. 2007, 

282, 4803–4811. 

13. French, C.A.; Miyoshi, I.; Kubonishi, I.; Grier, H.E.; Perez-Atayde, A.R.; Fletcher, J.A.  

BRD4-NUT Fusion Oncogene: A Novel Mechanism in Aggressive Carcinoma. Cancer Res. 2003, 

63, 304–307. 

14. Thompson-Wicking, K.; Francis, R.W.; Stirnweiss, A.; Ferrari, E.; Welch, M.D.; Baker, E.;  

Murch, A.R.; Gout, A.M.; Carter, K.W.; Charles, A.K.; et al. Novel BRD4-NUT Fusion Isoforms 

Increase the Pathogenic Complexity in NUT Midline Carcinoma. Oncogene 2013, 32, 4664–4674. 

15. Zuber, J.; Shi, J.; Wang, E.; Rappaport, A.R.; Herrmann, H.; Sison, E.A.; Magoon, D.; Qi, J.;  

Blatt, K.; Wunderlich, M.; et al. RNAi Screen Identifies Brd4 as a Therapeutic Target in Acute 

Myeloid Leukaemia. Nature 2011, 478, 524–528. 

16. Dawson, M.A.; Prinjha, R.K.; Dittmann, A.; Giotopoulos, G.; Bantscheff, M.; Chan, W.I.;  

Robson, S.C.; Chung, C.W.; Hopf, C.; Savitski, M.M.; et al. Inhibition of BET Recruitment  

to Chromatin as an Effective Treatment for MLL-Fusion Leukaemia. Nature 2011, 478, 529–533. 

17. Ceribelli, M.; Kelly, P.N.; Shaffer, A.L.; Wright, G.W.; Xiao, W.; Yang, Y.; Mathews Griner, L.A.; 

Guha, R.; Shinn, P.; Keller, J.M.; et al. Blockade of Oncogenic IκB Kinase Activity in Diffuse 

Large B-Cell Lymphoma by Bromodomain and Extraterminal Domain Protein Inhibitors.  

Proc. Natl. Acad. Sci. USA 2014, 111, 11365–11370. 

18. Mertz, J.A.; Conery, A.R.; Bryant, B.M.; Sandy, P.; Balasubramanian, S.; Mele, D.A.; Bergeron, L.; 

Sims, R.J. Targeting MYC Dependence in Cancer by Inhibiting BET Bromodomains. Proc. Natl. 

Acad. Sci. USA 2011, 108, 16669–16674. 

19. Shimamura, T.; Chen, Z.; Soucheray, M.; Carretero, J.; Kikuchi, E.; Tchaicha, J.H.; Gao, Y.;  

Cheng, K.A.; Cohoon, T.J.; Qi, J.; et al. Efficacy of BET Bromodomain Inhibition in Kras-Mutant 

Non-Small Cell Lung Cancer. Clin. Cancer Res. 2013, 19, 6183–6192. 



Int. J. Mol. Sci. 2015, 16 1947 

 

 

20. Crawford, N.P.; Alsarraj, J.; Lukes, L.; Walker, R.C.; Officewala, J.S.; Yang, H.H.; Lee, M.P.; 

Ozato, K.; Hunter, K.W. Bromodomain 4 Activation Predicts Breast Cancer Survival. Proc. Natl. 

Acad. Sci. USA 2008, 105, 6380–6385. 

21. Alsarraj, J.; Walker, R.C.; Webster, J.D.; Geiger, T.R.; Crawford, N.P.; Simpson, R.M.;  

Ozato, K.; Hunter, K.W. Deletion of the Proline-Rich Region of the Murine Metastasis 

Susceptibility Gene Brd4 Promotes Epithelial-to-Mesenchymal Transition- and Stem Cell-Like 

Conversion. Cancer Res. 2011, 71, 3121–3131. 

22. Alsarraj, J.; Faraji, F.; Geiger, T.R.; Mattaini, K.R.; Williams, M.; Wu, J.; Ha, N.H.; Merlino, T.; 

Walker, R.C.; Bosley, A.D.; et al. BRD4 Short Isoform Interacts with RRP1B, SIPA1 and 

Components of the LINC Complex at the Inner Face of the Nuclear Membrane. PLoS One 2013, 

8, e80746. 

23. Segura, M.F.; Fontanals-Cirera, B.; Gaziel-Sovran, A.; Guijarro, M.V.; Hanniford, D.; Zhang, G.; 

Gonzalez-Gomez, P.; Morante, M.; Jubierre, L.; Zhang, W.; et al. BRD4 Sustains Melanoma 

Proliferation and Represents a New Target for Epigenetic Therapy. Cancer Res. 2013, 73, 6264–6276. 

24. Floyd, S.R.; Pacold, M.E.; Huang, Q.; Clarke, S.M.; Lam, F.C.; Cannell, I.G.; Bryson, B.D.; 

Rameseder, J.; Lee, M.J.; Blake, E.J.; et al. The Bromodomain Protein Brd4 Insulates Chromatin 

from DNA Damage Signalling. Nature 2013, 498, 246–250. 

25. Sahai, V.; Kumar, K.; Knab, L.M.; Chow, C.R.; Raza, S.S.; Bentrem, D.J.; Ebine, K.; Munshi, H.G. 

BET Bromodomain Inhibitors Block Growth of Pancreatic Cancer Cells in Three-Dimensional 

Collagen. Mol. Cancer Ther. 2014, 13, 1907–1917. 

26. Rodriguez, R.M.; Huidobro, C.; Urdinguio, R.G.; Mangas, C.; Soldevilla, B.; Dominguez, G.; 

Bonilla, F.; Fernandez, A.F.; Fraga, M.F. Aberrant Epigenetic Regulation of Bromodomain BRD4 

in Human Colon Cancer. J. Mol. Med. 2012, 90, 587–595. 

27. Zhang, G.; Liu, R.; Zhong, Y.; Plotnikov, A.N.; Zhang, W.; Zeng, L.; Rusinova, E.;  

Gerona-Nevarro, G.; Moshkina, N.; Joshua, J.; et al. Down-Regulation of NF-κB Transcriptional 

Activity in HIV-Associated Kidney Disease by BRD4 Inhibition. J. Biol. Chem. 2012, 287, 

28840–28851. 

28. Boehm, D.; Calvanese, V.; Dar, R.D.; Xing, S.; Schroeder, S.; Martins, L.; Aull, K.; Li, P.C.; 

Planelles, V.; Bradner, J.E.; et al. BET Bromodomain-Targeting Compounds Reactivate HIV 

from Latency Via a Tat-Independent Mechanism. Cell Cycle 2013, 12, 452–462. 

29. Liu, R.; Zhong, Y.; Li, X.; Chen, H.; Jim, B.; Zhou, M.M.; Chuang, P.Y.; He, J.C. Role  

of Transcription Factor Acetylation in Diabetic Kidney Disease. Diabetes 2014, 63, 2440–2453. 

30. Lavilla-Alonso, S.; Abo-Ramadan, U.; Halavaara, J.; Escutenaire, S.; Tatlisumak, T.; Saksela, K.; 

Kanerva, A.; Hemminki, A.; Pesonen, S. Optimized Mouse Model for the Imaging of Tumor 

Metastasis upon Experimental Therapy. PLoS One 2011, 6, e26810. 

31. Maamer-Azzabi, A.; Ndozangue-Touriguine, O.; Breard, J. Metastatic SW620 Colon Cancer Cells 

are Primed for Death when Detached and can be Sensitized to Anoikis by the BH3-Mimetic  

ABT-737. Cell. Death Dis. 2013, 4, doi:10.1038/cddis.2013.328. 

32. Wu, S.Y.; Chiang, C.M. The Double Bromodomain-Containing Chromatin Adaptor Brd4 and 

Transcriptional Regulation. J. Biol. Chem. 2007, 282, 13141–13145. 

33. Yang, Z.; He, N.; Zhou, Q. Brd4 Recruits P-TEFb to Chromosomes at Late Mitosis to Promote  

G1 Gene Expression and Cell Cycle Progression. Mol. Cell. Biol. 2008, 28, 967–976. 



Int. J. Mol. Sci. 2015, 16 1948 

 

 

34. Itzen, F.; Greifenberg, A.K.; Bosken, C.A.; Geyer, M. Brd4 Activates P-TEFb for RNA 

Polymerase II CTD Phosphorylation. Nucleic Acids Res. 2014, 42, 7577–7590. 

35. Nishiyama, A.; Dey, A.; Miyazaki, J.; Ozato, K. Brd4 is Required for Recovery from Antimicrotubule 

Drug-Induced Mitotic Arrest: Preservation of Acetylated Chromatin. Mol. Biol. Cell 2006, 17,  

814–823. 

36. Williams, C.S.; Zhang, B.; Smith, J.J.; Jayagopal, A.; Barrett, C.W.; Pino, C.; Russ, P.; Presley, S.H.; 

Peng, D.; Rosenblatt, D.O.; et al. BVES Regulates EMT in Human Corneal and Colon Cancer 

Cells and Is Silenced via Promoter Methylation in Human Colorectal Carcinoma. J. Clin. Investig. 

2011, 121, 4056–4069. 

37. Shi, J.; Wang, Y.; Zeng, L.; Wu, Y.; Deng, J.; Zhang, Q.; Lin, Y.; Li, J.; Kang, T.; Tao, M.; et al. 

Disrupting the Interaction of BRD4 with Diacetylated Twist Suppresses Tumorigenesis in  

Basal-Like Breast Cancer. Cancer Cell 2014, 25, 210–225. 

38. Barrallo-Gimeno, A.; Nieto, M.A. The Snail Genes as Inducers of Cell Movement and Survival: 

Implications in Development and Cancer. Development 2005, 132, 3151–3161. 

39. Wellner, U.; Schubert, J.; Burk, U.C.; Schmalhofer, O.; Zhu, F.; Sonntag, A.; Waldvogel, B.; 

Vannier, C.; Darling, D.; zur Hausen, A.; et al. The EMT-Activator ZEB1 Promotes 

Tumorigenicity by Repressing Stemness-Inhibiting microRNAs. Nat. Cell Biol. 2009, 11, 1487–1495. 

40. Fotoohi, K.; Jansen, G.; Assaraf, Y.G.; Rothem, L.; Stark, M.; Kathmann, I.; Gregorczyk, J.;  

Peters, G.J.; Albertioni, F. Disparate Mechanisms of Antifolate Resistance Provoked by 

Methotrexate and its Metabolite 7-Hydroxymethotrexate in Leukemia Cells: Implications for 

Efficacy of Methotrexate Therapy. Blood 2004, 104, 4194–4201. 

41. Yurgel, V.C.; Oliveira, C.P.; Begnini, K.R.; Schultze, E.; Thurow, H.S.; Leon, P.M.;  

Dellagostin, O.A.; Campos, V.F.; Beck, R.C.; Guterres, S.S.; et al. Methotrexate Diethyl  

Ester-Loaded Lipid-Core Nanocapsules in Aqueous Solution Increased Antineoplastic Effects  

in Resistant Breast Cancer Cell Line. Int. J. Nanomed. 2014, 9, 1583–1591. 

42. Wang, T.P.; Hsu, S.H.; Feng, H.C.; Huang, R.F. Folate Deprivation Enhances Invasiveness  

of Human Colon Cancer Cells Mediated by Activation of Sonic Hedgehog Signaling through 

Promoter Hypomethylation and Cross Action with Transcription Nuclear Factor-κB Pathway. 

Carcinogenesis 2012, 33, 1158–1168. 

43. Yang, Y.I.; Ahn, J.H.; Lee, K.T.; Shih, I.; Choi, J.H. RSF1 is a Positive Regulator of NF-κB-Induced 

Gene Expression Required for Ovarian Cancer Chemoresistance. Cancer Res. 2014, 74, 2258–2269. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


