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Abstract

Cancer metastasis, a leading cause of death in
patients, is associated with aberrant expression of
epigenetic modifiers, yet it remains poorly defined
how epigenetic readers drive metastatic growth and
whether epigenetic readers are targetable to control
metastasis. Here, we report that bromodomain-
containing protein 4 (BRD4), a histone acetylation
reader and emerging anticancer therapeutic target,
promotes progression and metastasis of gastric
cancer. The abundance of BRD4 in human gastric
cancer tissues correlated with shortened metastasis-
free gastric cancer patient survival. Consistently,
BRD4 maintained invasiveness of cancer cells
in vitro and their dissemination at distal organs
in vivo. Surprisingly, BRD4 function in this context
was independent of its putative transcriptional
targets such as MYC or BCL2, but rather through
stabilization of Snail at posttranslational levels. In
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BRD4 stabilizes Snail protein in an acetylation-dependent manner by impeding FBXL14 or
B-Trep1 binding for Snail ubiquitination, thereby regulating Snail-driven cancer metastasis.
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an acetylation-dependent manner, BRD4 recog-
nized acetylated lysine 146 (K146) and K187 on

Snail to prevent Snail recognition by its E3 ubiquitin ligases FBXL14 and B-Trcp1, thereby inhibiting Snail polyubiquitination
and proteasomal degradation. Accordingly, genome-wide transcriptome analyses identified that BRD4 and Snail regulate a
partially shared metastatic gene signature in gastric cancer cells. These findings reveal a noncanonical posttranscriptional
regulatory function of BRD4 in maintaining cancer growth and dissemination, with immediate translational implications for
treating gastric metastatic malignancies with clinically available bromodomain inhibitors.

Significance: These findings reveal a novel posttranscriptional regulatory function of the epigenetic reader BRD4 in cancer
metastasis via stabilizing Snail, with immediate translational implication for treating metastatic malignancies with clinically

available bromodomain inhibitors.

Graphical Abstract: http://cancerres.aacrjournals.org/content/canres/79/19/4869/F1 large.jpg.
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Introduction

Aberrant epigenetic modifications are essential hallmarks of
human cancers. Such alterations disrupt homeostatic epigenetic
status and allow cells to override physiologic differentiation and
growth control (1). In this regard, histone lysine acetylation is
frequently deregulated in cancer, in part due to expression and
activity changes in histone acetyltransferases and/or histone dea-
cetylases (HDAG; ref. 2). Acetylated lysine residues serve as dock-
ing sites for reader proteins that harbor bromodomain(s), includ-
ing the bromodomain and extraterminal domain (BET) proteins
(BRD2, BRD3, BRD4, and testis-specific BRDt; ref. 3). BET pro-
teins have two conserved bromodomains that recognize acety-
lated histones and act as scaffolds to recruit transcriptional
coactivators to promoters and superenhancers, therefore driving
gene transcription and cancer growth (3). Bromodomains also
recognize acetylated lysines on nonhistone proteins such as
RelA (3); however, the biological functions of BRD4 recognition
of nonhistone proteins remain largely unclear.

Unbiased genetic screens in a variety of cancers have revealed
that genes encoding BET proteins, especially BRD4, are essential
for cell survival and also are promising anticancer targets (4, 5). To
date, there are more than 30 ongoing clinic trails in evaluating
therapeutic efficacy of BET inhibitors in a series of malignan-
cies (6). Although extensively pursued in clinical investigations,
detailed pathophysiologic functions of BET proteins are less
understood. Homozygous deletion of BRD2 or BRD4 leads to
embryonic lethality (7, 8), highlighting their fundamental roles in
embryogenesis. Although BET proteins are seemingly general
transcriptional regulators, BET inhibition only affects a subset of
lineage-specific genes (3, 9). Thus, the functions of BET proteins
appear to be highly context-dependent and are still poorly under-
stood in various developmental and disease conditions.

Several transcription factors including Snail family transcrip-
tional repressor 1 (Snail) are known as important regulators of
tumor invasion and metastasis (10). Recent genetic studies in
mice have demonstrated that Snail also plays an important role in
tumor initiation and progression (11, 12). As a key regulator of
tumorigenesis, the abundance of Snail is tightly controlled
by ubiquitination and rapid proteasomal degradation in
cells (13-15). Snail ubiquitination is established by several E3
ubiquitin ligase complexes including SCF (Skp1-Cullin1-F-box)-
B-TrCP1, SCF-FBXO11 and SCF-FBXL14 (13-15), and removed
by deubiquitinase 3 (16, 17). Interestingly, Snail acetylation by
acetyltransferase CREB-binding protein (CBP) has been reported
to stabilize Snail (18), whereas the underlying molecular mech-
anism remains unknown.

In the present study, we identified an essential role of the
epigenetic regulator BRD4 in maintaining gastric cancer progres-
sion and metastasis. Mechanistically, BRD4 interacts with Snail in
an acetylation-dependent manner, thereby preventing FBXL14
and B-Trcpl binding to and degradation of Snail. Our results
suggest that the BRD4-Snail signaling axis deserves further
explorations to develop targeted therapies in treating metastatic
gastric cancer in clinic.

Materials and Methods
Reagents and antibodies

Chemical reagents including MG132, bafilomycin Al, and
bromodomain inhibitor JQ1, OTX-101, were purchased from
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Selleckchem. Cycloheximide and actinomycin D were obtained
from R&D Systems. Anti-BRD4 antibodies were from Cell Sig-
naling Technology, Abcam, and Bethyl. Anti-BRD2 and anti-
BRD3 antibodies were purchased from Abcam. Anti-Snail anti-
bodies were obtained from Cell Signaling Technology, Santa
Cruz Biotechnology, and Proteintech. Epithelial-mesenchymal
transition antibody sampler kit (including Slug, ZO-1 TCF8/
ZEB1), anti-GSK-3p, anti-phospho-GSK-3f (Ser9), and anti-
acetylated-lysine antibodies were purchased from Cell Signal-
ing Technology. Anti-Twist antibody was from Santa Cruz
Biotechnology. Normal mouse IgG and rabbit IgG antibodies
were from Beyotime. As for Tag antibodies, rabbit polyclonal
anti-Flag antibody was obtained from Proteintech, whereas
mouse monoclonal anti-Flag antibody was from Origene. Rab-
bit polyclonal Anti-GFP antibody was from Novus, whereas
mouse monoclonal anti-GFP antibody was from Proteintech.
Rabbit monoclonal anti-HA antibody was from Cell Signaling
Technology, whereas mouse monoclonal anti-HA antibody was
from Origene. Anti-His antibody was purchased from Protein-
tech. Detailed information about antibody usage was described
in Supplementary Table S1.

Patient specimens and IHC staining

Paraffin-embedded gastric cancer tissue was obtained from
individual patients with written-informed consent and with
approval by the Institutional Review Board. Gastric cancer
tissues and adjacent mucosa were collected from patients who
were diagnosed as gastric cancer at the department of general
surgery in Daping Hospital. Tissue sections (4 um) were sub-
jected to standard protocols for deparaffinization and were
rehydrated in graded ethanol. Antigens were retrieved by
10 mmol/L sodium citrate (for BRD4) or EDTA (for Snail),
respectively. Tissues were blocked by goat serum for 30 minutes
at 37°C and then incubated with primary antibody overnight at
4°C (BRD4, Bethyl 1:8,000; Snail, Proteintech 1:200; 3-TRCP1,
GeneTex 1:400; FBXL14, Proteintech 1:100). After washing
with PBS 3 times, tissue sections were incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibody
(DAKO) at 37°C for 30 minutes. Then sections were visualized
by DAB (DAKO) and counterstained by hematoxylin. Images
were captured on an Olympus BX51 microscope. We followed a
previously described protocol to quantify staining intensi-
ty (19). Five representative fields of a section were evaluated
by two double-blinded pathologists. Final score of BRD4 and
Snail in each sample was obtained by multiplying the strength
score by the distribution score. The cutoff score in various
analyses was 8 for both anti-BRD4 and anti-Snail staining
intensity (high expression, IHC scoring > 8; low expression,
IHC scoring < 8).

Constructs, siRNAs, lentivirus, and CRISPR-Cas9-mediated
gene knockout

Constructs for GFP-BRD2, GFP-BRD3, GFP-BRD4, and His-
ub were purchased from Addgene. Flag-Snail vector was pur-
chased from Origene to generate Flag-Snail-K146R (lysine to
arginine mutation) and Flag-Snail-K146R and Flag-Snail-KRKR
(K146R, K187R). HA-FBXL14 and HA-B-Trcpl constructs, as
well as siRNAs targeting BRD2, BRD3, and BRD4 were pur-
chased from Sangon Biotech. Lipofectamine 3000 Transfection
Reagent (Invitrogen) was used for plasmids and siRNAs
transfection.
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For stable expression of MYC in gastric cancer cells, lentivirus-
packaging procedures were performed as previously describ-
ed (20). MYC ¢cDNA was a kind gift from Professor Jiang Jun
(Urinary Surgery of Daping Hospital), and Snail ¢cDNA was
purchased from Origene.

To generate BRD4 or Snail knockout cell lines, CRISPR-
Cas9 gene editing technology was utilized as reported (21). Three
independent sgRNAs targeting BRD4 and Snail were designed
using the online tool from Zhang lab (http://crispr.mit.edu;
sgBRD4-1: CACCGACAGGAGGAGGATTCGGCTG; sgBRD4-2:
CACCGGTCGATGCITGAGITGTGTT; sgBRD4-3: CACCGGGG-
AACAATAAAGAAGC GCT; sgSnail-1: CACCGTCCTGCAGCTCG-
CTGTAGTT; sgSnail-2: CACCGACTCTCCTGGAGCCG AAGGG;
sgSnail-3: GGTTGAGGATCTCCGGAGGT). The sgRNAs were
incorporated into the pLentiCRISPR v2 (Addgene plasmid #
52961) construct to generate lentivirus. After transfection, sin-
gle-cell isolation, and expansion, BRD4 and Snail knockout and
control cell lines were obtained and confirmed using both
genome sequencing and Western blot analysis.

Immunoblot and immunoprecipitation

Whole-cell lysates were extracted by RIPA Lysis and Extraction
Buffer (Thermo Scientific) containing protease and phosphatase
inhibitor (BD Biosciences). Protein concentration was measured
by Enhanced BCA Protein Assay Kit (Beyotime). A total of 30 ug of
protein were separated in 10% SDS-PAGE and transferred into the
polyvinylidene difluoride membranes (0.44 um, Millipore).
Membranes were blocked in 5% skim milk [dissolved in PBS
with 0.1% tween-20 (PBST)] and incubated with indicated pri-
mary antibodies at 4°C overnight. After extensive washing with
PBST, the membranes were incubated with proper HRP-labeled
goat secondary antibody (Santa Cruz Biotechnology). The chem-
ical signal was visualized by SuperSignal West Femto Maximum
Sensitivity Substrate (Thermo Scientific). The images were taken
on a ChemiDoc imaging System (Bio-Rad) and analyzed by
Image Lab software.

For immunoprecipitation, all protocols followed instructions
of Pierce Classic Magnetic IP/Co-IP Kit (Thermo Scientific).
In brief, fresh cell lysates were incubated with indicated
primary antibodies (2-4 pg) in a BeyoMagMagnetic Separation
Rack (Beyotime) at 4°C for 6 hours. Then, the Pierce Protein
A/G Magnetic Beads (Thermo Scientific) were added and incu-
bated for 1 hour. After washing with PBST, the immunopreci-
pitates were eluted, neutralized, and SDS degenerated for fur-
ther immunoblot.

Protein half-life assay

To estimate the half-life of Snail protein in different conditions,
cycloheximide pulse-chase experiments were performed as pre-
viously described (22). In brief, cells were seeded in 6-well plate,
and cycloheximide was added in the media at indicated time
points. Whole-cell lysates were collected for immunoblot.

Ubiquitination assay

To detect Snail ubiquitination, nickel-nitrilotriacetic acid (Ni-
NTA) pull-down assay was performed (22). In brief, 293T cells
were transfected with His-Ub (ubiquitin) and indicated vectors,
pretreated with MG132 for 8 hours. Whole-cell lysates were
collected using by Buffer A [6 mol/L guanidine-Hdl, 0.1 mol/L
Na,HPO,4/NaH,PO,, 10 mmol/L imidazole (pH 8.0) for
250 mL]. After ultrasonication and centrifugation, lysates were
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purified using Ni-NTA (QIAGEN) for 3 hours at room temper-
ature. Purification products were washed in each Buffer A, Buffer
A/Buffer TI (1:3), and Buffer TI (25 mmol/L Tris-CL, 20 mmol/L
imidazole). The pull-down products were then separated by SDS-
PAGE for immunoblot analysis.

All animal experiments were approved by the Institutional
Animal Care and Use Committee of the Army Medical Uni-
versity. RNA sequencing data were deposited to the NCBI
database under accession number GSE134150. For additional
Materials and Methods, please refer to the Supplementary
Materials.

Results

High levels of BRD4 expression in human gastric cancer tissues
are associated with distal metastasis and poor clinical outcomes

To examine the potential roles of BET subfamily members in
gastric cancer, we analyzed RNA-sequencing results from The
Cancer Genome Atlas (TCGA) and GTEx database. We found
that, compared with adjacent normal epithelia, the mRNA
levels of BRD4 but not BRD2 nor BRD3 were elevated in gastric
cancer and several other gastrointestinal malignancies (Fig. 1A
and Supplementary Fig. S1A-S1C). Using two independent
datasets, we demonstrated that high expression of BRD4 tran-
scripts in gastric cancer tissues was associated with shorter
overall survival and progression-free survival in patients
(Fig. 1B and Supplementary Fig. S1D-S1I). These results sug-
gest that BRD4 may play an important role in gastric cancer
progression.

BRD4 expression was further validated using an in-house
gastric cancer cohort by IHC. Compared with matched normal
gastric mucosa, BRD4 protein expression was significantly
higher in cancerous tissues (Fig. 1C and D). Elevated expression
of BRD4 was correlated with clinicopathologic parameters
such as older age (>60), tumor location, and advanced clinical
stage (Supplementary Table S2). Semiquantitative analyses
revealed that gastric cancer tissues with lymph node metastasis
(N1+N2+N3) showed increased BRD4 staining compared
with those without lymph node metastasis (Fig. 1D), indicating
potential involvement of BRD4 in tumor cell dissemination.
Consistent with this notion, analyzing follow-up data demon-
strated that gastric cancer patients with distal metastasis later
displayed higher levels of BRD4 expression in their primary
tumors (Fig. 1E and F). Moreover, compared with patients with
BRD4-low tumors, those with BRD4-high tumors showed
shorter overall survival and were more likely to develop met-
astatic lesions (Fig. 1G and H). Together, elevated expression of
BRD4 in gastric cancer may contribute to metastasis of gastric
cancer cells in patients.

BRD4 maintains invasion and dissemination of cancer cells
through a mechanism that is independent of its characterized
transcriptional targets MYC and BCL2

We next sought to understand how BRD4 contributes to
malignancy of gastric cancer. Depleting BRD4 or inhibiting BRD4
activity using JQ1 decreased cell growth and tumorigenicity,
which was restored by reintroducing MYC in gastric cancer cells
(Fig. 2A and Supplementary Fig. S2A-S2I). In light of the signif-
icant association between BRD4 abundance and cancer metasta-
sis, we further assessed the role of BRD4 in cell motility and
invasiveness, two initiation steps of cancer cell metastasis. We
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High expression of BRD4 in human gastric cancer tissues is associated with cancer metastasis. A, Gene Expression Profiling Interactive Analysis data from the
TCGA and GTEx databases demonstrated elevated mRNA level of BRD4, but neither BRD2 nor BRD3 in gastric cancer (GC) compared with nontumor tissue (red
box, tumor tissues; gray box, nontumor tissues). B, Kaplan-Meier survival analysis using KM plotter (dataset—226054) indicated that upregulation of BRD4
mMRNA levels in gastric cancer was associated with decreased probabilities of overall survival (left plot) and first progression survival (right plot) in patients.

C and E, Representative IHC images of gastric cancer and adjacent gastric epithelial tissues (C), or in gastric cancer tissues with or without distal metastasis (E).
D and F, The staining intensity of BRD4 was quantified and is presented as mean + SD (n =162). ***, P< 0.001; ****, P< 0.0001. G and H, Kaplan-Meier survival
analysis showed that elevated expression of BRD4 in gastric cancer tissues correlates with shortened overall survival (G) and metastasis-free survival (H) of

patients.
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Figure 2.

Depleting BRD4 attenuates invasiveness and metastasis of gastric cancer cells, a phenotype that does not rely on its putative transcriptional targets MYC. A,
Reintroducing MYC restores tumor growth of BRD4-depleted gastric cancer cells. BRD4~/~ HGC-27 cells infected with control (OV-Ctrl) or MYC-expressing (OV-
MYC) lentivirus were inoculated subcutaneously into the left flank of nude mice. The growth kinetics (left) and weight (right) of the xenografts are presented as
mean 4 SD (n =5 for each group). The dissected xenograft tumors are shown in Supplementary Fig. S2F. B, Depletion of BRD4 inhibits migration and invasion of
HGC-27 cells. Transwell migration (top) and invasion (bottom) assay using cells transfected with siRNAs targeting scramble, BRD2, BRD3, and BRD4.
Representative images are shown in Supplementary Fig. S3B. € and D, Reintroducing MYC fails to enhance migration and invasion of BRD4-depleted gastric
cancer cells. Transwell migration (C) and invasion (D) assays using wild-type HGC-27 and SGC-7901 cells, or BRD4-depleted cells infected with indicated
lentivirus. Representative images are shown in Supplementary Fig. S3C. E, Reintroducing MYC does not recover metastatic capacity of BRD4-depleted cells.
Representative MRI lung images of NOD-SCID mice injected via tail vein with indicated gastric cancer cells on 14 and 35 day (left). Hematoxylin and eosin (H&E)
staining images of metastatic lesions in the livers of these mice are also shown (middle). Right, quantitative data of lung and liver metastases are shown (n =5
mice per group). F, Representative images (left) and quantitative data of peritoneal metastatic foci formed by indicated HGC-27 cells (right; n = 5 mice per
group). Hematoxylin and eosin-stained images of foci are shown in Supplementary Fig. S3G. Results were validated by three biological repeat experiments.
Representative images are presented (E and F), and data are presented as the mean 4= SD (A-F). ns, no significance. *, P< 0.05; **, P< 0.01; ***, P< 0.007;

**#x P<0.0001.
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found that depletion of BRD4, but not BRD2 and BRD3, by siRNA,
potently inhibited cell migration and invasion, suggesting that
BRD4 might be selectively required for dissemination of gastric
cancer cells (Fig. 2B and Supplementary Fig. S3A and S3B).
Moreover, depleting BRD4 or inhibiting BRD4 activity suppressed
cell migration and invasion, whereas ectopic expression of
BRD4 enhanced cell motility and invasiveness (Fig. 2C and
Supplementary Fig. S3C-S3F). These results indicate that the
growth-promoting BRD4 may also function as a regulator of
cancer cell metastasis.

BRD4 is known to promote cell growth in part through target-
ing MYC and BCL2 in hematopoietic malignancies (3, 5). How-
ever, reintroducing MYC or BCL2 in BRD4-depleted cells could
not restore impaired cell motility and invasiveness (Fig. 2C and D
and Supplementary Fig. S3C). To avoid potential artifacts of our
in vitro assays, we developed two independent metastasis models
in NOD-SCID mice. In a lung and liver metastasis model, a
MicroMRI system was applied to detect the metastatic lesions in
the lungs following injection of cancer cells via tail vein. We found
that loss of BRD4 in gastric cancer cells led to fewer pulmonary
cancerous nodes, which could not be rescued by lentiviral delivery
of MYC (Fig. 2E, left). Hematoxylin and eosin staining of liver
tissue sections revealed that depletion of BRD4 abrogated the
formation of micrometastases in the liver, which could not be
restored by MYC overexpression (Fig. 2E, middle). Moreover, in a
peritoneal metastasis model, reintroducing BRD4 transactional
target MYC (Fig. 2F and Supplementary Fig. S3G) also failed to
restore impaired colonizing capacity of BRD4~/~ cells in the
mesentery. These data suggest that BRD4 may promote gastric
cancer metastasis in a manner independent of its known tran-
scriptional targets MYC or BCL2.

BRD4 stabilizes Snail proteins by preventing its proteasomal
degradation

Given that several epithelial-to-mesenchymal-transition-
inducing transcription factors are key regulators of tumor metas-
tasis (10), we examined whether their expression levels were
regulated by BRD4. Ectopic expression of BRD4 increased protein
levels of Snail, but not Slug, Twist, or Zeb1, in a dose-dependent
manner (Fig. 3A and Supplementary Fig. S4A). Conversely,
depleting endogenous BRD4 or inhibiting BRD4 activity by JQ1
significantly downregulated Snail protein levels (Fig. 3B and
Supplementary Fig. S4B and S4C). On the other hand, manipu-
lation of BRD2 and BRD3 failed to significantly and consistently
regulate Snail protein levels (Supplementary Fig. S4D and S4E).
Intriguingly, unlike the well-established BRD4 transcriptional
target MYC, Notch1l, and IL15RA (23), Snail mRNA levels were
minimally affected by manipulating BRD4 expression or activity
(Fig. 3C and D and Supplementary Fig. S4C and S4F-S4I).
Consistent with this notion, inhibition of mRNA transcription
or translation by Actinomycin D and Cycloheximide, respectively,
failed to reduce Snail protein levels (Supplementary Fig. S4J),
indicating that BRD4 may control Snail expression at the post-
translational levels.

The Snail protein has a short half-life through constant
ubiquitin-proteasome-mediated protein degradation (13-15).
Therefore, we tested whether BRD4 controls Snail protein
stability in cells. In this regard, Snail protein levels were rescued
by blocking proteasome activity using MG132 in cells depleted
of BRD4 or treated with JQ1 (Supplementary Fig. S4K, S4L), but
not in cells treated with the lysosome inhibitor Bafilomycin A.

4874 Cancer Res; 79(19) October 1, 2019

These data suggest that BRD4 positively regulates Snail protein
stability through inhibiting its proteasome-dependent degra-
dation. Consistently, cycloheximide pulse-chase assays showed
that ectopic expression of BRD4 extended, while depleting
endogenous BRD4 shortened, the half-life of the Snail proteins
in cells (Fig. 3E and Supplementary Fig. S4M). Therefore,
BRD4 stabilizes Snail proteins by preventing its proteasomal
degradation.

BRD4 interacts with Snail and interferes with E3 ligases-
governed Snail ubiquitination

Immunofluorescence staining revealed that BRD4 colocalized
with Snail in gastric cancer cells, indicating that BRD4 may
interact with Snail (Supplementary Fig. S4N), which was con-
firmed by immunoprecipitation assays (Fig. 3F). Furthermore,
JQ1 treatment leads to attenuated BRD4 binding to Snail, sup-
porting a critical role of acetylation in mediating this interaction
(Fig. 3G). Interestingly, unlike BRD4, both BRD2 and BRD3
displayed minimal binding to Snail at endogenous levels (Sup-
plementary Fig. S40). Previously, BRD4 was reported to interact
with Twist to promote tumorigenesis in basal-like breast can-
cer (18), whereas in gastric cancer cells, Snail but not Twist was the
major BRD4-binding partner (Supplementary Fig. S4P). There-
fore, BRD4 may drive gastric cancer metastasis primarily through
binding Snail to regulate its function.

We next examined whether BRD4 engagement affected Snail
ubiquitination, thereby regulating its protein stability. We
observed that depletion of BRD4 increased, whereas ectopic
expression of BRD4 suppressed, polyubiquitination of Snail
(Fig. 3H and I). BRD4-binding-mediated inhibition of Snail
polyubiquitination was also mitigated by JQ1 (Fig. 3J), sug-
gesting that BRD4 may suppress Snail polyubiquitination in a
BRD4-bromodomain and Snail acetylation-dependent man-
ner. Previous studies have demonstrated that activated GSK-3
phosphorylates and primes Snail for its E3 ligase-mediated
ubiquitination; however, GSK-3f activity remained unchanged
upon JQ1 treatment (Supplementary Fig. S4Q). These observa-
tions suggest that BRD4 may not directly inhibit E3 ligases
regulating Snail, but rather impeding access of Snail to its
physiologic E3 ligases.

BRD4 recognizes Snail in an acetylation-dependent manner

BRD4 recognizes acetylated lysine residues on histone tails
via its bromodomain to exert epigenetic regulatory func-
tions (3). Moreover, Snail has been reported to be acetylated
by the acetyltransferase CBP and deacetylated by HDAC family
members (18). Our observation that JQ1 treatment reduced
BRD4 binding to Snail (Fig. 3G) led us to hypothesize that
BRD4 might recognize acetylated Snail through its bromodo-
main. Consistently, inhibiting HDAC activity by trichostatin A
or ectopic expression of CBP to enhance Snail acetylation led to
enhanced binding of BRD4 with Snail (Fig. 4A and B). Notably,
CBP upregulated the protein levels of Snail in a BRD4-depen-
dent manner (Fig. 4C).

There are two reported evolutionally conserved lysine residues
in Snail that are acetylated (K146, K187; Fig. 4D; ref. 18). Mutat-
ing either or both of them significantly reduced the levels of Snail
acetylation and subsequently abolished the interaction between
BRD4 and Snail (Fig. 4D). These observations support that BRD4
interacts with Snail in a Snail acetylation-dependent manner. As a
result, BRD4 prolonged half-life of wild-type but not acetylation-
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Figure 3.

BRD4 stabilizes Snail protein by inhibiting its ubiquitination. A, Immunoblot analysis of the abundance of core metastasis-related transcription factors in HGC-27
cells transfected with increasing amount of BRD2, BRD3, or BRD4 expression constructs. B, HGC-27 cells transfected with BRD4-targeting siRNAs for 48 hours.
Whole-cell lysates (WCL) were collected for Western blot analysis with indicated antibodies. € and D, HGC-27 cells transfected with BRD4-expressing plasmid
(C) or BRD4-specific siRNAs (D). Total RNA was collected for gPCR analysis. E, BRD4 promotes stability of endogenous Snail protein. HGC-27 cells transfected
with GFP-BRD4 or empty constructs (top), or BRD4*/* or BRD4~~ cells (bottom) were treated with cycloheximide (CHX) for indicated time course. Whole-cell
lysates were collected for immunoblot analysis. Snail immunostaining intensity was quantified and is shown in Supplementary Fig. S4M. F, BRD4 interacts with
Snail at endogenous levels. Western blot analysis of whole-cell lysates, anti-Snail, or anti-BRD4 immunoprecipitates of HGC-27 cells. Normal IgG was included as
a negative control. G, HEK-293T cells cotransfected with GFP-tagged BRD4 and Flag-tagged Snail constructs were treated with JQ1 or DMSO. Whole-cell lysates,
anti-GFP (left), or anti-Flag (right) immunoprecipitates were immunoblotted with indicated antibodies. H, Depleting BRD4 increases the ubiquitination of Snail.
HEK-293T cells transfected with indicated constructs together with scramble or BRD4-specific siRNA and then treated with MG132 (20 umol for 8 hours). Ni-NTA
pull-downs and whole-cell lysates were subject to immunoblot analysis. I and J, Ectopic expression of BRD4 suppresses the ubiquitination of Snail, which was
reversible by JQ1treatment. HEK-293T cells transfected with indicated constructs or empty vector (EV) as a control (I), or further treated with JQ1 (J). Following
incubation with MG132 (20 umol) for 8 hours, Ni-NTA pull-downs and whole-cell lysates were prepared for immunoblot analysis. Results were validated by three
separate experiments. Tubulin was used as a loading control. Representative images are presented (A, B, and E-J) and data are presented as the mean 4 SD

(€ and D). ns, no significance. **, P< 0.01; ***, P< 0.001; ****, P< 0.0001.
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Figure 4.

BRD4 interacts with Snail to restrain its degradation in an acetylation-dependent manner. A and B, Acetylation of Snail enhances its interaction with BRD4. HEK-
293T cells transfected indicated constructs in the presence (A) or absence (B) of trichostatin A (TSA), followed by incubation with MG132 for 8 hours. Anti-Flag

immunoprecipitates and whole-cell lysates (WCL) were collected for immunoblot

analysis. C, HEK-293T cells transfected with scramble or BRD4-specific

siRNAs, together with CBP constructs for 48 hours. Whole-cell lysates were collected forimmunoblot analysis. D, Acetylation of Snail is required for its
interaction with BRD4. The two Snail acetylation residues, K146 and K187, were evolutionally conserved (left). HEK-293T cells transfected with GFP-tagged

BRD4 construct, together with different Flag-tagged Snail vectors (WT, wild-type

; K146R; K187R; and KRKR). Anti-Flag (middle) or anti-GFP (right)

immunoprecipitates and whole-cell lysates were collected for immunoblot analysis. E, BRD4 stabilizes wild-type, but not acetylation-deficient, Snail in cells.
HEK-293T cells transfected with GFP-tagged BRD4 or GFP alone constructs, or together with Flag-tagged wild-type or acetylation-deficient Snail (Snail-WT or

Snail-KRKR). Cells were then treated with cycloheximide (CHX) for indicated time

course. Whole-cell lysates were collected for immunoblot analysis, and

staining intensity was quantified to present as mean + SD. F, BRD4 inhibits the ubiquitination of wild-type but not acetylation-deficient Snail. HEK-293T cells

transfected with indicated constructs in the presence of JQ1. Following incubation
were prepared for immunoblot analysis. *, P< 0.05.

deficient mutated forms of Snail in cells (Fig. 4E and Supple-
mentary Fig. S5A) largely through BRD4-mediated suppression of
ubiquitination of wild-type, but not acetylation-deficient mutat-
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with MG132 (20 umol) for 8 hours, Ni-NTA pull-downs and whole-cell lysates

ed forms of Snail (Fig. 4F). These results suggest that BRD4
recognizes acetylated Snail in cells, thereby stabilizing Snail by
suppressing its ubiquitination.
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Figure 5.

BRD4 decreases the ubiquitination of Snail by occluding the E3 ligases FBXL14 and B-Trcpl. A and B, BRD4 competes with FBXL14 and B-Trcpl for binding Snail.
HEK-293T cells transfected with Flag-Snail and GFP-BRD4, together with hemagglutinin (HA)-tagged FBXL14 (A) or B-Trcpl constructs (B), and then incubated
with MG132 for 8 hours. Whole-cell lysates (WCL) and anti-Flag immunoprecipitates were detected by immunoblot analysis. C, BRD4 competes with FBXL14 and
B-Trcpl for binding Snail at endogenous levels. BRD4*/* and BRD4 ™/~ HGC-27 cells incubated with MG132 for 8 hours. Whole-cell lysates and anti-Snail
immunoprecipitates were detected by immunoblot analysis. D-F, BRD4 and FBXL14 occupy a similar domain in Snail. Schematic model of the domain structure
of wild-type Snail (Snail-WT) and Snail mutants depleting either aal38-151 (Snail-A1) or aal38-190 (Snail-A2; D). HEK-293T cells transfected with indicated Snail
mutants, together with either GFP-BRD4 (E) or HA-FBXL14 (F) for 48 hours. Whole-cell lysates and immunoprecipitates were detected by immunoblot analysis.
G and H, BRD4 competes with FBXL14 and B-Trcpl to inhibit the ubiquitination of Snail. HEK-293T cells transfected with Flag-Snail and His-Ub, together with HA-
tagged FBXL14 (G) or B-Trcpl constructs (H), in the presence or absence of GFP-BRD4. The cells were incubated with MG132 for 8 hours, and Ni-NTA pull-downs
and whole-cell lysates were prepared for immunoblot analysis. I and J, BRD4 antagonizes FBXL14 and B-Trcpl-mediated degradation of Snail. HEK-293T cells
transfected with Flag-Snail and HA-FBXL14 (1) or B-Trcp1 constructs (J) in the presence or absence of GFP-BRD4. Whole-cell lysates were prepared for

immunoblot analysis.
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BRD4 competes with the E3 ligases FBXL14 and B-Trcp1 to bind
Snail, thereby decreasing Snail ubiquitination

We next sought to understand mechanistically how interaction
between BRD4 and Snail suppresses Snail ubiquitination and
degradation. To this end, several E3 ubiquitin ligases have been
reported to promote Snail ubiquitination, including FBXL14,
B-Trcpl, and FBXO11 (13-15). Ectopic expression of BRD4
decreased Snail binding to either FBXL14 or B-Trcpl in a dose-
dependent manner (Fig. 5A and B). On the other hand, ectopic
expression of either FBXL14 or B-Trcpl also suppressed Snail
binding to BRD4 (Supplementary Fig. S6A and S6B). Impor-
tantly, depleting BRD4 in gastric cancer cells enhanced the
interaction between Snail and its E3 ubiquitin ligases includ-
ing FBXL14 and B-Trcpl at endogenous levels (Fig. 5C). This
mutually exclusive binding pattern with BRD4 for Snail was
not observed with another reported Snail E3 ubiquitin ligase
FBXO11. In addition, the acetylation-deficient Snail mutant
exhibited elevated binding to both FBXL14 and B-Trcp1 (Sup-
plementary Fig. S6C and S6D), supporting that Snail acetyla-
tion may serve as a key modification to regulate is interaction
with either BRD4 or Snail E3 ligases.

Next, we explored how BRD4 blocked FBXL14 and B-Trcpl
binding to Snail. FBXL14 interacted with Snail through a Snail
domain containing the acetylation residues (K146 and K187;
ref. 14). We generated two Snail truncation mutations lacking
these residues (Snail-A1 and Snail-A2) and found that FBXL14
and BRD4 recognized the same Snail K146/K187 acetylation-
containing motif (Fig. 5D-F). Thus, BRD4 binding to Snail may
render Snail less accessible for FBXL14. On the other hand,
B-Trcp1 recognizes a "DSGxxS" degron in Snail that is phosphor-
ylated by GSK-3p to mediate Snail ubiquitination and subsequent
proteasomal degradation (24). We found that BRD4 Bromodo-
mains that bind Snail significantly attenuated GSK-3B-mediated
Snail phosphorylation in vitro (Supplementary Fig. S6E). Thus,
BRD4 may restrain B-Trcp1 binding to Snail through suppressing
GSK-3B-mediated priming Snail phosphorylation events.

Consistent with these observations, ectopic expression of BRD4
partially mitigated ubiquitination of Snail mediated by either
FBXL14 or B-Trcp1 (Fig. 5G and H) and led to Snail resistance to
FBXL14- or B-Trcpl-mediated degradation (Fig. 51 and J). These
observations suggest that BRD4 forms a complex with Snail in an
acetylation-dependent manner in cells, which protects Snail from
FBXL14- or B-Trcpl-mediated ubiquitination and proteasomal
degradation.

Snail is necessary and sufficient in driving BRD4-associated
cancer metastasis

We next assessed cellular functions of BRD4-mediated stabili-
zation of Snail. Lentiviral delivery of Snail in BRD4 ™/~ cells
significantly restored cell migration and invasion, leading to
enhanced peritoneal dissemination in vivo (Fig. 6A and B; and
Supplementary Fig. S7A and S7B), suggesting that Snail is the
major downstream target through which BRD4 promotes cell
metastasis. However, BRD4 could not rescue impaired cell migra-
tion and invasion caused by Snail depletion (Supplementary
Fig. S7C and S7D), demonstrating that Snail is necessary for
BRD4 to promote cell invasion. Although Snail is the major BRD4
target in regulating cell migration, ectopic expression of Snail in
BRD4 ™/~ cells only minimally rescued cell growth defects in clone
formation and cell proliferation assays (Supplementary Fig. S7E-
S$7G). This is consistent with the notion that BRD4 controls tumor
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growth through downstream targets other than Snail, including
MYC (Fig. 2A).

Moreover, wild-type but not acetylation-deficient Snail
mutants enhanced the migration and invasion of BRD4%/* cells
(Supplementary Fig. S7H and S71), which is likely due to stabi-
lization of acetylated Snail by endogenous BRD4 in cells. Indeed,
wild-type Snail and the acetylation-deficient mutants displayed
no significant differences in migration and invasion capacities
in BRD4~/~ cells. These results suggest that BRD4 may preferen-
tially recognize acetylated Snail and disrupt FBXL14- or 3-Trcp1-
mediated ubiquitination, thus stabilizing Snail to facilitate cancer
invasion and metastasis.

The BRD4-Snalil signaling axis regulates a subset of metastatic
gene signature

We next assessed whether BRD4-mediated stabilization of
Snail is pathophysiologically relevant to gastric tumorigenesis.
IHC staining using gastric cancer tissues revealed a significant
positive correlation of BRD4 and Snail expression, and an inverse
correlation of Snail and B-Trcp1 or FBXL14 protein levels (Fig. 6C
and D; and Supplementary Fig. S8A and S8B). Specifically, among
the specimens with high levels of BRD4, more than 88% (75 of
85) showed high levels of Snail. However, in gastric cancer tissues
with low levels of BRD4, only 38% (30 of 77) displayed high Snail
expression (R = 0.6353). These results indicate that BRD4 may
stabilize Snail in a subset of gastric cancers to promote tumor
metastasis.

We analyzed transcriptome of BRD4 ™/~ and Snail /™ cells to
evaluate how the BRD4-Snail axis may impact on downstream
signaling pathways. BRD4 '~ cells upregulated 1,733 and down-
regulated 1,004 transcripts, whereas Snail ™/~ cells upregulated
407 and downregulated 112 transcripts (including mRNA and
ncRNA, P < 0.05, fold change > 1.5; Supplementary Fig. S9A and
S9B). Deficiency of both BRD4 and Snail regulated several sig-
naling pathways essential for tumorigenesis and metastasis (Sup-
plementary Fig. S9C-S9F). Notably, 281 transcripts were regu-
lated by both BRD4 and Snail as revealed by transcriptome
analyses using BRD4~/~ and Snail 7~ cells (Fig. 6E), suggesting
that BRD4 regulates more than half of Snail downstream targets.
These overlapping downstream genes were enriched in pathways
such as cytokine-cytokine receptor, Wnt signaling pathway, and
Hippo signaling pathway (Fig. 6F). Quantitative PCR analyses
confirmed that many overlapping metastasis-promoting genes
were downregulated in the same trend in BRD4~/~ and Snail ™/~
cells (Fig. 6G), as well as in cells treated with either Bromo-
domain inhibitors JQ1 or OTX015 (Supplementary Fig. S9G).
These results collectively support the notion that elevated
BRD4 expression in gastric cancer cells may contribute to Snail
protein stabilization in a Snail acetylation-dependent manner
by impeding FBXL14- or B-Trcp1 binding for Snail ubiquitina-
tion, thereby regulating Snail-associated proinvasive genes and
cancer metastasis.

Discussion

Gastric cancer is the second leading cause of cancer-related
deaths worldwide, and peritoneal and distant metastasis repre-
sents a major clinical challenge for curative surgery (25, 26).
However, molecular targeted therapy is limited for gastric cancer
patients with metastatic lesions, leading to overall survival of 3 to
6 months (27). Here, we identified the lysine acetylation reader
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Figure 6.

BRD4-mediated stabilization of Snail contributes to cancer invasiveness and metastasis by regulating a partially shared metastatic gene signature. A, BRD4
promotes invasion of cancer cells through stabilizing Snail. Quantitative results of transwell migration and invasion assays using BRD4*/* and BRD4/~ HGC-27
cells, or BRD4 /" cells infected with control (OV-Ctrl) or Snail-expressing (OV-Snail) lentiviruses. Representative images are shown in Supplementary Fig. S7A.
B, BRD4 enhances cancer metastasis through stabilizing Snail. Representative images of peritoneal metastatic nodules formed by BRD4*/* and BRD4 ™/~
HGC-27 cells, or BRD4 "~ cells infected with control or Snail-expressing lentiviruses. Hematoxylin and eosin-stained images of foci are shown in Supplementary
Fig. S7B (n = 5 for each group). C and D, IHC images showing correlated expression pattern of BRD4 and Snail in gastric cancer tissues (C). The staining scores of
BRD4 and Snail in 162 gastric cancer tissues were quantitatively analyzed in D (P < 0.0001). E and F, Venn diagrams illustrate the independent and overlapping
transcriptome alterated in BRD4~/~ and Snail ™/~ HGC-27 cells (E). Heat maps and pathway analysis results of the transcripts in the overlapping part are shown in
F, with cell metastasis pathways highlighted in red. G, BRD4 and Snail regulate a common subset of metastatic genes. Quantitative RT-PCR analysis of several
metastasis-associated genes in BRD4 ™/~ and Snail ™/~ HGC-27 cells. Representative images are presented (B and C). Quantitative results are presented as

mean + SEM (A and B) or mean =+ SD (G). ****, P <0.0001.
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BRD4 as a promising therapeutic target for treating patients with
metastatic gastric cancer. Specifically, we demonstrated that BRD4
is not only required for gastric cancer cell proliferation, but also
essential for invasion and metastasis in vitro and in vivo. A role of
BRD4 in cancer metastasis was recently implicated in the zinc
finger MYND-type containing 8 (ZMYND8)-mediated control of
HIF transcriptional activity (28) and Spermatogenic Zip 1
(SPZ1)-Twistl complex-mediated cancer cell metastasis (29).
BRD4 is a promising anticancer target as revealed by several
loss-of-function genetic screens, and there are significant interests
in development BET inhibitors for cancer therapy (30-35). Recent
phase I clinical trials of BET inhibitors showed efficacy in a subset
of patients with advanced hematologic malignancies or NUT
carcinoma (31, 35). Although adverse effects of BET inhibitors
have been observed, many of the side effects such as those of
OTX015 are manageable and reversible with medical interven-
tions (36). These results, together with our findings, suggest that
BET inhibitors could be potentially applied to treat metastatic
gastric cancer in clinical settings either alone or in combination
with other drugs.

We found that BRD4 functions in a noncanonical posttrans-
lational-dependent manner to regulate cancer biology. BRD4
was initially purified as a subunit of the Mediator complex that
bridges transcriptional coactivators and RNA polymerase (Pol II;
ref. 3). An N-terminal bromodomain of BRD4 recognizes acety-
lated histone tails, thereby coupling acetylation status of chro-
matin with gene transcriptional activity (3). Bromodomains also
interact with other acetylated nuclear proteins (37). For example,
bromodomain of BRD4 interacts with acetylated cyclin T1 (38),
RelA (39), and TWIST (33) to modulate their transcriptional
activity. However, whether and how BRD4 regulates its nonhis-
tone binding protein stability remains unexamined. To this end,
we identified acetylated Snail as a new binding partner of BRD4
and found that BRD4 binding stabilizes Snail by mitigating Snail
ubiquitination through excluding its E3 ligases binding. This
regulatory mechanism is essential for BRD4 to promote gastric
cancer metastasis, as reintroducing Snail restored invasiveness
and peritoneal dissemination of BRD4-depleted gastric cancer
cells. Furthermore, transcriptome analysis demonstrated that
BRD4 regulated more than half of the Snail-associated proinva-
sive gene signatures. Given that bromodomain exists in 46 pro-
teins encoded by the human genome (37), further studies are
warranted to investigate whether these bromodomain-containing
proteins may also regulate stability of their interacting proteins to
exert biological functions.

These findings represent an additional layer of regulation of
Snail stability. As a short-lived protein, the stability of Snail is
titrated by either K48-linked polyubiquitination (13-15) or
monoubiquitination (40). Moreover, inflammatory cytokines
such as TNFa also enhance CBP-mediated acetylation to stabilize
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