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Abstract

BRD4 has emerged as an important factor in tumorigenesis by promoting the transcription of
genes involved in cancer development. However, how BRD4 is regulated in cancer cells remains
largely unknown. Here, we report that the stability and functions of BRD4 are positively regulated
by prolyl-isomerase PIN1 in gastric cancer cells. PIN1 directly binds to phosphorylated threonine
(T) 204 of BRD4 as revealed by peptide binding and crystallographic studies and enhances
BRD4’s stability by inhibiting its ubiquitination. PIN1 also catalyses the isomerization of proline
205 of BRD4 and induces its conformational change, which promotes its interaction with CDK9
and increases BRDA4’s transcriptional activity. Substitution of BRD4 with PIN1 binding-defective
BRD4-T204A mutant in gastric cancer cells reduces BRD4’s stability, attenuates BRD4-mediated
gene expression by impairing its interaction with CDK?9, and suppresses gastric cancer cell
proliferation, migration and invasion, and tumor formation. Our results identify BRD4 as a hew
target of PIN1 and suggest that interfering with their interaction could be a potential therapeutic
approach for cancer treatment.
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Introduction

The multi-functional BRD4 belongs to the two tandem bromodomains and an extra terminal
(ET) domain-containing family proteins (BETs), which have emerged as important
epigenetic modulators for gene transcription and cancer development!®: 23.45. BRD4 binds
to acetylated histone or non-histone proteins via its two bromodomains and recruits different
transcription components, such as Mediator and P-TEFb (positive transcriptional elongation
factor b), to selective target gene promoters, leading to the phosphorylation of RNA
polymerase 11 (RNAPII) and the activation of gene expressionl: 45, BRD4 has been shown
to modulate the expression and activity of cancer promoting factors, such as c-Myc, ERa
and NF-xB, and regulates a variety of properties of cancer cells, including cell proliferation,
transformation, invasion, and drug-resistancell: 14. 21, 26,33

BRD4 has been implicated in the development of hematological malignancies, including
mixed-lineage leukemia (MLL), multiple myeloma, and adult T cell leukemia® 25 33.48 For
example, BRD4 was identified as an essential protein for the development and maintenance
of acute myeloid leukemia®’. BRD4 is also implicated in a number of solid tumors,
including lung, breast, prostate cancer and NUT midline carcinoma (NMC), and BRD4 is
critical for the proliferation and survival of these solid tumor cells® 14,17, 28,56,
Furthermore, BRD4 is overexpressed in melanoma, glioblastoma and colorectal cancer and
inhibition of BRD4 suppresses cell proliferation and invasion in these cancers!8: 20. 3936
Due to its essential role in cancer, BRD4 has become a promising therapeutic target in
cancer treatment® 25 33, Small molecules targeting bromodomains of BRD4 exert strong
anti-tumor activities, suppressing the proliferative and transformation potential of cancer
cells?3 15, 33,57 These BET inhibitors (BETi) bind to the acetylated lysine recognition
pocket and competitively block BET bromodomains from binding to histones or non-histone
proteins!2: 15. 34,56 \While accumulating evidence indicates that BRD4 has a pivotal role in
the tumorigenesis by activating the genes responsible for cell proliferation and survival, how
BRD4 itself is regulated in cancer remains elusive.

PIN1 is a peptidyl-prolyl cis-trans isomerase (PPlase) and specifically recognizes
phosphorylated Ser/Thr-Pro motif and induces protein conformational changes by
isomerization?”: 3031 PIN1 contains an N-terminal WW domain for protein interaction, and
a catalytic C-terminal PPlase domain for isomerization3. PIN1 has been shown to be an
important signaling molecule in cancer. It regulates many cancer related proteins via
isomerization-mediated conformational change, leading to altered protein complex
formation or ubiquitin-mediated proteasomal degradation30: 31, The importance of PIN1 in
cancer development is supported by its overexpression in many human cancers, including
gastric, prostate and breast cancer®: 7. 40. 50 Qverexpression of P/NI correlates with poor
prognosis in many types of cancer3: 40, Overexpression of PinZ in mouse mammary glands
results in mammary hyperplasia and malignant mammary tumors*2. Conversely, ablation of
Pinlin Her2 or Has-Ras transgenic mice or p53-knockout mice suppresses tumorigenesis
and prevents cancer development38: 43. 49, The oncogenic activity of PIN1 is largely
attributed to its ability to stabilize or activate oncoproteins and to destabilize or inactivate
tumor suppressors2/: 3135,
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Many transcription factors or transcription regulators important for tumor development are
regulated by PIN139: 31 and BRD4 has recently emerged as a key epigenetic regulator in
cancer development0: 33, In addition, BRD4 is a phosphorylated protein with multiple Ser/
Thr-Pro motifs, raising an intriguing question whether BRD4 might be a target of PIN1.
Therefore, we explored the possibility that BRD4 might be regulated by PIN1 in cancer
cells. Our studies reveal that phosphorylated BRD4 at threonine (T) 204 is specifically
recognized by the WW domain of PIN1. Binding of PIN1 to phosphorylated T204 prevents
the ubiquitination and degradation of BRD4 and facilitates its interaction with CDK®9 for the
transcription of genes involved in cancer development. Our results uncover a mechanism by
which BRD4 is regulated by PIN1 in cancer cells and suggest that targeting the interaction
between PIN1 and BRD4 could have therapeutic potential.

BRD4 abundance is positively correlated with PIN1 expression in human gastric cancer
tissues and cells

To investigate the possibility that PIN1 might regulate BRD4 in cancer cells, we first
employed immunohistochemistry to examine the possible pathological correlation of the
expression of PIN1 and BRD4 in human gastric cancer since PIN1 is overexpressed and
correlates with poor prognosis in gastric cancer®, While BRD4 was predominantly in the
nucleus, PIN1 could be found in both the nucleus and the cytoplasm (Fig. 1A). In a tissue
array with a cohort of 58 human gastric cancer samples, more than half of the samples
showed high expression levels of BRD4 (30 out of 58) (Figs. 1A&1B) and about 90% of
samples (27 out of 30) with high levels of BRD4 displayed high levels of PIN1 (Fig. 1B).
Approximately 82% of samples (23 out of 28) with low levels of BRD4 had lower
expression levels of PINL1. Statistic analysis reveals a positive correlation between the
expression of PIN1and BRD4 in these cancer samples with a Spearman coefficient for
correlation (PIN1 and BRD4) of 0.90 (p<0.01) (Fig. 1B). Furthermore, in a panel of gastric
epithelial cells, the overall protein levels of PIN1 seemed to positively correlate with the
levels of BRD4 in most gastric cancer cell lines (Fig. 1C), although the mRNA levels of
PINI and BRD4in these cells varied and did not precisely correspond to their protein levels
(Fig. S1).

Co-expression of P/NI enhanced the cellular levels of exogenous BRD4 in HEK293 cells
and endogenous BRD4 in MKNZ28 cells (Figs. 1D&1E). In contrast, PiB, a PIN1 inhibitor
with the least non-specific toxicity*4, reduced the cellular levels of endogenous BRD4 (Fig.
1F). Depletion of P/INZin MKN28 cells also reduced the levels of endogenous BRD4 (Fig.
1G), but not the mRNA of BRD4 (Fig. 1H). The reduced levels of BRD4 were reversed by
proteasome inhibitor MG-132 (Fig. 1G), suggesting that PIN1 might regulate the stability of
BRDA4.

PIN1 interacts with BRD4 via its WW domain in a phosphorylation-dependent manner

Since PIN1 regulates protein functions by selectively binding to its substrates that contain a
pSer/Thr-Pro motif3% 31 we next determined the interaction between PIN1 and BRDA4.
Endogenous PIN1 co-immunoprecipitated with endogenous BRD4 in MKNZ28 cells (Figs.
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2A&2B). Endogenous BRD4 also colocalized with endogenous PIN1 in the nucleus of
MKNZ28 as revealed by the indirect immunofluorescence staining (Fig. S2). In an /n vitro
binding assay, GST-PIN1 but not GST pulled down BRD4 from cell lysates of HEK293T
transfected with Myc-BRD4 (Fig. 2C). Treatment of cell lysates with the calf intestinal
alkaline phosphatase (CIP) greatly reduced GST-PIN1-associated BRD4 (Fig. 2D),
indicating that PIN1 binds to phosphorylated BRD4. The phosphorylation of BRD4 appears
to occur on the Ser/Thr-Pro motif since PIN1-associated phosphorylated BRD4, recognized
by the pSer/Thr-Pro (MPM-2) antibodies, was significantly decreased with the CIP
treatment (Fig. 2D).

PIN1 contains an N-terminal WW domain which is responsible for substrate recognition and
a C-terminal catalytic PPlase domain which is responsible for isomerization30. The substrate
binding-deficient mutant of PIN1, PIN1-W34A, failed to pull-down BRD4 or co-
immunoprecipitate BRD4 (Figs. 2E&2F). In contrast, the catalytically inactive mutant,
PIN1-C115A, had no effect on PIN1’s binding to BRD4 (Figs. 2E&2F), indicating that WW
domain but not the isomerization domain of PIN1 is essential for the interaction with BRDA4.

To identify the potential pSer/Thr-Pro motif in BRD4, we generated three deletion mutants
of BRD4 (Fig. 2G) and determined which region of BRD4 was involved in its association
with PIN1. In GST-PIN1 pull-down assay, full-length BRD4 as well as its C-terminal
deletion mutant (deleted up to amino acid 722) retained the ability to associate with PIN1
(Fig. 2G). However, N-terminal deletion mutant of BRD4 (deleted up to amino acid 718)
completely lost its interaction with PIN1 and deletion of amino acids 204 to 298
dramatically reduced the interaction with PIN1 (Fig. 2G). These data suggest that the pSer/
Thr-Pro motif resides in the N-terminal region of BRD4 and most likely from amino acids
204 to 298. Further deletion of the C-terminal regional of BRDA4 revealed that a major PIN1
binding site might reside from amino acids 203 to 220 and an additional PIN1 binding site
might exist from amino acids 1 to 203 since deletion up to 203 significantly reduced the
interaction with PIN1 (Fig. 2H).

PIN1 binds to phosphorylated threonine 204 of BRD4

There are three potential PIN1 binding motifs from amino acids 1 to 220, including motifs
containing threonines (T) 103, 204, and 210 (Fig. 3A). We mutated each threonine to alanine
alone or in combination and examined their abilities to bind to PIN1. Mutation of T103 or
T210 alone did not affect BRD4’s binding to GST-PIN1 while mutation of T204 alone
significantly reduced BRD4’s binding to GST-PIN1 (Fig. 3A). Mutation of T204 together
with T210 or mutation of three threonines completely destroyed the interaction (Fig. 3A). In
addition, BRD4-T103A or BRD4-T210A but not BRD4-T204A co-immunoprecipitated
PIN1 at the same levels as WT BRD4 (Figs. 3B&S3). Mutation of T204 in combination with
T210 or T103 also disrupted BRD4’s interaction with PIN1 (Fig. 3B). These data suggest
that T204 of BRD4 is the major PIN1 binding site and T204 is likely phosphorylated since
PIN1 only binds to phosphorylated serine or threonine3%: 31, Supporting this notion, we
found that a site-specific polyclonal antibody detected the phosphorylated T204 of the
endogenous BRD4 in MKNZ28 cells and exogenous WT BRD4 but not the BRD4-T204A
(Figs. 3C&3D). Only the phosphorylated T204 was found to bind to PIN1 when peptides
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containing the nonphosphorylated or phosphorylated T204 were overlaid with recombinant
PIN1 (Fig. 3E).

To further characterize the interaction between PIN1 and BRD4, we determined the 1.85 A
resolution structure of PIN1 in complex with a pT204-peptide (6 amino acids) (Fig. 3F). As
expected, the pT204-peptide was bound to PIN1 in a same pocket with previously reported
PIN1 structures®®. The phosphate group of the pT204-peptide pointed into a positively
charged triad that consists of 3 basic residues, Lys63, Arg68, and Arg69 (Fig. 3F, left panel).
However, the interaction distance with Arg68 is much shorter than in other structures (4 A)
and additional interactions are also observed with Ser154 (3.3 A) (Fig. 3F, left panel).
Potential hydrogen bond interactions were also found between PIN1 and pT204-peptide,
which includes the interactions between the side chains of Arg69 and Ser203 of BRD4, the
side chain of Cys113 and the backbone of Pro205 of BRD4 (Fig. 3F, right panel).
Collectively, these data demonstrate that phosphorylated T204 directly interacts with PIN1.

PIN1 regulates the stability of BRD4

One of the major functions of PIN1 is to regulate the stability of its substrates?’. We next
investigated the possibility that PIN1 might regulate the stability of BRD4. While co-
expression of WT PIN1 increased the levels of BRD4 in a dose-dependent manner, PIN1-
W34A or PIN1-C115A failed to increase the levels of BRD4 (Fig. 4A), suggesting that
binding of PIN1 to BRD4 and the isomerase activity of PIN1 are both essential for the
enhanced cellular levels of BRD4. Furthermore, the cellular levels of BRD4-T204A
remained unchanged even with the co-expression of PIN1 (Fig. 4B).

We next determined the effect of A/NZ knockdown on the half-life of BRD4. BRD4 was
relatively stable with a half-life more than 8 h in MKN28 cells transfected with control
SiRNA (Fig. 4C). Depletion of PIN1 shortened the half-life of BRDA4 to less than 6 h (Fig.
4C). Consistently, Brd4 was relatively stable with a longer half-life in WT mouse embryonic
fibroblasts (MEFs) compared to Pini-deficient MEFs (Fig. S4). Importantly, reconstitution
of PinI-deficient MEFs with WT Pin1 but not Pin1-C115A extended the half-life of Brd4
(Fig. S4).

We then compared the half-life of WT BRD4 and BRD4-T204A mutant in BRD4
knockdown MKN28 cells stably expressing shBRD4-resistant WT BRD4 or BRD4-T204A
(designated as shBRD4 BRD4 and shBRD4 BRD4-T204A MKN28 cells, respectively). WT
BRD4 was relatively stable compared to BRD4-T204A in MKN28 cells and in HEK293T
cells (Figs. 4D&S5). Together, these data suggest that binding of PIN1 to BRD4 plays an
essential role in regulating the stability of BRD4.

PIN1 inhibits the ubiquitination of BRD4

Given that PIN1 prevents the degradation of BRD4, we sought to determine whether PIN1
inhibits BRD4 ubiquitination. Co-expression of PIN1 but not PIN1-C115A or PIN1-W34A
significantly reduced the ubiquitination of BRD4 in HEK293T cells (Fig. 4E). Consistently,
enhanced ubiquitination of endogenous BRD4 was found in /N knockdown MKN28 cells
or PinI-deficient MEFs (Figs. 4F&4G). Reconstitution of Pini-deficient MEFs with WT
Pin1 but not PinI-C115A reduced the ubiquitination of Brd4 (Fig. 4G). When we compared
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the ubiquitination of BRD4 and BRD4-T204A, we found that, the ubiquitination of BRD4-
T204A was slightly stronger than WT BRD4 in the absence of co-transfected P/NI (Fig. 4H,
lanes 1&3). However, the ubiquitination of WT BRD4 but not BRD4-T204A was
significantly reduced by PIN1 (Fig. 4H, lanes 2&4). All together, these data demonstrate that
binding of PIN1 to pT204 of BRD4 stabilizes BRD4 by reducing its ubiquitination in an
isomerase activity-dependent manner.

PIN1 mediates the conformational change of BRD4

Binding of PIN1 to its substrates often results in the cis-trans proline conformational change
of the substrates and the associated functional changes?’: 3. To determine whether PIN1
mediated the cis-frans conformational change in the identified PIN1 binding motif (Fig. 4),
we designed BRD4 peptides containing the phosphorylated T204 and proline 205 followed
by a phenyalanine (F) and paranitroanaline (pNA) group and measured the ability of
recombinant PIN1 to catalyze the cis-transisomerization of the synthesized peptides (Fig.
5A). Chymotrypsin exclusively cleaves the peptides in the trans-proline conformation and
the cis-trans conversion rate can be measured as chymotrypsin-dependent release of pNAZS.
Incubation of the peptides with GST-PIN1 but not with GST-PIN1-C115A or GST was
associated with an increased release of pNA (Fig. 5A), suggesting that PIN1 stimulates the
cis-trans isomerization of BRD4 at proline 205. Further supporting this, we found that
trypsin diggestion of BRD4 isolated from P/N1 knockdown MKN28 cells pre-incubated
with WT PIN1 but not with PIN1-C115A or GST yielded an additional band (Fig. 5B, lane
4), suggesting that PIN1 binding changes the conformation of BRD4 via isomerization,
likely result from cisto trans of proline of 205 of BRDA4 (Fig. 5A).

We next assessed whether binding of PIN1 to pT204 is essential for PIN1-mediated
conformational change of BRD4. We measured the reactivity of BRD4 and BRD4-T204A to
the MPM-2 antibody with or without PIN1 since differential reactivity to MPM-2 antibody,
which preferentially recognizes #rans form of phosphorylated substrates, has been shown to
be an effective index for PIN1-mediated protein conformational change*!. The eluted BRD4
immunoprecipitates from PiB-treated HEK293T cells were incubated with or without
recombinant PIN1 or PIN1-C115A before subject to MPM-2 immunoprecipitation. BRD4
was barely immunoprecipitated by MPM-2 antibody in the absence of PIN1 (Fig. 5C).
Incubation of BRD4 with WT PIN1 but not PIN1-C115A significantly increased the amount
of BRD4 immunoprecipitated by MPM-2 antibody (Fig. 5C), confirming that PIN1
facilitates the cis-trans conformational change of BRD4. In contrast, MPM-2 did not
immunoprecipitate BRD4-T204A even in the presence of PIN1 (Fig. 5C). Collectively, these
data suggest that binding of PIN1 to pT204 of BRD4 changes its conformation.

PIN1 facilitates BRD4'’s interaction with CDK9

PIN1-mediated conformational change of its substrates plays a key role in regulating protein
functions via protein-protein interaction?”: 30, Therefore, we examined the effect of PIN1 on
the interaction of BRD4 with CDK9, one of the major BRD4-interacting proteins?®. A
significantly reduced interaction of BRD4 and CDK9 was found in £/A/Z knockdown
MKNZ28, AGS or Pini-deficient MEFs (Figs. 5D, S8&S9). Furthermore, BRD4-T204A co-
immunoprecipitated less CDK9 than WT BRD4 (Fig. 5E). The impaired interaction between
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BRD4 and CDK9 was also found with exogenously expressed BRD4-204A but not BRD4-
T103A or BRD4-T210A (Fig. 5F). These data suggest that PIN1 regulates BRD4’s
interaction with CDKO.

We then employed an /n vitro pull-down assay in combination with the isomerization assay
to determine whether PIN1-mediated isomerization was involved in the altered interaction
between BRD4 and CDK®9. Purified CDK9-free BRD4 from PiB-treated cells was pre-
incubated with or without GST-PIN1 and then used to pull-down BRD4-free CDK9 purified
from transfected HEK293T cells (Fig. 5G). The interaction between BRD4 and CDK9 was
dramatically enhanced when BRD4 was pre-incubated with PIN1 but not with PIN1-C115A
or PIN1-W34A (Figs. 5G&S10). These data suggest that PIN1-mediated conformational
change of BRD4, likely through isomerization, facilitates BRD4’s interaction with CDKO.

The expression of c-MET and MMP9 has been shown to be regulated by BRD419: 37 and c-
MET and MMP9 are overexpressed in gastric cancer and play important roles in the
development of gastric cancer32 2, When we examined the recruitment of BRD4, CDK9
and RNAPII on the promoters of these two genes by chromatin immunoprecipitation in
shBRD4 BRD4 or shBRD4 BRD4-T204A MKNZ28 cells, we observed a reduced binding of
CDK®9 and serine-2 phosphorylated RNAPII to the promoters of c-MET and MMPIin
shBRD4 BRD4-T204A cells (Fig. 5H). No significant change of recruitment of BRD4 and
RNAPII was observed on these promoters (Fig. 5H). Consistent with the role of CDK9-
mediated serine-2 phosphorylation of RNAPII in transcription elongation, the transcription
of c-MET and MMP9 was down-regulated in shBRD4 BRD4-T204A cells, to a degree same
as the BRD4 knockdown MKNZ28 cells (Fig. 51). Collectively, these data suggest that PIN1-
mediated conformational change of BRD4 enhances BRDA4’s interaction with CDK9 and the
subsequent activation of RNAPII for the transcription of tumor-promoting genes.

Binding of PIN1 to BRD4 regulates the tumor-promoting activity of BRD4

We next determined whether PIN1 played a regulatory role in BRD4-dependent cancer cell
proliferation and tumorigenicity. Depletion of BRD4 by shRNA reduced the growth of
MKNZ28 cells compared to MKN28 transfected with control sShRNA (Fig. 6A). We then
rescued the BRD4 knockdown cells with WT BRD4 or BRD4-204A. Although the levels of
BRD4 in rescued cells were higher than the endogenous BRD4 (Fig. 6A), the similar
proliferation patterns of the parental cells and the reconstituted shBRD4 BRD4 MKN28
cells indicate that the reconstituted BRD4 recapitulates the activity of endogenous BRD4. In
contrast, shBRD4 BRD4-T204A cells displayed reduced cell proliferation, similar to that of
the BRD4 knockdown MKN28 cells (Fig. 6A). Depletion of BRD4 significantly reduced the
anchorage-independent growth of MKN28 cells (Figs. 6B&6C), indicating that BRD4 is
important for the transformation potential of MKN28 cells. Notably, shBRD4 BRD4 but not
the shBRD4 BRD4-T204A MKN28 cells restored the transformation potential of MKN28
cells (Figs. 6B&6C). These data indicate that binding of PIN1 to BRD4 regulates the growth
and colony formation potential of MKN28 cells.

We next performed a wound-healing assay to determine whether PIN1 regulated BRD4 to
affect cell migration. In BRD4 knockdown MKN28 cells, the scratch wound closed more
slowly compared to MKN28 cells with control sShRNA at 18 or 36 h (Fig. 6D). Importantly,
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shBRD4 BRDA cells restored its wound closing activity, whereas shBRD4 BRD4-T204A
cells retained the slow wound healing activity as the BRD4 knockdown cells (Figs. 6D&6E).
In addition, depletion of BRD4 impaired the invasion of MKN28 cells (Figs. 6F&6G).
However, rescue of BRD4 knockdown cells with WT BRD4 but not the BRD4-204A
restored the ability of the BRD4 knockdown cell to pass through the gel (Fig. 6F).

Finally, we determined the effect of binding of PIN1 to pT204 on cancer formation and
growth in the mouse xenograft model. While the tumor sizes varied in each mouse, tumors
from shBRD4 BRD4-T204A-MKN28 cells were consistently smaller than tumors from
shBRD4 BRD4-MKN28 cells (Figs. 6H, 61&6J). These results indicate that abolishing the
binding of PIN1 to BRD4 inhibits the ability of MKN28 cancer cells to grow as tumors.
Together, these data reveal that binding of PIN1 to phosphorylated BRD4 at T204 is critical
for the tumor-promoting activity of BRD4.

Discussion

While increasing numbers of studies support the cancer promoting function of BRD4 in
various cancer signaling pathways, how BRD4 is regulated in cancer cells is relatively
unclear. In this study, we have identified that peptidyl-prolyl isomerase PIN1 is a key
regulatory protein of BRD4 and contributes to the tumor-promoting activity of BRD4 in
human gastric cancer cells via isomerization-mediated protein conformation change (Fig. 7).

The expression of PIN1 positively correlated with the expression of BRD4 in human gastric
cancer samples and cancer cells (Fig. 1). Depletion of P/NI reduced cellular levels of BRD4
in multiple gastric cancer cell lines, including MKN28, AGS and AZ-521 cells (Figs.
1G&S6). While PIN1 binds to phosphorylated BRD4 and regulates its stability in gastric
cancer cells, it appears that PIN1 could also regulate BRD4’s stability in normal cells since
the phosphorylation of BRD4 and the interaction of BRD4 and PIN1 could be found in a
normal gastric epithelial cell line GES-1 (Figs. S7&S15) and the half-life of Brd4 was
reduced in Pini-deficent MEFs (Fig. S4). It is likely that in gastric cancer cells the
overexpressed PIN1 contributes to a more stable or more active BRD4, leading to enhanced
interaction with CDK?9 and the transcription of cancer promoting genes in gastric cancer
cells (Fig. 7). Interestingly, overexpression of PIN1 is observed in a large number of human
cancers, including breast, prostate and gastric cancer’ 40, whether BRD4 expression levels
are similarly elevated in these cancer samples remains to be determined. Notably,
overexpressed BRD4 has been found in some tumors, including melanoma and
glioblastomal8: 3936 \yhere elevated levels of PIN1 have also been identified® 24, It is
possible that PIN1-mediated stabilization might contribute to the overexpressed BRD4 in
these tumors. Additionally, expression levels of PIN1 have been suggested to be a prognostic
marker in gastric and prostate cancer® 49, Due to the positive correlation of PIN1 and BRD4
levels, it remains to be evaluated whether the levels of BRD4 could also have prognostic
value in these cancers.

In addition to BRD4, BET family proteins include BRD2, BRD3 and testis specific BRDT.
BRD2 and BRD3 have been shown to have certain redundant activities of BRD4°. However,
T204 is present only in BRD4 but not in other BET proteins, suggesting that PIN1 might
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uniquely regulate the activity of BRD4 through pT204. Consistently, we found that PIN1
only associated with BRD4 but not with BRD2 and BRD3 (Fig. S11). While T204 of BRD4
is not conserved in BET proteins, it is highly conserved among BRD4 of various species
(Fig. S12), indicating that BRD4 might be similarly regulated by the corresponding PIN1 in
these different species and this regulatory mechanism might be evolutionally conserved.

BRD4 is normally expressed as a long isoform (BRD4-L, amino acid 1-1362) and a short
isoform (BRD4-S, amino acid 1-722)*>. BRD4-L and BRD4-S share the same PIN1 binding
motif of T204 and it is quite possible that BRD4-S can also be phosphorylated and
recognized by PIN1. However, BRD4-S doesn’t seem to have tumor-promoting activity in
gastric cancer cells since only BRD4-L but not the BRD4-S was able to rescue the halted
cell proliferation of BRD4 knockdown MKN28 cells (Fig. S13) and the mRNA levels of
BRDA4-S were relatively low in gastric cancer cells compared to BRD4-L (Fig. S14). The
BRD4-S has been shown to be involved in other cancer properties, including breast cancer
metastasis? 3. It is unclear and remains an interesting question whether the pro-metastatic
activity of BRD4-S could be regulated by PIN1 in breast cancer cells.

Phosphorylation has been shown to be associated with the regulation and function of
BRD446. 47 For example, BRD4 is phosphorylated at serines 484 and 488 by casein kinase
I1 (CK2) and this phosphorylation dictates BRD4’s binding to chromatin and the recruitment
of p53 to regulated promoters#®. Different from CK2-mediated phosphorylation of Ser484
and S488, phosphorylation of BRD4 at T204 regulates BRD4’s interaction with PIN1 and
the subsequent PIN1-mediated protein conformational change and protein function. While
the identity of the kinase remains to be determined, the phosphorylated BRD4 was similarly
detected by the site-specific antibody in MKN28, AGS cells and normal gastric epithelial
GES-1 cells (Figs. 3C & S15) and could be further enhanced with cytokine stimulation (data
not shown), indicating that the T204 kinase is constitutively activated in cells and the kinase
activity could be further increased in response to certain stimulations. Additionally, we also
noticed that cells had elevated levels of pT204 in G4 than in Gg (Fig. S16), suggesting that
the activity of T204 kinase could also be regulated by cell cycle, consistent with a role of
BRD4 in cell cycle regulation®®.

PIN1 specifically recognizes the pSer/Thr-Pro motif within the substrates via its WW
domain and isomerizes the substrates via its PPlase domain3C. Similar to its binding to other
substrates, PIN1 utilizes its WW domain to bind to phosphorylated BRD4 at pT204 (Fig. 3).
Binding of PIN1 to BRD4 peptides was significantly enhanced when T204 was
phosphorylated (Fig. 3E). The peptide binding and crystallographic studies further
demonstrate a direct interaction between PIN1 and phosphorylated T204 (Fig. 3).
Phosphorylated T204 binds to a three-basic-residue cluster (Lys63, Arg68 and Arg69) (Fig.
3) that provides the three magnitude higher preference of PIN1 for phosphorylated over
unphosphorylated substrates?. Several additional amino acids of BRD4, including Cys113,
Ser115, and Leul22, also make weak interaction with PIN1 (Fig. 3F). However, different
from the positively charged triad of Lys63, Arg68 and Arg69, these additional interactions
have been suggested to facilitate the PIN1-catalyzed isomerization reaction®*. In consistent,
we found that mutation of T204 to alanine abolished the interaction between PIN1 and
BRD4 in cultured cells (Fig. 3B), indicating that phosphorylated T204 is the key residue
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responsible for BRD4’s interaction with PIN1. PIN1 binding defective BRD4-T204 reduced
the transcriptional and tumor-promoting activity of BRD4 in both MKN28 and AGS gastric
cancer cells (Figs. 5, 6 and S17), reflecting a critical role of PIN1 in regulating the functions
of BRD4. Supporting this notion, we found that inhibiting the activity of PIN1 with PiB also
suppressed the proliferation, anchorage-independent growth, migration and invasion of
MKNZ28 cells (Fig. S18).

How does PIN1 regulate the activity of BRD4? It is well recognized that phosphorylation of
Ser/Thr-Pro motifs plays a key role in controlling various cellular responses in which PIN1
serves as the post-phosphorylation regulatory factor by changing the conformation of its
substrates®0. In line with this, we found that binding of PIN1 to phosphorylated T204
changed the conformation of BRD4 through a cis-trans isomerization of BRD4 (Fig. 5). One
of the consequences of this conformational change is the enhanced CDK?9 binding to BRD4
and the enhanced recruitment of CDK9 to a subset of promoters of BRD4-mediated tumor-
promoting genes, including c-MET and MMP9I (Figs. 5G&5H). It is likely that CDK9 has a
higher affinity for the frans form of BRD4 than its ¢/s form. BRD4 plays a key role in
recruiting active CDKO to the promoters for gene transcription?2 53, The chromatin-bound
BRD4 needs to be released from chromatin before its association with CDK9 and
recruitment of CDK9 to promoters!. While PIN1 interacted with pBRD4 and colocalized
with BRD4 in the nucleus (Figs. 2&S2), it is not clear whether PIN1 binds to chromatin-
bound BRD4 or chromatin-free BRD4. However, we could only detect weak Pinl signals on
the promoters of c-MET and MMPIby ChIP (data not shown), suggesting that Pin1-
mediated conformational change of BRD4 might not occur on chromatin. It is possible that
PIN1 binds to the chromatin-free BRD4 and induces its conformational change before it
interacts with CDK9. However, the detailed mechanism needs to be defined in the future
experiments.

PIN1-mediated cis-fo-trans conformation change of BRD4 doesn’t seem to affect BRD4’s
binding to chromatin since BRD4’s recruitment to the promoters was not affected by the
mutation of T204A (Fig. 5H). The impaired CDK9 recruitment led to decreased
phosphorylation and the activation of RNAPII (Fig. 5H), which seems to be independent of
PIN1’s ability to modulate the function of RNAPII5! since mutation of T204 to alanine
without changing PIN1’s activity altered the activity of RNAPII and RNAPII-mediated gene
transcription (Figs. 5H &5I1). While our data clearly demonstrate that phosphorylation of
T204 of BRD4 is recognized by PIN1, leading to the conformational change and increased
CDK®9 binding, whether phosphorylation of T204 might have some additional functions
remains an interesting question and needs to be further explored.

Inhibiting the activity of PIN1 by siRNA or PIN1 inhibitors reduced the cellular levels of
BRD4 (Figs. 1& S1), whereas inhibition of BRD4 has no effect on the expression of PIN1
(Fig. S19). It is clear that PIN1 regulates the stability of BRD4 by inhibiting its
ubiquitination (Fig. 4). PIN1-mediated conformational change of BRD4 might also affect
the stability and ubiquitination of BRD4 since WT PIN1 but not PIN1-C115A increased the
cellular levels of BRD4 and inhibited the ubiquitination of BRD4 (Figs. 4A&4E). PIN1-
mediated conformational change might decrease the accessibility of a BRD4 E3 ligase or
increases the accessibility of a BRD4 deubiquitinating enzyme. Therefore, the overall tumor-
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promoting activity of BRD4 in cancer cells might result from the PIN1-mediated
conformational change of BRD4, leading to more stabilized BRD4 and conformational
change-associated increased transcriptional potential of BRD4.

Overall, our studies have explored the functional consequence of the positive correlation of
PIN1 and BRD4 expression in gastric cancer cells and the molecular and structural
mechanism of the PIN1 BRD4 interaction. Identification of PIN1 as a novel regulator of
BRD4 not only provides new insights into the regulation of BRD4, but also provides
potential alternative approaches for the treatment of gastric cancer by targeting the
interaction between BRD4 and PIN1 or with combination therapy by targeting both PIN1
and BRDA4.

Materials and methods

Detailed materials and methods can be found in supporting information.

Cell lines, recombinant proteins and plasmids

Human gastric cancer cell lines MKN28, AGS and human embryonic kidney HEK293T
were purchased from ATCC (Manassas, VA, USA) and were cultured according to ATCC’s
instructions. Wild-type or PIN1 knockout MEFs, shBRD4 BRD4 and shBRD4 BRD4-
T7204A MKN28 cells were maintained in DMEM supplemented with 10% FBS. Expression
vectors for GST-PIN1, GST-PIN1-C115A, GST-PIN1-W34A, Flag-PIN1, Flag-PIN1-
C115A, PIN1-W34A and Flag-BRD4 have been previous described?l: 3. BRD4 deletion
mutants were generated by PCR cloning and point mutation mutants were generated using
Quickchange site-mutagenesis (Stratagene, San Diego, CA, USA) and all the mutants were
confirmed by sequencing.

Statistical analysis

Statistical significance was determined using a two-tailed homoscedastic Student’s #test. All
data are presented as mean + SD and a p value < 0.05 was considered statistically
significant. The data generated were representative of at least three experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. BRD4 abundance is positively correlated with PIN1 expression in human gastric cancer
tissues

(A) Representative of immunohistochemical staining of PIN1 and BRD4 in human gastric
cancer tissues. Boxed regions are enlarged to the bottom of each image. (B) Tissue sections
of 58 gastric cancer samples were immunostained with anti-PIN1 or anti-BRD4 antibodies
and their correlation was analyzed by Spearman rank correlation test (/<0.01). (C) Protein
expression levels of BRD4 and PINL1 in gastric cancer cells. (D) Expression levels of BRD4,
PIN1, GFP or Tubulin in HEK293T cells transfected with indicated expression plasmids
(plasmid ratio of BRD4 vs PIN1: 1:3). (E) Expression levels of PIN1, endogenous BRD4 or
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Tubulin in MKN28 cells transfected with increasing amount of PIN1 plasmids. (F)
Expression levels of BRD4 and Tubulin in MKN28 cells treated with PiB with indicated
concentration for 24 hr. Quantification of the relative BRD4 levels normalized to Tubulin is
shown in the right panel. (G) Expression levels of BRD4, PIN1 and Tubulin in MKN28 cells
transfected with control or PINI siRNA for 48 hr, followed by the treatment with MG-132
for 8 hr. (H) PINI or BRD4 mRNA levels in MKN28 cells transfected with control or PINZ
SiIRNA.

Oncogene. Author manuscript; available in PMC 2017 November 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hu et al.

o
BRD4—> W% IB:c-BRD4
PNt —= S 1B:c-PIN-1
Lysates:
Brd4 —‘"-_- IB:o-BRD4
102

BRD4 —p M |B:0-Myc

GST-PIN1 = '_'
IB:ct-GST
oo~ g

input: .
BRD4™™ -2— IB:o-Myc

GST GST-PIN1

BRD4 —» ‘ . IB:a-Myc

GST-PIN1—»
o IB:0-GST
GST—» ‘.

1 2 3 4

Page 17

BRD4—» 1 | IB:a-BRD4

 lysates:
PIN1 "“- IB:0-PIN1
12

cP — o+
BRD4—»- S IB:o-Myc
PBRDA—a- s 49 IB:0-MPM2

PINT == “ IB:o-GST
input: —= S - 1B:a-Myc
1 2

BRD4

v o
Flag-PIN1 — — & q\'? o
Myc-BRD4 — + + + +

IP:c-Flag
BRD4 —> = sy

PINY — - o Flag

Lysates:
BRD4—= il == 1B: 0-Myc
1 2 3 4 5

G No. of potential H
PIN1 binding sites (1) (8) (15) BRDA (1-722) ChmE 722
———— —_— L W W
BRD4 (1-1362] a6 BRD4 (1-305) =22 305
1_203."+,299 1 245
BRD4 (A204-298) Y 1382 BRD4 (1-245) Cuimr

722

BRD4 (1-722}

BRD4 (1-220)'Cmmr*122° (T103,T204 and T210)
BRD4 (1-203)'cmim2°®  (T103)

BRD4 (719-1362) M9————'362
v RN
fau'fi-,w & it
BRD4 & ¥ NS 15 -
el 100 -
Myc-BRD4 m—ﬁ Myc-BRD4 7 - i IB:c-Myc
1004 IB:a-Myc 55 -
70— —
i A R 35 -
e GST-PIN1 e S S B::-GST
asT-PiNt SR 5.0GsT .
- 130 -.

180
Input: 50— |
Myc-BRD4 ;5 IB:c-Myc

L —
Input: "7

Myc-BRD4 7o -.ﬁ 1B:0-Myc
55 =
» -
2

3 4 5

-

Fig. 2. PIN1 interacts with BRD4 in a phosphorylation-dependent manner in vitro and in vivo
(A&B) Endogenous PIN1 (A) or BRD4 (B) was immunoprecipitated from MKN28 cells and

immunoblotted for associated BRD4 (A) or PIN1 (B), respectively. IgG was used as a
control. (C) GST or GST-PIN1 conjugated agarose beads were incubated with HEK293T
cell lysates transfected with Myc-BRD4. GST-PIN1 associated BRD4 was detected with the
indicated antibodies. (D) HEK293T cell lysates containing Myc-BRD4 were pretreated with
CIP for 1 hr, followed by the incubation with GST-PIN1 conjugated agarose. GST-PIN1-
associated BRD4 was detected as in (A). (E) HEK293T cell lysates containing transfected
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Myc-BRD4 were subjected to GST pull-down assay with GST-PIN1, GST-PIN1-W34A or
GST-PIN1-C115A. (F) HEK293T cells were co-transfected with Myc-BRD4 and Flag-
PINZ, or various PIN1 mutants as indicated (plasmid ratio of PIN1 vs BRD4: 1:2). Flag-
PIN1 immunoprecipitates were immunoblotted for the associated Myc-BRD4. (G) Upper:
Schematic diagram showing the domain structure of BRD4 and various deletion mutants of
BRD4. Below: HEK293T cell lysates containing transfected Myc-BRD4 or its deletion
mutants were subjected to GST pull-down assay with GST-PIN1. Positions of various
deletion mutants are marked with asterisks. (H) Upper: Schematic diagram showing BRD4
(1-722) and its various deletion mutants. Positions of potential PIN1-binding motifs are
marked with asterisks. Below: HEK293T cell lysates containing transfected Myc-BRD4 (1-
722) or its deletion mutants were subjected to GST pull-down assay with GST-PINL1.
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Fig. 3. PIN1 interacts with phosphorylated T204 of BRD4
(A) HEK293T cell lysates containing transfected Myc-BRD4 or its various mutants were

subjected to GST pull-down assay with GST-PIN1. Sequence from amino acids 98 to 216
containing three potential PIN1-binding motifs is shown above. (B) HEK293T cells were co-
transfected with Flag-PIN1 and Myc-BRD4 or its mutants as indicated (plasmid ratio of
PIN1 vs BRD4: 1:2). Flag-PIN1 immunoprecipitates were immunoblotted for the associated
BRD4. (C) MKN28 cell lysates were immunoprecipitated with IgG or anti-BRD4 antibodies
followed by immunoblotting with anti-pT204 BRD4 antibodies. (D) HEK293T cells

Oncogene. Author manuscript; available in PMC 2017 November 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Hu et al.

Page 20

transfected with WT or T204A of Myc-BRD4 were immunoprecipitated with anti-Myc
antibodies, followed by immunoblotting with anti-pT204 BRD4 antibodies. (E) BRD4
peptides containing nonphosphorylated or phosphorylated T204 (25 uM) spotted on
nitrocellulose membranes were incubated with recombinant GST-PIN1, followed by
immunoblotted with anti-PIN1 antibodies. (F) Structures of PIN1 in complex with the
pT204-BRD4 peptide at 1.85 A resolution, showing the substrate-binding pocket of PIN1,
with interactions of the pT204 (left panel) and with other peptidic residues (right panel).
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Fig. 4. PIN1 increases the stability of BRD4 by inhibiting its ubiquitination
(A) Immunoblotting of BRD4 and PIN1 in HEK293T cells transfected with indicated

plasmids. Transfected plasmid ratio (PIN1 vs BRD4): 1:3 (lanes: 2, 4&6); 1:5 (lanes: 3,
5&7). (B) Immunoblotting of BRD4 and PIN1 in HEK293T cells transfected with indicated
plasmids. Transfected plasmid ratio (PIN1 vs BRD4): 1:3 (lanes: 2 &5); 1:5 (lanes: 3&6).
(C) MKN28 cells transfected with control or P/N1 siRNAs were treated with cycloheximide
for the indicated time points and immunoblotted for the expression of BRD4, PIN1, and
Tubulin. A representative result from three independent experiments is shown in the left
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panels. Quantification of the results is shown in the right panels. Data represent the average
of three independent experiments + SD. (D) shBRD4/ BRD4 or shBRD4 BRD4-T204A
MKNZ28 cells were treated with CHX for indicated time points and immunoblotted for the
expression of BRD4 and Tubulin, and levels were quantified as described in (C). (E)
HEK?293T cells were transfected with indicated plasmids expressing Myc-BRD4, HA-
ubiquitin, Flag-PIN1, Flag-PIN1-W34A or Flag-PIN1-C115A. BRD4 immunoprecipitates
were immunoblotted for ubiquitination with anti-HA antibody. (F) Endogenous BRD4
immunoprecipitates from MKN28 cells transfected with control or P/INZ siRNA were
immunoblotted for ubiquitination with anti-ubiquitin antibody. (G) Endogenous BRD4
immunoprecipitates from MEFs of PinI*'*, Pin1~/=, Pin1~!~ (Pini) or Pin1™!~ (Pin1-C115A)
were immunoblotted for ubiquitination with anti-ubiquitin antibody. (H) BRD4
immunoprecipitates from HEK293T cells transfected with indicated plasmids were
immunoblotted for ubiquitination with anti-HA antibody.
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Fig. 5. PIN1 changes the conformation of BRD4 and regulates BRD4’s interaction with CDK9
(A) Synthetic BRD4-pNA peptides were incubated with GST, GST-PIN1-WT or

catalytically inactive GST-PIN1-C115A and isomerase activity was measured as absorbance
of free pNA at 405 nm. (B) Myc-BRD4 immunoprecipitates from P/NZ knockdown
shBRD4 BRD4 MKN28 cells were incubated with 0.5 pg/mL of recombinant GST, GST-
PIN1, or GST-PIN1-C115A, followed by digestion with trypsin (10 ng/ml). Myc-BRD4
immunoprecipitates were analyzed by immunoblotting. (C) BRD4 was immunoprecipitated
from PiB treated HEK293T cells expressing Myc-BRD4 or Myc-BRD4-T204A, and washed
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with high salt buffer, eluted with Myc-peptides, then incubated with GST, GST-PIN1 or
GST-PIN1-C115A, followed by immunoprecipitation with anti-MPM-2 antibody. BRD4 was
detected with anti-Brd4 antibodies. A diagram for the experiment procedure is shown on the
right. (D) BRD4 immunoprecipitates from P/NZ knockdown MKN28 cells were
immunoblotted with co-purified CDKO9. (E) BRD4 immunoprecipitates from shBRD4 BRD4
or shBRD4 BRD4-T204A MKN28 cells were immunoblotted with co-purified CDKO. (F)
HEK?293T cells transfected with indicated plasmids were immunoprecipitated with anti-HA
antibodies and immunoblotted with anti-Myc antibody for co-purified BRD4 or its various
mutants. (G) Myc-BRD4 immunoprecipitates from PiB-treated HEK293T cells washed with
high salt buffer were incubated with 0.5 ug/mL GST, GST-PIN1 or GST-PIN1-C115A. After
wash, BRD4 immunoprecipitates were used to pull-down BRD4-free Flag-CDK?9 from
transfected HEK293T cells and the associated CDK9 was detected with anti-CDK9
antibodies. A diagram for the experiment is shown on the left. (H) ChIPs for the recruitment
of BRD4, CDK9, RNAPII and pRNAPII on the promoter of c-MET or MMP9 in indicated
cells. (I) mRNA levels of c-MET or MMPI from indicated MKN28 cells were analyzed by
RT-PCR.
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Fig. 6. The T204A mutant of BRD4 suppresses the tumorigenicity of gastric cancer cells
(A) Cell proliferation for MKN28 cells stably expressing control ShRNA, BRD4 shRNA or

shBRD4 BRD4 or shBRD4 BRD4-T204A. Data represent the average of three independent
experiments + SD (left). The cellular levels of endogenous or exogenous BRD4 in the
indicated MKN28 cells (right). (B&C) Various MKN28 cells as in (A) were seeded in soft-
agar and cultured for 15 days. Representative photographs were taken at day 15 (B). The
relative percentage of colony numbers compared to shCtr cells (set as 100%) from three
independent experiments £ SD is shown in (C). (D&E) The wound-healing migration assays
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for various MKN28 cells as indicated. Representative photographs were taken at 0, 18 and
36 hr (D). The percentage of average speed of wound closure from three independent
experiments + SD is shown in (E). (F&G) Invasion assays for various MKN28 cells as
indicated. Representative photographs of invading cells stained with crystal violet are shown
in (F). Quantification of cell invasion is shown in (G) and data represent the average of three
independent experiments + SD. (H) Tumorigenicity of shBRD4/BRD4 or shBRD4/BRD4-
T204A MKN28 cells (1 x 107) after subcutaneously injection for 7 months in nude mice (n
=3). (1&J) Summary of the average volume (I) and weight (J) of tumors from (H).

Oncogene. Author manuscript; available in PMC 2017 November 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Hu et al. Page 27

)
S%o 7/;?04 Tumorigenesis
BRD4 f
Tumor-promoting
- gene expression
upe ® o ~ '
Vo N (»)
x ®
\%o 204 Re =0, T2,
A S ’
BRD4 rm—y —_—
Conformation
Change
cis trans

Fig. 7. Schematic model for the regulation of BRD4 by PIN1 in cancer cells
PIN1 regulates the stability, the transcriptional activity and oncogenic potential of BRDA4.

PIN1 directly binds to the phosphorylated T204 of BRD4, mediated by an unidentified
kinase. PIN1-mediated cis-trans isomerization and conformational change of BRD4
increases the stability of BRD4 by suppressing its ubiquitination and degradation. At the
same time, this conformational change enhances BRD4’s interaction with CDK9 to
stimulate the transcription of cancer-promoting genes and tumorigenesis.
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