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Abstract

Breast cancer and lung cancer remain the top two leading causes of cancer death in women. Due
to limited success in reducing the high mortality of these diseases, new drugs and approaches
are desperately needed. Cancer prevention is one such promising strategy that is effective in
both preclinical and clinical studies. I-BET 762 is a new bromodomain inhibitor that reversibly
targets BET (bromodomain and extra-terminal) proteins and impairs their ability to bind to
acetylated lysines on histones, thus interrupting downstream transcription. This inhibitor has
anti-inflammatory effects and induces growth arrest in many cancers and is currently under
clinical trials for treatment of cancer. However, few studies have investigated the chemopreventive
effects of bromodomain inhibitors. Here, we found that I-BET 762 significantly delayed tumor
development in preclinical breast and lung cancer mouse models. This drug not only induced
growth arrest and downregulated c-Myc, pSTAT3 and pERK protein expression in tumor cells
in vitro and /n vivo but also altered immune populations in different organs. These results
demonstrate the promising potential of using I-BET 762 for cancer prevention and suggest

the striking effects of I-BET 762 are the result of targeting both tumor cells and the tumor
microenvironment.
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Introduction

Breast cancer and lung cancer are the top two leading causes of cancer deaths in women
(1). Even though the survival rates of estrogen receptor positive (ER+) breast cancer have
gradually improved, primarily because of the benefits of endocrine therapy, the incidence
and survival rates for ER-negative (ER-) breast cancer have not noticeably shifted over the
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past 30 years (2). Lung cancer is responsible for more cancer deaths than breast, prostate,
colon and pancreatic cancer combined, and the 5-year survival rates for lung cancer remain
a disappointing 18% (1). Therefore, new drugs as well as new approaches are greatly needed
to reduce both the incidence and mortality of both of these diseases.

Prevention and early intervention in cancer are two underutilized strategies that have proven
effective in both preclinical and clinical studies (3). Fisher et al. reported a 49% reduction

in the incidence of breast cancer in women taking tamoxifen compared to a placebo (4).
Raloxifene, a second generation selective estrogen receptor modulator (SERM), reduced

the incidence of breast cancer by approximately 80% in early clinical trials (5). Abundant
clinical data confirm that anti-estrogens or SERMs can prevent ER+ breast cancer in women
(6-9). However, tamoxifen can induce rare but serious side effects such as increasing the
risk of uterine cancer (10), and there are no approved drugs available for the prevention of
ER- breast cancer. In contrast to breast cancer, drugs have been tested for the prevention of
lung cancer in a variety of preclinical models, but these efforts have not been successfully
translated into the clinic. Because smokers are at high risk of developing lung cancer,
developing effective drugs with a good safety profile for the chemoprevention of lung cancer
could greatly reduce the overall number of cancer deaths (11).

In addition to known genetic mutations that drive carcinogenesis, epigenetic events are
also highly involved in the initiation and progression of cancer (12). Unlike genetic
mutations, epigenetic alterations are considered reversible, which makes them an appealing
therapeutic target. A number of epigenetic drugs have been developed that can reverse

the aberrations of DNA methylation or other histone modifications in cancer. Inhibitors

of DNA methylation were the first epigenetic drugs designed for treatment of cancer;

these nucleoside analogs inhibit DNA methylation by trapping DNA methyltransferases
(13). Drugs targeting histone modifications were then developed, and the HDAC (histone
deacetylase) inhibitor suberoylanilide hydroxamic acid (SAHA) is approved by the FDA
for the treatment of cutaneous T cell lymphoma. Some of these epigenetic drugs have also
been tested for chemoprevention (14). The HDAC inhibitor valproic acid is currently being
tested in a clinical trial (NCT02608736) for chemoprevention of head and neck squamous
cell carcinoma.

Recently, chromatin “readers” have emerged as promising epigenetic targets. In contrast to
“writers” (e.g. histone acetyltransferases (HATS) and histone methyltransferases (HMTS))
or “erasers” (e.g. histone deacetylases (HDACs) and lysine demethylases (KDMs)),

readers bind to specific epigenetically modified sites. Bromodomains, which contain a
conserved binding motif, are the primary readers of acetylated lysine residues, and over

40 human proteins express bromodomains (15). Importantly, distinct small molecules that
are specific to the BET (Bromodomain and extraterminal domain) family (BRD-2, 3,

4, T) of bromodomain proteins (16,17) have been developed. The BET inhibitors have
shown promising efficacy in preclinical models for treating cancers including NUT-midline
carcinoma (18), hematological malignancies (16,19), and pancreatic cancer (20), but little is
known regarding the chemopreventive potential of bromodomain inhibitors in cancer.
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JQ1 was one of the earliest BET inhibitors identified (17), and it blocks neoplastic
transformation induced by 12-O-tetradecanoylphorbol-13-acetate (TPA) (21) or visceral
adipose tissue (22) in mouse skin epidermal JB6 P+ cells and suppresses inflammation

in many cell types (23,24). However, poor bioavailability and a short half-life make JQ1

an impractical candidate for clinical development. In contrast, the bromodomain inhibitor
I-BET 762 (also known as GSK525762) has good potency and pharmacokinetics following
oral administration (25). It is currently being evaluated in clinical trials (NCT01587703,
NCT01943851, NCT02964507) for the treatment of NUT middle carcinoma and other
cancers including breast and lung cancer. In addition to its anti-proliferative effects in cancer
cells, I-BET 762 can inhibit cytokine secretion and decrease the number of tumor associated
macrophages and myeloid derived suppressor cells in a preclinical model of pancreatic
cancer (23). Because of the known anti-inflammatory and immunomodulatory effects of the
bromodomain inhibitors, we tested the efficacy of I-BET 762 for the prevention of breast
and lung cancer in two clinically relevant mouse models (MMTV-PyMT ER- breast cancer
model and vinyl carbarmate induced lung carcinogenesis model) and investigated its effects
on both cancer and immune cells.

Materials and Methods

In vivo experiments

All animal studies were performed in accordance with protocols approved by the
Institutional Animal Care and Use Committee (IACUC) at Michigan State University.

For the breast cancer studies, MMTV-PyMT mice were obtained from Dr. Jeffrey Pollard
(Albert Einstein College of Medicine, Bronx, NY) and were genotyped as described (26).
Four-week-old female PyMT mice were randomized into either control group fed powdered
5002 rodent chow or I-BET 762 (60 mg/kg diet) mixed into powdered diet as described
(27); I-BET 762 (purity >95%) was synthesized (25) by J-Star Research (South Plainfield,
NJ). Mice were palpated for tumors twice a week. For the immune cell infiltration studies,
11-week-old female PyMT mice were gavaged (5% DMSO and 10% Tween 20 in saline)
with 60 mg I-BET 762 /kg body weight daily for one week for a short-term protocol. In a
longer-term protocol, four-week-old female PyMT mice were fed either powdered control
diet or diet containing I-BET 762 (60 mg/kg diet) until 13 weeks of age. For both studies,
tissues were harvested for analysis by flow cytometry and evaluation of biomarkers by
Western blot or immunohistochemistry.

For the lung cancer studies, eight-week old female A/J mice from Jackson Laboratories
were injected i.p. with 0.32 mg vinyl carbamate (Toronto Research Chemicals) dissolved in
saline. One week after injection, the mice were randomized into either control group fed
AIN-93G semi-synthetic diet (BioServ), I-BET 762 (40-120 mg/kg diet), LG100268 (40
mg/kg diet) or the combination of I-BET 762 and LG100268 (40 mg of each drug/kg diet).
After 16 weeks on diet, lungs were harvested and inflated with PBS. Left lungs were fixed
in neutral buffered formalin (NBF) for histopathology. Right lungs were used immediately
for flow cytometry (two lobes) or were flash frozen (the other two lobes). Samples were
coded with random numbers to blind the investigators to the identity of the treatment group
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during analysis. Then tumor number, size and histopathology were assessed on two separate
sections of the left lung by two independent investigators using published criteria (28).

Flow cytometry

The same two mammary glands or two lobes of the right lung were harvested from

each PyMT mouse or A/J mouse, respectively, for flow cytometry. Fresh tissues were
homogenized and incubated in digestion media containing 300 U/ml collagenase (Sigma), 1
U/ml dispase (Worthington), and 2 U/ml DNAse (EMD Millipore) for 30 minutes at 37°C.
Cells were passed through a 40 pum cell strainer (Falcon) to obtain a single cell suspension
and treated with a lysing solution (eBioscience) to eliminate red blood cells. Cells were
then stained with 5 pg/ml anti-mouse Fc block (Biolegend) and two panels of validated
antibodies(23) for 30 minutes on ice. Panel 1: CD45-VioGreen (3 pg/ml, Miltenyi), Gr-1-PE
(3 pg/ml, Miltenyi), CD11b-FITC (3 ug/ml, Miltenyi). Panel 2: CD45-VioGreen (3 ug/ml,
Miltenyi), CD3-PE (2 ug/ml, BioLegend), CD4-FITC (3 pg/ml, Miltenyi), CD8-PerCP/
Cy5.5 (2 ug/ml, BioLegend), CD25-PE/Cy7 (2 ug/ml, BD Biosciences). Flow cytometry
was performed using a LSR |1 flow cytometer with three laser sources (488 nm, 633 nm, 407
nm) and DIVA 6.2 software (BD); data were analyzed by FlowJo x.10.0.7r2 software (Tree
Star).

Immunohistochemistry

Cell culture

Upper right mammary glands and left lungs inflated with PBS were fixed in 10% NBF

for 48 h for histopathology and immunohistochemistry. Citrate or EDTA buffer was used
for antigen retrieval, and hydrogen peroxide was used to quench endogenous peroxidase
activity. Sections were immunostained with pSTAT3 or pERK (1:50, Cell Signaling) and
biotinylated anti-rabbit secondary (Cell Signaling), CD45 (1:100, BioScience) and anti-rat
secondary (Vector), or PCNA (1:100 Biolegend) antibodies and biotinylated anti-mouse
secondary (Cell Signaling). Signal was detected using a DAB kit (Cell Signaling). Sections
were counterstained with hematoxylin (\Vector).

MDA-MB-231 and A549 cells (ATCC) were cultured in DMEM or RPMI 1640,
respectively, with 10% FBS and 1% Pen/Strep. Primary PyMT tumor cells were isolated
from female PyMT mice. Mammary tumors were dissected, homogenized and digested

in DMEM with 10% FBS, 300 U/ml collagenase, 1.0 U/ml dispase and 2 U/ml DNase

for 30 min at 37°C. The cell suspension was passed through a 40 uM cell strainer. After
centrifugation at 220 g for 10 min, cells were plated in DMEM with 10% FBS and 1%
Pen/Strep. All experiments were performed within 1 week of isolation. VC-1 cells were
derived from lung tumors in A/J mice injected with vinyl carbamate, using the same
protocol (28,29). Media and supplements were purchased from Corning Cellgro (Mediatech,
Manassas, VA).

Western Blotting

Cells treated with different concentration of I-BET 762 were lysed in RIPA buffer (1 M
Tris-Cl, 5 M NaCl, pH 7.4, 0.5 M EDTA, 25 mM deoxycholic acid, 1% triton-X, 0.1% SDS)
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with protease inhibitors. Mammary glands or lung tissues were homogenized and incubated
in EBC buffer (5 M NaCl, 1 M Tris pH 8) with protease inhibitors and 10% NP-40 for 30
min. The BCA assay (Sigma-Aldrich) was performed to determine protein concentrations.
Proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes.
p27KIP1, Cyclin D1, c-Myc, p-Erk 1/2, pSTAT3 and vinculin (all from Cell Signaling)
primary antibodies were used to analyze the corresponding proteins; secondary antibodies
were purchased from Cell Signaling. ImageJ was used to quantify the immunoblots. Images
shown are representative of 2-3 independent experiments.

Statistical analysis

Results

The in vitro experiments were repeated in at least three independent experiments. Results
were analyzed using the t-test or one-way ANOVA (Prism 6). /n vivo data were analyzed by
one-way ANOVA followed by a Tukey test, or one-way ANOVA on ranks and the Dunn test
if the data did not fit a normal distribution (SigmaStat 3.5). Results were expressed as the
meanzSE unless otherwise noted. p<0.05 was considered statistically significant.

The bromodomain inhibitor I-BET 762 delays tumor development in the MMTV-PyMT model
of breast cancer

To investigate whether I-BET 762 affects tumor development, we first tested this drug

in MMTV-PYMT mice. In this ER- breast cancer model, expression of the oncogenic
PyMT protein is targeted to the mammary epithelium by the MMTYV promaoter (26). This
model mimics several key features of human breast cancer including disease progression
from hyperplasia to invasive carcinoma and the early infiltration of Tumor Associated
Macrophages (TAMs) (30). Female PyMT mice were fed control diet or diet containing
I-BET 762 (60 mg/kg diet, which is approximately 15 mg/kg body weight) starting at 4
weeks of age. Treatment with I-BET 762 significantly (p<0.05) delayed the development of
mammary tumors (Fig. 1A). The average time of the first palpable tumor increased from
13.1+0.8 weeks in the control group to 16.3+1.0 weeks with the I-BET 762 treatment (Fig.
1B; p<0.05). I-BET 762 was well tolerated at this dose, with no significant differences in
weight between groups (average body weight of 24.1+1.6 g in control group vs. 24.5£1.8 g
in I-BET 762 treated group at 17 weeks of age).

I-BET 762 induces growth arrest and downregulates c-Myc expression in breast cancer

cells

Bromodomain inhibitors can inhibit c-Myc and induce growth arrest in many cell types
(23,31,32). In our studies, I-BET 762 inhibited proliferation of MDA-MB-231, a triple
negative human breast cancer cell line, with an 1C50 of 0.46+0.4 uM in the MTT assay
(Suppl Fig. 1A). At concentrations as low as 0.25 uM, both I-BET 762 and JQ-1 upregulated
p27 and downregulated c-Myc protein expression (Fig. 1C) in these cells. Next, primary
cells were isolated from mammary tumors in PyMT mice and treated with I-BET 762 for 48
hrs. In these cells, treatment with I-BET 762 increased protein levels of p27 and decreased
Cyclin D1 (Fig. 1D); these changes are hallmarks of G1 phase cell cycle arrest (33). I-BET
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762 does arrest these cells in G1, as confirmed by flow cytometry (Suppl Fig. 1B). C-Myc
protein expression was also decreased by I-BET 762 (Fig. 1D).

I-BET 762 modulates T cell populations in the mammary gland and spleen and decreases
pSTAT3 expression in the mammary gland

In addition to the anti-proliferative role of I-BET 762 on tumor cells, this drug also
modulates the tumor microenvironment. We and others have shown that bromodomain
inhibitors suppress the production of pro-inflammatory molecules by macrophages (34) and
have anti-inflammatory effects in pancreatic cancer (20,23). Because epigenetic modulators
can have rapid effects on cells, a short-term /n vivo study was performed. In the PyMT
model, 11 week-old female PyMT mice without palpable tumors were treated daily with
either vehicle or I-BET 762 (60 mg/kg) by gavage for one week (short treatment protocol,
Fig. 2A). This dose of I-BET 762 altered immune cell populations in a model of pancreatic
cancer (23). The time point was selected based on previous studies indicating that the
highest infiltration of immune cells into the mammary gland occurred at 12-13 weeks of
age in PyMT mice (35). Both the mammary gland and spleen were harvested and analyzed
by flow cytometry to obtain an overview of the immune cell populations in these tissues.
The percentages of CD45" immune cells, total T cells (CD45*, CD3™), CD4 helper T cells
(CD45*, CD3*, CD4™) and CD8 cytotoxic T cells (CD45%, CD3*, CD8*) and macrophages
(CD45*, CD11b*, F4/80%) were analyzed. After one week of treatment, the percentages

of CD45* immune cells (Fig. 2B), total T cells (Fig. 2C), and CD4 helper T cells (Fig.

2D) were all significantly (p<0.05) higher in the spleen of the PyMT mice treated with
I-BET 762. There were no significant changes in immune cell populations in the mammary
glands after this limited treatment (Suppl Fig. 2A). We then used a longer-term treatment
protocol (Fig. 3A) to evaluate the chronic effects of I-BET 762 on immune cell populations.
Four-week old female PyMT mice were fed with either control diet or diet containing
I-BET 762 (60 mg/kg diet) until 13 weeks of age. In these experiments, there was a small
but significant (p<0.05) decrease of CD4 helper T cells in the mammary gland of mice
treated with I1-BET 762 (Fig. 3B). Activation of CD4 helper T cells was then evaluated by
expression of the CD25 surface marker. A lower percentage of activated CD4 T cells was
detected in I-BET 762 treated group (p=0.08, Fig. 3C). No other changes in immune cells in
the mammary gland or the spleen were observed at this time point (Suppl Fig. 2B).

STAT3 plays a critical role in the crosstalk between cancer and immune cells (36).

As a point of convergence of many important oncogenic signaling pathways, STAT3

is constitutively activated in cell types. Activation of STAT3 inhibits the activation

of dendritic cells, CD8" T cells and natural killer cells (NK cells) and enhances the
production of immunosuppressive factors, which are associated with poor prognosis (37).
Hence, pSTAT3 expression was evaluated in the mammary gland by both western blotting
and immunohistochemistry. Treatment with I-BET 762 significantly (p<0.05) decreased
expression of pSTAT3 in both the short (Fig. 2E) and longer-term (Fig. 3D) protocols.
With short-term treatment, decreased pSTAT3 expression (Fig. 2F) was mainly observed in
immune cells surrounding early lesions, while pSTAT3 was also greatly decreased within
tumor cells in the longer-term protocol (Fig. 3E).
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I-BET 762 prevents lung carcinogenesis in A/J mice challenged with vinyl carbamate

The anti-tumor effect of bromodomain inhibitors is not limited to a single cancer type.
Besides breast cancer, these compounds have been shown to suppress growth of lung cancer
cell lines and sensitize these cells to pro-apoptotic agents (38,39). However, the efficacy of
bromodomain inhibitors for prevention of lung cancer has not been investigated. The A/J
mouse model is widely used to evaluate chemopreventive agents for lung cancer (40,41).
These mice can develop adenomas spontaneously in the lung, but injection of the carcinogen
vinyl carbamate can induce invasive lung adenocarcinomas (28). Vinyl carbamate induces
Kras mutations (42), which are the most frequent mutations found in human lung cancers
(43), especially in smokers and Caucasian patients (44). Because urethane and carcinogens
found in cigarette smoke such as NNK (a nitrosamine ketone derived from nicotine) only
induce adenomas, the use of vinyl carbamate in A/J mice is more clinically relevant. In

this study, female A/J mice were injected i.p. with 0.32 mg vinyl carbamate to induce lung
adenocarcinomas. One week after initiation, the mice were fed control diet or I-BET 762

in diet for 16 weeks. Then tumor number, size and histopathology were evaluated using
published criteria (28). In our first study, two doses of I-BET 762 (60 and 120 mg/kg

diet or approximately 15 and 30 mg/kg body weight) were tested (Table 1). Strikingly,
treatment with I-BET 762 significantly (p<0.05) reduced the average number of grossly
visible tumors on the inflated left lung from 12.4+0.6 tumors in the control group to only
3.7%0.6 in mice fed the highest concentration of I-BET 762, a reduction of 70%. Although
the percentage of grossly visible small tumors (< 0.5 mm in diameter) was only 2.5% in
the control group, 63% of the tumors in the I-BET 762 120 group were small (p<0.05

vs. control). Notably, not a single tumor in either group treated with I-BET was larger

than 1 mm in diameter, while nearly 10% of the control tumors had grown to this size.

To evaluate the histopathology, lungs were sectioned, randomized and the groups blinded.
Impressively, the high dose of I-BET 762 significantly (p<0.05) reduced the average tumor
number by 78% (from 3.84+0.25 to 0.86+0.19 per slide), average tumor size by 83% (from
0.33+0.03 mm? to 0.06+0.01 mm3), and average tumor burden by 96% (from 1.26+0.14
mm? to 0.05+0.01 mm3). Even with half of this dose (with 60 mg/kg diet), I-BET 762 still
significantly (p<0.05) reduced the grossly visible tumors on the surface of left lung, and no
large tumors (> 1mm in diameter) were found. At this lower dose, I-BET 762 also caused a
64% reduction in tumor size and a nearly 80% decrease in average tumor burden (p<0.05 vs.
control for both characteristics).

Histopathology was evaluated based on two criteria (histological and nuclear), as published
previously (28). The percentage of high-grade tumor (HH), high for both histological

and nuclear characteristics, such as fused trabecular architecture, distinct nucleoli and
conspicuous mitoses was 51% in the control group but only 5-13% in mice fed I-BET

762 (p<0.05). The percentage of low-grade tumors (LL) was also significantly higher in the
treated groups (28-32%) vs. the control group (2%). These doses were well-tolerated with
no observed adverse effects; average body weights at the end of the study were 21.7£2.4 g in
the controls, 22.5+1.7 g in the I-BET 60 group, and 20.7+1.5 g in the I-BET 120 group.

Because impressive efficacy was observed in this first lung experiment, a lower dose of
I-BET 762 (40 mg/kg diet or approximately 10 mg/kg body weight) was tested, alone and
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in combination with the rexinoid LG100268 (40 mg/kg). Rexinoids are selective ligands

for RXRs (Retinoid X Receptors) with known anti-inflammatory and anti-tumor effects
(29,45). LG100268 potently suppressed tumor development in this lung cancer model (27).
In addition, the combination of I-BET 762 and LG100268 was more effective than either
drug alone for suppressing inducible nitric oxide synthase in macrophage-like cells (Suppl
Fig. 3). This in vitro assay correlates well with efficacy in the A/J lung carcinogenesis
model. The combination of I-BET 762 and LG100268 was therefore tested to investigate
potential synergistic effects /n vivo. Even though the concentration of I-BET 762 was
reduced to only 40 mg/kg diet, a significant (p<0.05) reduction in tumor number (52%), size
(60%), and burden (81%) were still observed in the mice (Table 2 and Fig. 4A). The efficacy
in the combination group was not significantly different than I-BET 762 or LG100268 alone;
lower doses of both drugs should be evaluated in future studies. The I-BET diets were
well-tolerated with no significant differences in body weight (23.6+3.4 g in control group vs.
24.1+2.5 g in the I-BET 762 group after 16 weeks on diet).

I-BET 762 induces growth arrest and downregulation of pSTAT3 and pERK in lung cancer
in vitro and in vivo

To elucidate biomarkers of I-BET 762 efficacy in lung cancer, tumor cells were first
evaluated. Both A549 (a human NSCLC cell line) and VVC-1 (primary cells isolated

from a lung tumor in an A/J mouse) cells were treated with I-BET 762 for 24-48 hrs.
With I-BET 762 treatment, protein levels of p27 increased while Cyclin D1 and c-Myc
expression decreased (Fig. 4B and C). Lungs from the mouse model were homogenized
and immunoblotted. Cyclin D1, pSTAT3, pERK, and PCNA were all significantly (p<0.05,
quantification of western blots is shown in Suppl Fig. 4) decreased in the lungs of mice
treated with I-BET 762 (Fig. 4D). C-Myc was expressed at very low levels in lung tissue,
and no differences were detected between groups (Suppl Fig. 5). Kras mutations induced
by vinyl carbamate activate downstream targets like ERK, and pERK expression was
significantly decreased by I-BET 762 in the lung tumors (Fig. 4D), as confirmed by IHC
(Fig. 4E). Proliferation in the tumor was also significantly (p<0.05, Suppl Fig. 6) inhibited
by I-BET 762 treatment, as shown by PCNA staining (Fig. 4E).

I-BET 762 increases CD45* immune cells and decreases macrophages in the lung

JQ1 has been shown to attenuate the function of immunosuppressive T regulatory cells in
an NSCLC model (46), indicating the potential immunomodulatory role of bromodomain
inhibitors. Two lobes of the right lung were freshly homogenized and prepared for flow
cytometry as described above. The CD45* immune cell population (CD45"/live cells) was
significantly (p<0.05) higher and the macrophage (CD45*, CD11b*, Grl") population lower
in the lungs of mice treated with I-BET 762 (Fig. 5A and B) vs. controls, but there were no
significant differences in T cell populations (Suppl Fig. 7). The changes in CD45* (Fig. 5C)
and macrophages near tumors (Fig. 5D) were confirmed by immunohistochemistry on the
lung sections (quantitation shown in Suppl Fig. 6).
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Discussion

Bromodomains are an attractive target for cancer therapeutics and have been intensively
studied as treatment in many cancer types (47). Several studies reported the antiproliferative
effects of bromodomain inhibitors in breast cancer cell lines and a reduction of tumor mass
in mouse xenograft models (48-50). Arrested tumor growth by bromodomain inhibitors

has also been shown in preclinical models of lung cancer. These drugs also triggered
significant tumor regression and prolonged survival in mouse models of lung cancer initiated
by KRAS mutations (51,52). In contrast to these previous treatment studies, our study
provides direct evidence of effective chemoprevention by the potent bromodomain inhibitor
I-BET 762 in relevant preclinical models of both breast and lung cancer. This bromodomain
inhibitor not only significantly induced growth arrest and downregulation of oncoproteins
and downstream effector proteins like c-Myc, pSTAT3 and pERK in tumor cells but also
altered various immune populations within the tumor microenvironment.

Although I-BET 762 did not prevent the development of all tumors, but only delayed

and reduced tumor burden in our models, no drug will be able to completely stop

tumor development. The available animal models used to study chemoprevention and
carcinogenesis are genetically manipulated or challenged with high doses of carcinogens and
thus develop multiple tumors with a very short latency. In humans, tumors are usually not
detected until decades after the initiating event, even in smokers, and the incidence is never
as high as in animal studies. However, any drug that significantly increases tumor latency or
suppresses malignancy is likely to have a profoundly positive impact on the quality of life in
people (53).

Interestingly, I-BET 762 was more effective and potent in the lung cancer model than in
the breast cancer model. Notably, the lung tumors in A/J mouse model induced by vinyl
carbamate are Kras-dependent, while MMTV-PyMT tumors are driven by the polyomavirus
middle T-antigen, which is not found in human breast cancer. Activating mutations in

Ras drive a variety of cancers including melanomas, gliomas, pancreatic cancer and lung
cancer (20,51,54), which are all sensitive to bromodomain inhibitors. In addition, a panel
of lung cancer cell lines including non-small cell lung cancer (NSCLC) and small cell lung
cancer (SCLC) harboring different oncogenic mutations have different susceptibilities to
bromodomain inhibitors (39), indicating the involvement of the BET protein in different
signaling pathways. Further studies are needed to better understand the mechanisms

of bromodomain inhibitors in different cancer populations, and biomarkers need to be
developed to predict the response in patients.

The immunomodulatory effects of bromodomain inhibitors for cancer prevention need

to be emphasized in addition to the more widely studied suppression of oncogenic
pathways. Inflammation is known to promote the progression of premalignant lesions and
tumor growth (55). As suggested by the “seed and soil” hypothesis, an appropriate host
microenvironment (the soil) is necessary for the growth of tumor cells (the seed) (56). In
cancer prevention, when tumors are premalignant or too small to be detected, modulation
of the stromal microenvironment is extremely important for preventing the development
of immune tolerance and tumor progression (57,58). Notably, immunomodulatory activity

Cancer Prev Res (Phila). Author manuscript; available in PMC 2023 June 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 10

has been reported for many chemopreventive agents (59), and emerging evidence supports
the critical role of targeting the microenvironment for the efficacy of chemoprevention.
Jaffee’s group has reported that prevention of murine pancreatic ductal adenocarcinoma

is feasible with Listeria vaccine and simultaneous depletion of proinflammatory immune
cells (60). In a recent clinical trial targeting MUC1 (Mucin 1, cell surface associated) in
patients with premalignant colorectal adenomas, nonresponders had a significantly higher
percentage of immunosuppressive cells like myeloid-derived suppressor cells (61). The
finding of increased CD45+ cells in the lungs of mice treated with I-BET 762 suggests

a more active immune response that could halt or reverse tumor development, and we

are designing new experiments to address this question. Although the magnitude of the
changes in immune cell numbers are small, they are functionally significant as there is a
decrease in activated T helper cells (CD25+), which are immunosuppressive and predict for
poor survival in cancer patients (62). In addition, we have previously shown that I-BET
762 decreases expression of markers of M2 tumor-promoting macrophages and promotes
skewing of human macrophages toward an anti-tumor M1 phenotype (23). Bromodomain
inhibitors also might be useful if used in combination with immunotherapy to enhance the
anti-tumor response. JQ-1 has been shown to help maintain the function of CD8* cytotoxic
T cells and enhance the persistence of T cells in adoptive immunotherapy models (63). JQ-1
also downregulates the expression of PD-L1 and its combination with anti-PD-1 antibodies
caused synergistic responses in Myc-driven lymphomas (64).

Despite the promising preclinical data with bromodomain inhibitors, some investigators are
urging caution with the numerous clinical trials for these drugs and suggest that clinical
efforts are “running ahead of the science”(65). Bromodomain inhibitors have been shown

to reactivate HIV in human cells (66) and inhibit erythroid maturation in both erythroid
cells lines and primary mouse erythroblasts (67). In addition, BET proteins are required for
a variety of cellular activities, and each one regulates distinct transcriptional pathways. In
order to understand the toxicity profile of bromodomain inhibitors, the role of each BET
protein needs to be investigated; synthesis of drugs targeting specific BET protein appear to
be feasible (68). Optimized dosing and treatment schedules also need to be further explored.

In drugs used for prevention, safety must be a top priority. In our studies, effective doses of
I-BET 762 (40-60 mg/kg diet, approximately 10-15 mg/kg body weight) were strikingly
3-5 fold lower than used for treatment of cancer in preclinical models (69,70). The

doses used for prevention were well-tolerated by the mice with no obvious toxicity, and

it is possible that even lower concentrations could be used, especially if I-BET 762 is

used in combination with other potent chemopreventive agents that work through different
mechanisms. Drug combinations, intermittent dosing, and targeting high risk individuals are
some of the strategies that can be used for effective cancer prevention in the clinic (3,71).
Additional studies are needed to determine what dose, drug combinations, and molecular
characteristics would be most appropriate for intervention or prevention with a safe and
effective bromodomain inhibitor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1: The bromodomain inhibitor I-BET 762 delaystumor development in the MM TV-PyM T
model of ER- breast cancer.

Female PyMT mice were started on either control diet or I-BET 762 (60 mg/kg in diet)

at 4 weeks old. Mice were palpated twice a week for tumors. A. Treatment with I-BET

762 significantly (p<0.05) delayed development of the initial tumor compared to the control
group. n=13 per group. B. Average time (in weeks) of the first tumor appearance. *, p<0.05
vs. control. Results are represented as Mean+SD. C. MDA-MB-231 cells were treated with
different concentrations of JQ1 or I-BET 762 for 48 hrs. p27 and c-Myc protein expression
were detected by western blotting. D. Primary tumor cells were isolated from tumors in
PyMT mice. Cells were treated with I-BET 762 for 48 hrs and lysates were immunoblotted
with antibodies against Cyclin D1, p27, and c-Myc.
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Fig 2: Short-term treatment with [-BET 762 increases CD45+ immunecellsand T cell
infiltration in the spleen and decreases pSTAT 3 expression in the mammary gland.

A. Diagram of short-term treatment protocol by gavage (n=9 per group). The immune

cell populations in mammary glands or spleen from PyMT mice were analyzed by flow
cytometry. Percentages of total immune cells (CD45+), total T cells (CD45+, CD3+), and T
helper cells (CD45+, CD3+, CD4+) in the spleen are shown from B to D respectively. **,
p<0.01; ***, p<0.001. E. Another mammary gland from the same mice was used to isolate
total proteins. Lysates were immunoblotted with anti-pSTAT3 antibodies. Representative
immunoblots are shown on the left and quantification of all samples by ImageJ is shown on
the right. Results were normalized to vinculin and then expressed as fold control. *, p<0.05
vs control. F. Another mammary gland in the mice was fixed in formalin and sectioned for
immunohistochemistry (IHC). pSTAT3 staining is indicated in brown. Representative images
are shown in F (200X magnification).
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Fig 3: Long-term treatment with |-BET 762 reducestheinfiltration of CD4* T helper cellsand
decreases pSTAT 3 expression in the mammary gland.

A. Timeline of the longer-term treatment protocol (n=11 per group). The immune cell
populations in the mammary glands from PyMT mice were analyzed by flow cytometry.

B. The percentage of T helper cells (CD45*, CD3*, CD4") in the mammary gland is
significantly (*, p<0.05) lower in the group treated with I-BET 762 than controls. C.
Percentage of activated T helper cells (CD45*, CD3*, CD4*, CD25%) in the mammary gland
is also decreased (#, p=0.08 vs. controls). D. Protein extracts from the mammary gland

were used to detect pPSTAT3 expression by western blotting. Representative immunoblots are
shown on the left and quantification of all samples by ImageJ is shown on the right. Results
were normalized to vinculin and expressed as fold control. *, p<0.05. E. pSTAT3 expression
was confirmed by immunohistochemistry (IHC) on sections of mammary gland. Positive
staining is indicated in brown. Representative pictures are shown at 400X magnification.
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Fig 4: |-BET 762 preventslung carcinogenesisin A/J mice.
Female A/J mice were initiated with vinyl carbamate. The mice were then randomized

and fed control diet or IBET 762 (40 mg/kg diet), starting one week after initiation with
vinyl carbamate. After 16 weeks of treatment, lungs were harvested to examine tumor
burden. A. Representative images of left lungs in each group (10X magnification). A549
lung cancer cells (B), primary VC-1 cells (C) isolated from lung tumors in A/J mice, or
lung extracts (D) were treated with different concentrations of I-BET 762 for 48 or 24 hrs,
respectively and protein expression analyzed by western blotting. Changes in pERK and
PCNA expression in the tumor were confirmed by IHC (E); positive staining is indicated in
brown. Representative pictures are shown at 400X magnification, n=5 lungs per group.
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Fig5: I-BET 762 increasestheinfiltration of CD45+ immune cells and decreases the percentage
of macrophagesin the lungs of A/J mice challenged with vinyl car bamate.

Two lobes of lung from A/J mice were isolated and processed immediately for flow
cytometry to detect total immune cells (CD45+, A) and macrophages (CD45+, CD11b+
Grl- in B or F4/80+ in C) in the lung. The changes were confirmed by IHC, as shown in C
at 400x magnification. *, p<0.05 vs. control, n = 4-8 lungs per group.

Cancer Prev Res (Phila). Author manuscript; available in PMC 2023 June 14.
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Table 1:

I-BET 762 reduces lung carcinogenesis in A/J mice

Control I-BET 762 I-BET 762
60 mg/kg diet 120 mg/kg diet
Inflated lungs:
# of mice/group 28 12 11
# of tumors/group 348 118 41

# of tumors/lung (% control)

# of tumors < 0.5 mm (% of total tumors)
# of tumors > 1 mm (% of total tumors)
Slides:

# of slides/group

Average # of tumors/slide (% control)
Average tumor size, mm3 (% control)

Average tumor burden, mm3 (% control)
Histopathology:

Total # LL Grade (% of total tumors)
Total # LH/HL Grade (% of total tumors)

Total # HH Grade (% of total tumors)

12.4 + 0.6 (100%)
9 (2.5%)

33 (9.5%)

56
3.84 % 0.25 (100%)
0.33 £ 0.03 (100%)

1.26 + 0.14 (100%)

4 (2%)
102 (47%)

109 (51%)

9.8+0.9 *(79%)
20 (17%) ¥

*ok

0

24
2.25+0.36 *(58.6%)
0.12 +0.02 *(35.9%)

0.27 +0.06 *(21%)

15 (28%) ¥
32 (59%)

7(13%) **

3.7+0.6 *(30%)
26 (63%)
ot

22
0.86 +0.19 *(22.5%)
0.06 +0.01 *(17.2%)

0.05 +0.01 *(3.9)

6 (329%) ***
12 (63%)

1(5%)

Page 20

Note: Female A/J mice were injected i.p. with 0.32 mg vinyl carbamate and were randomized into either control group fed AIN-93G diet or
treatment groups fed I-BET 762 in the diet, starting one week after initiation with vinyl carbamate. After 16 weeks of treatment, lungs were
harvested. The tumor number, size and histopathology were assessed in a blinded fashion by two independent investigators. Results are presented

as mean+SEM.
*

'p < 0.05 vs. control
*

*
'p < 0.001 vs. control

’*’p =0.078 vs. control.

Cancer Prev Res (Phila). Author manuscript; available in PMC 2023 June 14.
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Table 2:
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The combination of I-BET 762 and the rexinoid LG100268 for prevention of lung carcinogenesis

Control IBET 76240mghkg  LG10026840mgkg  |-BET762+L G268 40 mg
diet diet each drug/kg diet

Inflated lungs:
# of mice/group 24 12 12 12
# of tumors/group 188 60 62 57
# of tumors/lung (% control) 7.8+05 (100%)  5.0+0.5(63.8%) 5.2+0.6 "(66%) 4.8+0.7 (60.6%)
# of tumors < 0.5 mm (% of total tumors) 5 (2.7%) 77(11.7%) 97 (14.5%) 137" (22.8%)
# of tumors > 1 mm (% of total tumors) 21 (11.2%) 17 (1.7%) 6 (9.7%) 1(1.8%)
Slides:
# of slides/group 48 24 24 24
# of tumors/group 92 22 39 19
Average # of tumors/slide (% control) 1(%16%5 0.92+0.15 " (47.8%) 1.63+0.32 (84.8%) 0.79+2 " (41.3%)

0.24+0.09 * * *
Average Tumor Size, mm? (% control) (100%) 0.10+0.027(39.8%)  0.11+0.02 (45.8%) 0.10£0.03 " (42.5%)
Average Tumor Burden, mm3 (% control) 0(%?)&39 0.090.02 *(19-1%) 0.18+0.04 (38.8%) 0.08+0.03 *(17-5%)
Histopathology:
Total # LL Grade (% of total tumors) 4 (4%) 1 (4%) 1 (3%) 3 (16%)
Total # LH/HL Grade (% of total tumors) 53 (58%) 16 (73%) 22 (56%) 12 (63%)
Total # HH Grade (% of total tumors) 35 (38%) 5 (23%) 16 (41%) 4 (21%)

Note: The same model was used as Table 1, but a lower concentration of I-BET 762 and a potent rexinoid (LG100268) were tested. The tumor
number, size and histopathology were again assessed in a blinded fashion by two independent investigators. Results are shown as mean+SEM.

*
’p < 0.05 vs. control

*:

*
'p < 0.001 vs. control.

Cancer Prev Res (Phila). Author manuscript; available in PMC 2023 June 14.
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