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receptor 2 (Her2-neu)-overexpressing disease who
receive trastuzumab.*° To date, no targeted agent
has demonstrated benefit as an adjunct to 5-fluoro-
uracil-based chemotherapy or chemoradiation in
patients with locally advanced EAC.

EAC, but not normal esophageal squamous
epithelium or Barrett esophagus, overexpresses
cyclin-dependent kinase 9 (CDK®9), an evolution-
arily conserved ubiquitous serine threonine
kinase.” CDKO is a transcriptional CDK and an
essential component of positive transcription
elongation factor b (p-TEFb). p-TEFb, which
phosphorylates the carboxy terminal of RNA pol-
ymerase II, prolongs the transcription of proteins
with short half-lives, such as myeloid cell leuke-
mia-1 (MCL-1). MCL-1 and other CDKO9-
regulated proteins play important roles in several
cellular processes critical to oncogenesis. Some of
these processes, such as apoptosis, are enhanced
by CDKO inhibition and chemotherapy. CDK9
inhibitors and chemotherapeutic agents, owing to
their common cellular mechanism, very likely
have synergy against tumors.810

In phase I/II trials, CDKY9 inhibitors elicited lim-
ited treatment responses and had high toxicity in
patients with solid tumors.!-16 These drugs’ low
efficacy is partly due to their lack of specificity
against CDKO9. Therefore, demonstration of tar-
get specificity against CDK 9 is important in
improving efficacy of the CDK9 inhibitors. In
one recent study, we demonstrated the efficacy of
two CDK inhibitors with predominant CDK9
inhibitory effects in iz vitro and xenograft models
of EAC; we also demonstrated that CDK9 down-
regulation by shRNA (shCDK9) and treatment
with a CDK inhibitor reduces the phosphoryla-
tion of RNA polymerase II at serine 2, a CDKO9-
specific function, and downregulates common
CDKO9 targets such as MCL-1 and c-Myc in
EAC.” These findings indicate that CDK9 inhibi-
tors have on target effects against CDK9 in EAC.

One novel first-in-class CDKO9-specific inhibitor,
BAY1143572 (Atuveciclib), potently inhibits
CDKO (p-TEFDb) activity; its effect against CDK9
is more than 50-fold greater than that against
other CDKs. One recent study showed that
BAY1143572 inhibits pSer2 and pSer7 RNA Pol
II, as well as MYC and MCL-1, and induces
apoptosis in adult T-cell leukemia and lym-
phoma.17:18 In preclinical models of solid tumors,
BAY1143572 at nanomolar doses had antitumor
activity without any off-target effects, indicating

its high specificity for CDKO9.1° Recently, we have
demonstrated radiation-sensitizing effects of
BAY1143572 in preclinical models of EAC
(manuscript under review). However, whether
BAY1143572 or any other CDKO9 inhibitor have
a role as an adjuvant to chemotherapy for EAC is
not known.

In this study, we assessed the synergy between
BAY1143572 and 5-fluorouracil in suppressing
tumor growth and downregulating MCL-1 in n
vitro and xenograft models of EAC. In vivo experi-
ments were performed with murine xenografts
because of ability to test the efficacy and toxicity
of a drug against intact tumor and normal tissue in
these models. Experiments with xenograft models
generate robust preclinical data, an essential step
before proceeding to a human clinical trial.
Furthermore, we also studied the prognostic rele-
vance of tumor cell MCL-1 expression in patients
with locoregional EAC treated with neoadjuvant
chemoradiation (including 5-fluorouracil) and
esophagogastrectomy. By these experiments, we
have tested a hypothesis that BAY1143572 and
5-fluorouracil have synergistic antitumorigenic
properties against EAC and MCL-1 is a shared
target of these two agents.

Material and methods

The study was approved by MD Anderson’s
Institutional Review Board (PA15-0887 and
LAB04-0979, PI: DMM). The requirement for
informed consent was waived because all samples
were from residual tissue in blocks generated for
standard-of-care pathology processing and no
additional sampling from patients was required.
All experiments involving laboratory animals
were approved by MD Anderson’s Institutional
Animal Care and Use Committee (IACUC-
1155-RN01, PI: DMM) and performed in
accordance with the guidelines mandated by the
Public Health Service Policy on Humane Care
and Use of Laboratory Animals.

Cell cultures and reagents

BAY1143572 was purchased from Active
Biochemical (Wan Chai, Hong Kong). 5-fluoro-
uracil and the human EAC cell lines OE33, FLO-
1,and SKGT4 were purchased from Sigma-Aldrich
(St. Louis, MO). OE19, SKGT2, and ESO-26
cells were obtained from Dr. Steven H. Lin (MD
Anderson Cancer Center). OE33, OE19, SKGT2,
and ESO-26 cells were maintained in RPMI
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medium containing 2mM L-glutamine and 10%
fetal bovine serum (FBS). FLO-1 and SKGT4
cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% FBS.
293FT cells were obtained from Invitrogen
(Carlsbad, CA) and maintained in DMEM sup-
plemented with 10% FBS and 500ug/ml G418.
All cell lines were maintained in a 5% CO, atmos-
phere at 37°C and passaged at 80% confluence
using 0.05% trypsin—ethylenediaminetetraacetic
acid for 3—5min.

Cell proliferation assay

Cell proliferation after treatment with vehicle (con-
trol) only, with 5-fluorouracil and/or BAY1143572
was measured using an MTS assay (Cell Titer
Aqueous One Solution Cell Proliferation Assay,
Promega, Madison, WI). Briefly, cells were incu-
bated with the reaction solution containing MTS
reagent for 1h at 37°C. The absorbance at 490nm
was measured using a microplate reader. The
results are presented as values normalized to the
control. The experiment was performed in tripli-
cate for each treatment condition. The half maxi-
mal inhibitory concentration (IC,,) values for
BAY1143572 were calculated with an equation
derived from a best-fit dose-response curve created
in Microsoft Excel.

The synergism between BAY1143572 and
5-fluorouracil in inhibiting cell proliferation was
analyzed by calculating combination index (CI)
values using CompuSyn software.2%21 The Cl is a
quantitative measure based on the mass-action
law of the degree of drug interaction in terms of
synergism and antagonism for a given endpoint of
the measured effect. A CI value of less than
0.1 indicates very strong synergism; 0.1-0.3,
strong synergism; 0.3—0.7, synergism; 0.7—0.85,
moderate synergism; 0.85—0.90, slight synergism;
0.9—-1.10, nearly additive; and higher than 1.10,
antagonism.22.23

Cell apoptosis

EAC cells were treated with vehicle only, 5-fluo-
rouracil and/or BAY1143572; washed with cold
phosphate-buffered saline, resuspended in 100 pul
of binding buffer containing 5 ul of recombinant
Annexin V-—fluorescein isothiocyanate (FITC,
BD Biosciences, San Jose, CA) and 10ul of a
50ug/ml propidium iodide solution, and then
incubated for 15min at room temperature. The
percentage of cells undergoing apoptosis in each

treatment cohort was analyzed by flow cytometry
at MD Anderson’s Flow Cytometry and Cellular
Imaging Facility. The experiments were per-
formed in triplicate for each treatment condition.

Reverse phase protein array

Cell lysates were prepared and serially diluted
twofold for five dilutions (from undiluted to a
1:16 dilution). The diluted lysates were then
arrayed on nitrocellulose-coated slides in an
11 X 11 format, probed with antibodies by tyra-
mide-based signal amplification, and visualized by
3, 3'-diaminobenzidine colorimetric reaction. The
slides were scanned on a flatbed scanner to pro-
duce 16-bit TIFF images. Spots on the TIFF
images were identified, and the staining density
was quantified using the Array-Pro Analyzer soft-
ware program (Meyer Instruments, Houston,
TX). Relative protein levels for each sample were
determined by interpolating each dilution curve
from the ‘standard curve’ (supercurve) of the anti-
body. Protein-level data were normalized for pro-
tein loading and transformed to linear values.?425
The linear values were compared across the treat-
ment cohorts, and linear values of treatment
group(s) that were 0.1 higher or lower than those
of controls were considered to identify upregu-
lated and downregulated proteins, respectively.

Western blotting

For each sample, the total protein was separated
by 8% or 10% sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis and transferred
onto polyvinylidene fluoride transfer membranes
(GE Healthcare Life Sciences, Pittsburgh, PA).
Antibodies against MCL-1 (Santa Cruz
Biotechnology, Santa Cruz, CA) and phosphoryl-
ated RNA polymerase II CTD (pSer2; Novus
Biologicals, Littleton, CO) were used for immu-
noblotting of MCL-1 and pSer2 proteins. Bands
were visualized by enhanced chemiluminescence
detection (GE Healthcare Life Sciences). The
experiments were performed in triplicate for each
treatment condition.

Quantitative real-time polymerase chain

reaction

For quantitative real-time polymerase chain reac-
tion (QPCR), 0.5ug of total RNA isolated from
cells treated with vehicle only, with BAY 1143572
and/or 5-fluorouracil were reverse-transcribed to
cDNA using SuperScript II Reverse Transcriptase
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(Invitrogen). qPCR was performed with the
QuantiFast SYBR Green PCR kit (Qiagen,
Valencia, CA) on a Life Technologies instrument.
PCR primers were designed using the primer3
program according to the DNA sequence of
MCL-1. gPCR was performed in triplicate for
each treatment condition. The Ct value of GAPDH
was subtracted from that of MCL-1 to obtain a
ACt value. The ACt value of the control was sub-
tracted from the ACt value of each treated sample
to obtain a AACt value. The MCL-1 expression
levels of the experimental groups relative to those
of the controls were expressed as 272ACt, All experi-
ments were performed in triplicate.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay was
performed using the Pierce Agarose ChIP Kit
(Thermo Scientific, Rockford, IL). Briefly, cells
were treated with 1uM BAY1143572 or control
vehicle for 4h and then fixed with 1% formaldehyde
to cross-link DNA and protein. The chromatin was
digested with micrococcal nuclease to obtain
chromatin fragments of 200—-1000bp. Ten per cent
of the chromatin fragments were used as input
DNA. The immunoprecipitation was performed
with either an anti-HIF-la antibody or an
immunoglobulin G control (Cell Signaling
Technology). The immunoprecipitated DNA was
then quantitated using real-time PCR with specific
primers for the MCL-1 promoter (forward:
5-AGGTCACTTGAGGCCATGAG-3'; reverse:
5'-CACGTTCAGACGATTCGGTA-3). These
primers cover the —1051 to —-901bp region of the
MCL-1 promoter. The enrichment of targeted
genomic regions was normalized with input DNA
and presented as a value relative to the immunoglob-
ulin G control.

Lentivirus generation and stable

overexpression of MCL-1in EAC cell lines

Human MCL-1 ¢cDNA was released from the
pCMV-SPORT6 (OriGene Technologies Inc.,
Rockville, MD) vector with the EcoRI enzyme
and subcloned into the lentiviral vector pCDH-
VMV-MCS-EF1-Puro (Addgene, Cambridge,
MA) between EcoRI to create a phMCL-1 vec-
tor. The identity and orientation of this construct
were confirmed by DNA sequencing. To produce
an MCL-1-overexpressing lentivirus, we cotrans-
fected phMCL-1 and control vectors with their
packaging and envelope plasmids into 293FT
cells using Lipofectamine 2000 Transfection

Reagent (Invitrogen) according to the manufac-
turer’s instructions. The viral supernatant was
collected 48h after transfection and centrifuged
at 3000rpm for 15min to remove debris. For
transduction with the lentivirus, cells were
infected with 2X diluted virus media containing
6 ng/ml polybrene for 16h. Cells stably overex-
pressing MCL-1 were selected by incubation in a
puromycin-containing medium for at least
2weeks. Target protein expression was confirmed
by Western blotting.

EAC xenograft studies
The animals were provided by Jackson
Laboratories (MD, USA) or Experimental

Radiation Oncology, MD Anderson Cancer
Center. All xenografts experiments were per-
formed with 4- to 6-week-old female athymic nu/
nu mice, whose mean weight was 20g (range,
17-22¢g). All mice were treatment naive and did
not undergo any genetic manipulation. We chose
athymic nu/nu mice because these immunodefi-
cient rodents cannot reject implanted tumor and
the rate of tumor growth in these models is pre-
dictable. Female mice were used because of
timely availability of the female athymic nu/nu
mice as compared with male mice. All laboratory
animals were kept in modified barrier housing.
All animals had social housing and environmental
enrichment in accordance with the current edi-
tion of the Guide for the Care and Use of
Laboratory Animals and the Animal Welfare Act.

BAY1143572 (7.5mg/ml) and 5-fluorouracil
(10 mg/ml) were dissolved in DMSO (vehicle) to
generate injectable formulations. To identify the
effective dose of BAY1143572, we subcutane-
ously injected 4.5 X 109 FLO-1 cells into the right
flanks of the mice. Once the tumors reached
5mm in diameter, the mice were randomly
divided into three treatment cohorts of seven
mice each: (1) a control cohort treated with vehi-
cle only; (2) a cohort treated with 12.5mg/kg
BAY1143572; and (3) a cohort treated with
15mg/kg BAY1143572. Vehicle alone or
BAY1143572 were given daily (in the morning)
by intraperitoneal injection for 10 days under iso-
flurane vaporizer anesthesia. Isoflurane vaporiz-
ers are traditional anesthetic systems that allow
proper, safe, and effective delivery of inhalant
anesthetic agent to rodents.

To assess the synergistic effect of BAY1143572
and 5-fluorouracil in inhibiting the growth of EAC
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xenografts, we randomly divided FLLO-1 xenograft-
bearing mice into six cohorts of seven to nine mice
each: (1) a control cohort treated with vehicle only;
(2) a cohort treated with 12.5mg/kg BAY1143572;
(3) a cohort treated with 15mg/kg BAY1143572;
(4) a cohort treated with 20mg/kg 5-fluorouracil;
(5) a cohort treated with 12.5mg/kg BAY 1143572
plus 20mg/kg 5-fluorouracil; and (6) a cohort
treated with 15mg/kg BAY 1143572 plus 20mg/kg
5-fluorouracil. ESO-26 xenograft-bearing mice
were randomly divided into four cohorts of seven to
nine mice each: (1) a control cohort treated with
vehicle only; (2) a cohort treated with 15mg/kg
BAY1143572; (3) a cohort treated with 20mg/kg
5-fluorouracil; and (4) a cohort treated with 15 mg/
kg BAY1143572 plus 20 mg/kg 5-fluorouracil. For
all xenograft experiments, BAY 1143572 was given
daily (in the morning) for 10days and 5-fluoroura-
cil (in the morning) was given every 3days for
2weeks; both agents were given by intraperitoneal
injection. The number of mice for the cohorts was
decided based on our prior studies.

The xenografts were measured with digital calipers
every 3days. The xenograft volume was calculated
as (W2 X L)/2, where W is the small diameter of the
tumor and L is the large diameter of the tumor. In
FLO-1 and ESO-26 bearing xenografts experi-
ments, mice were weighed every other day and
monitored daily for toxicity signs such as respiratory
distress, gastrointestinal toxicity, intra-abdominal
fluid collection, ruffled fur, hunched posture, and
reduced food intake and for moribund signs such as
impaired ambulation, muscular atrophy, lethargy,
bleeding, central nervous system disturbances, and
inability to remain upright. All laboratory animals
were humanely killed by CO, asphyxiation when
tumors reached the maximum size allowed as per
the Institutional Animal Care and Use Committee
guidelines or at the end of the experiment. The per-
sonnel who humanely killed the mice were ade-
quately trained and used methods that are consistent
with American Veterinary Medical Association
Guidelines for the Euthanasia of Animals.

MCL-1 immunohistochemistry analysis in

tumor samples from EAC patients

MCL-1 immunohistochemistry was performed
on formalin-fixed, paraffin-embedded tissue sec-
tions of pretreatment tumor samples from 63
patients with locoregional EAC who were treated
with neoadjuvant chemoradiation followed by
esophagogastrectomy at MD Anderson. The
neoadjuvant chemoradiation regiments included

fluoropyrimidine-based (plus taxol and/or plati-
num) chemotherapy and radiation in 59 patients
and taxol and/or platinum (without fluoropyrimi-
dine) and radiation in four patients. The clinical
and pathologic features of these patients are
listed in Supplementary Table 2. For immuno-
histochemistry, the slides were stained with rab-
bit monoclonal anti-MCL-1 antibody, clone
D5V5L  (Cell Signaling Technology, cat.
#39224) using a Leica Bond Max automated
stainer (Leica Biosystems Nussloch GmbH,
Nuflloch, Germany). Antigen retrieval was per-
formed with Bond Solution #2 (Leica
Biosystems), equivalent to ethylenediaminetet-
raacetic acid buffer pH 9.0, for 20 min followed
by staining with a 1:100 dilution of the primary
antibody for 20min at room temperature. The
primary antibody was detected using the Bond
Polymer Refine Detection Kit (Leica Biosystems)
with diaminobenzidine as the chromogen. Tumor
cells with cytoplasmic staining intensity scores of
0, 1, 2, or 3 were manually counted at 200X
magnification by a pathologist (AV), who was
blinded to the patients’ preclinical data and clin-
icopathologic features. The H-score for the cyto-
plasmic immunostaining of MCL-1 was
calculated as the percentage of cells with inten-
sity 0 X 0 + the percentage of cells with inten-
sity 1 X 1 + the percentage of cells with intensity
2X 2 + the percentage of cells with intensity
3 X3, Tumors with H-scores lower than the
median H-score were classified as having low
MCL-1 expression, and tumors with H-scores
equal to or higher than the median H-score were
classified as having high MCL-1 expression.

Statistical analysis

In vitro data are the means * the standard error
(SE) from three independent experiments. For in
vitro and xenografts assays, Student’s ¢ test was
used to assess differences between groups. Patient
demographics, clinical and pathologic informa-
tion, and survival data were obtained from hospi-
tal charts and the hospital tumor registry. The
Chi-squared or Fisher exact ¢ test was used to
compare categorical data. The prognostic signifi-
cance of clinical and pathologic characteristics
and MCL-1 H-score in relation to overall survival
was assessed using univariate Cox regression
analysis. Cox proportional hazards models were
fitted for the multivariate analysis. After interac-
tions between variables had been examined, a
backward stepwise procedure was used to derive
the best-fitting model. The statistical analysis was
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conducted using the SPSS software program
(SPSS, Chicago, IL). Kaplan—Meier survival
curves were drawn with GraphPad Prism (version
4 for Windows; GraphPad Software, San Diego,
CA). p values <0.05 were considered significant.

Results

BAY1143572 is cytotoxic to EAC in vitro and in
xenografts

BAY1143572 at doses within a narrow IC,, range
(0.73—1.95uM) had a dose-dependent antiprolif-
erative effect in six EAC cell lines (Figure 1A).
Compared with control cells, cells treated with
BAY1143572 at a dose within the same narrow
IC,, range had higher rates of apoptosis in four of
six cell lines; BAY 1143572 increased apoptosis by
a median of 20% in FLO-1 cells and 5% in
SKGT2, SKGT4, and OE19 cells. The increases
in apoptosis after treatment with BAY1143572 in
OE33 and ESO26 cells were not statistically sig-
nificant (Figure 1B). Compared with control, 12.5
or 15mg/kg BAY1143572 reduced FLO-1 xeno-
graft growth by 44% and 61%, respectively (Figure
1C). Mice did not lose weight or show significant
signs of toxicity or morbidity throughout the treat-
ment period (Figure 1D).

Synergy between BAY1143572 and

5-fluorouracil in in vitro models of EAC

Compared with vehicle, 1.5uM BAY1143572
plus 10 uM 5-fluorouracil had a very strong syn-
ergistic antiproliferative effect in OE33 cells,
resulting in an 80% reduction in proliferation
(CI, 0.048); 2uM BAY1143572 plus 5uM
5-fluorouracil had a strong synergistic antiprolif-
erative effect in FLLO-1 cells, resulting in a 67%
reduction in proliferation (CI, 0.674); and 1 uM
BAY1143572 plus 10uM 5-fluorouracil had a
moderate synergistic antiproliferative effect in
SKGT4 cells (CI, 0.83) (Figure 2A). In FLO-1
and SKGT4 cells, BAY1143572 plus 5-fluoro-
uracil induced more apoptosis than that achieved
with either agent alone (Figure 2B). In FLO-1
cells, 1uM BAY1143572 (a dose lower than the
1C5,) plus 5uM 5-fluorouracil achieved 20%
more apoptosis than BAY1143572 alone did
and 25% more apoptosis than 5-fluorouracil
alone did. In SKGTH4 cells, 5pM BAY1143572
plus 10uM 5-fluorouracil achieved 10% more
apoptosis than BAY 1143572 alone did and 35%
more apoptosis than 5-fluorouracil alone did
(Figure 2B). In OE33 cells, BAY1143572 plus

5-fluorouracil did not induce significantly more
apoptosis than that induced by either agent
alone.

BAY1143572 enhances the effects of

5-fluorouracil in murine xenografts of EAC
Treatment with 20mg/kg 5-fluorouracil every
3days for 2weeks shrunk FLO-1 xenografts in
three mice and slowed xenograft growth in six
mice 40 days after treatment initiation. The median
xenograft volume of the cohort treated with 5-fluo-
rouracil was 31% smaller than that of the cohort
treated with vehicle only. Treatment with 12.5mg/
kg BAY1143572 daily for 10days shrunk xeno-
grafts in three mice and slowed xenograft growth
in five mice 40 days after treatment initiation. The
median xenograft volume of the cohort treated
with 12.5mg/kg BAY1143572 was 39% smaller
than that of the cohort treated with vehicle only.
Treatment with 15mg/kg BAY1143572 daily for
10days shrunk xenografts in four mice and slowed
xenograft growth in four mice 40days after treat-
ment initiation. The median xenograft volume of
the cohort treated with 12.5mg/kg BAY 1143572
was 35% smaller than that of the cohort treated
with 5-fluorouracil.

The median xenograft volume of the cohort treated
with 15mg/kg BAY 1143572 was 36% smaller than
that of the cohort treated with vehicle only.
Treatment with 12.5mg/kg BAY1143572 daily for
10days plus 20mg/kg 5-fluorouracil every 3days
for 2weeks shrunk xenografts in six mice and mark-
edly slowed xenograft growth in one mouse. The
median xenograft volume of the cohort treated with
12.5mg/kg BAY1143572 plus 5-fluorouracil was
65% smaller than that of the cohort treated with
5-fluorouracil alone and 13% smaller than that of
the cohort treated with 12.5mg/kg BAY1143572
alone. Treatment with 15mg/kg BAY1143572
daily for 10days plus 20 mg/kg 5-fluorouracil every
3 days for 2weeks shrunk xenografts in three mice
and markedly slowed xenograft growth in five mice.
The median xenograft volume of the cohort treated
with 15mg/kg BAY1143572 plus 5-fluorouracil
was 94% smaller than that of the cohort treated
with 5-fluorouracil alone and 83% smaller than
that of the cohort treated with 15mg/kg
BAY1143572 alone (Figure 2C).

The mean ESO-26 xenograft volumes of the
cohorts treated with BAY1143572 alone or
BAY1143572 plus 5-fluorouracil were 46% and
65% smaller, respectively, than that of the cohort
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Figure 1. BAY1143572 is an effective cytotoxic agent in vitro and in vivo. Esophageal adenocarcinoma cells were
treated with BAY1143572 at the indicated doses for 48 h and then assessed for cell proliferation by MTS assay (A) and for
apoptosis by flow cytometry (B). (C] Xenograft-bearing mice were treated with vehicle (DMSO) or with 12.5 or 15mg/kg
BAY1143572 by intraperitoneal injection daily for 10days. Data are the mean percentages of tumor growth * SE. *p<0.05
compared with untreated controls. (D) Body weight chart of the xenograft-bearing mice treated with vehicle or with 12.5 or

15mg/kg BAY1143572.

treated with vehicle only. In addition, the mean
xenograft volume of the cohort treated with
BAY 1143572 plus 5-fluorouracil was 55% smaller
than that of the cohort treated with 5-fluorouracil
alone and 33% smaller than that of the cohort
treated with BAY 1143572 alone (Figure 2C).

Xenograft-bearing mice treated with 15mg/kg
BAY114372 plus 5-fluorouracil had significant
weight loss during the treatment period but were
able to gain weight after the treatment was
stopped. No other signs of toxicity were observed
in any treatment group.
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Figure 2. BAY1143572 and 5-fluorouracil synergistically inhibit esophageal adenocarcinoma in vitro and

in murine xenografts. (A) Cells pretreated with 5-fluorouracil (5uM for FLO-1 cells, 10 uM for OE33 and
SKGT4 cells) for 24 h were treated with BAY1143572 at the indicated doses for 48 h and then analyzed for cell
proliferation by MTS assay. Data are the means *+ standard error (SE) of three independent experiments. (B)
Cells treated with BAY1143572 with or without 5-fluorouracil were stained with Annexin V-FITC and propidium
iodide. Apoptosis was determined by flow cytometry. Data are the means = SE of 3 independent experiments.
'p<0.05. (C) and (D) The xenograft-bearing mice were treated with BAY1143572 (12.5 or 15mg/kg for FLO-1
xenografts, 15mg/kg for ESO-26 xenografts) daily for 10days and/or 20mg/kg 5-fluorouracil every 3days for
2weeks by intraperitoneal injection. Tumor growth was measured as tumor volume. Data are the percentages

of tumor growth.
*p<0.05.

Effects of BAY1143572 with and without
5-fluorouracil on MCL-1 in EAC in vitro
Reverse phase protein array (RPPA) analysis of
FLO-1, OE33, and SKGT4 cells revealed that in
two of three EAC cell lines, treatment

with 5-fluorouracil or BAY1143572 upregulated
oncoproteins that included ATMpS1981, a post-
translational form of ATM in response to DNA
damage repair; BCL2 and cyclin-B1, regulators of
the G2M phase of the cell cycle; FOX-MI1, a
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regulator of DNA damage repair; GATA3, an
inducerofepithelialdifferentiation; MERIT40pS29;
and elongation factor Tu, mitochondrial (TUFM;
Supplementary Table 1 and Figure 3). Treatment
with 5-fluorouracil plus BAY1143572 enhanced
the upregulation of ATMpS1981, cyclin-B1, FOX-
M1, MERIT40pS29, and TUFM.

In two of three EAC cell lines, treatment with
5-fluorouracil or BAY 1143572 downregulated sev-
eral oncoproteins, including ACCpS79, beta-actin,
CDC25C (a regulator of transition from G2M to S
phase), DUSP4, eF2K, human epidermal growth
factor receptor 2, HES1, hexokinase II, IGFBP2,
LRP6pS1490 (a Wnt pathway receptor), MCL-1 (a
critical protein in apoptotic pathways), MNKI,
PMS2, and SCD. Treatment with 5-fluorouracil
and BAY1143572 enhanced the downregulation of
DUSP4, LRP6pS1490, MCL-1, MNKI, and
PMS?2. The proteins upregulated or downregulated
after treatment with 5-fluorouracil, BAY1143572,
or 5-fluorouracil plus BAY1143572 are listed in
Supplementary Table 1.

Treatment with different doses of BAY1143572
for 4h reduced phosphorylated RNA Pol II in two
EAC cell lines (eliciting a dose-dependent reduc-
tion in one of them), which supports that
BAY1143572 has on-target effects against CDK9/
p-TEFb (Figure 4A). MCL-1 has not been stud-
ied in the context of EAC treated with a
CDKO9/p-TEFb inhibitor plus a chemotherapeutic
agent. Our RPPA analysis demonstrated that
BAY1143572 alone and in combination with
5-fluorouracil downregulated MCL-1 in all three
EAC cell lines. Therefore, we further assessed the
effects of BAY143572 on MCL-1 i vitro.

Treatment with 1puM BAY1143572 reduced
MCL-1 protein expression (Figure 4A, B). To
determine the role of ubiquitin-dependent MCL-1
degradation in reducing MCL-1 protein after
treatment with BAY1143572, we measured the
effects of BAY1143572 in cells with and without
pretreatment with MG-132, an inhibitor of ubig-
uitin-dependent proteosomal degradation. The
MCL-1 level in cells treated with BAY1143572
and MG132 was significantly higher than that in
cells treated with only BAY1143572 (p<<0.05).
However, the MCL-1 level in cells treated with
MG132 and BAY1143572 was significantly lower
than that in cells treated with MG132 alone
(Figure 4B). These findings indicate that the inhi-
bition of proteosomal degradation partly rescues
MCL-1 and that the rest of the reduction in

MCL-1 protein expression is likely due to reduced
transcription (RNA level). Indeed, 4h of treat-
ment with 1uM BAY1143572 reduced MCL-1
mRNA by 79.2% in SKGT4 cells, 76% in OE33
cells, and 56.4% in FLO-1 cells compared with
controls (Figure 4C). ChIP assay revealed that
BAY1143572 reduced the binding of HIF-1a to
MCL-1 in FLO-1 and OE33 cells. Compared
with vehicle only, BAY1143572 significantly
reduced the signal of the MCL-1 promoter bound
to HIF-1a antibody as compared with control,
with a low signal for nonspecific binding by RbIgG
(Figure 4D).

Treatment with 5-fluorouracil (5uM for FLO-1
and 10uM for SKGT4) had minimal to no effect
on MCL-1 protein downregulation in FLO-1 and
SKGT4 cells. Compared with either agent alone,
5-fluorouracil plus 1uM BAY1143572 demon-
strated higher reductions of MCL-1 protein
expression in FLO-1 and SKGT4 cells (Figure
5A). Treatment with 5-fluorouracil did not signifi-
cantly reduce the MCL-1 mRNA level in OE33
cells and increased MCL-1 mRNA levels in FLLO-1
and SKGT4 cells. Treatment with BAY1143572
and treatment with 5uM 5-fluorouracil plus
BAY1143572 decreased MCL-1 mRNA levels.
MCL-1 RNA downregulation in cells treated
with BAY1143572 alone and in cells treated with
BAY1143572 plus 5-fluorouracil did not differ
significantly (Figure 5B).

MCL-1 upregulation decreases BAY1143572's
proapoptotic effects against EAC in vitro

MCL-1 was robustly upregulated in 3 cell lines
(Figure 5C). In FLO-1 cells, MCL-1 upregula-
tion reduced apoptosis by 21% after treatment
with 0.5uM BAY1143572, 18% after treatment
with 5uM 5-fluorouracil, and 31% after treat-
ment with BAY1143572 plus 5-fluorouracil as
compared with the matching control (p<<0.01).
In SKGT4 cells, MCL-1 upregulation reduced
apoptosis by 5% after treatment with 0.5puM
BAY1143572, 10% after treatment with 5-fluo-
rouracil, and 8% after treatment with
BAY1143572 plus 5-fluorouracil as compared
with the matching control (p<0.01; Figure 5D).

High MCL-1 expression in pretreatment tumor
cells predicts shorter overall survival in

patients with locoregional EAC

The median H-score of MCL-1 expression in
tumor cells in pretreatment samples was 40
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Proteins up-regulated with 5-FU alone or
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Figure 3. Effects of BAY1143572 with or without 5-fluorouracil on the proteomics profile of esophageal
adenocarcinoma. Lysates from cells treated with 1uM BAY 1143572 with or without 5-fluorouracil (10 uM for
OE33 and SKGT4 cells, 5uM for FLO-1 cells) for 30 h were subjected to reverse phase protein array (RPPA)
analysis. Protein-level data were normalized for protein loading and transformed to linear values. The heat
map indicates the difference in the linear values between control (vehicle treatment only] and the treatment
groups. The blue indicating negative (<0) difference between control and the treatment group indicating
reduction in the protein and red indicating positive (>0) difference between control and the treatment group
indicating increase in the protein expression. Proteins in red font are upregulated oncoproteins after treatment
with either 5-fluorouracil or BAY1143572 in at least two cell lines. Proteins in blue font are downregulated
oncoproteins after treatment with either 5-fluorouracil or BAY1143572 in at least two cell lines. Yellow
highlighted proteins are those with higher upregulation or downregulation after treatment with BAY1143572
plus 5-fluorouracil as compared with single-agent treatment in at least two cell lines.
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Figure 4. Effects of BAY1143572 on MCL-1 protein and RNA levels in in vitro models of esophageal
adenocarcinoma. (A] Cells were treated with BAY1143572 at the indicated doses for 4h. The phosphorylation
of RNAPII and the expression of MCL-1 were examined by Western blotting. (B) Cells were treated with 1uM
BAY1143572 for 4 h after pretreatment with or without MG-123 for 1h. MCL-1 protein levels were assessed by
Western blotting. (C) MCL-1 mRNA levels were measured by quantitative real-time polymerase chain reaction
(qPCR] after treatment with the indicated doses of BAY1143572 for 4 h. (D) Chromatin immunoprecipitation
(ChIP) was used to assess the binding of HIF-1a to the MCL-1 promoter in FLO-1 and OE33 cells treated with
1uM BAY 1143572 or vehicle only for 4h. gPCR results show the means of experiments performed in triplicate
for each treatment condition. Similar results were observed in two independent experiments.

(range, 0-250). Higher MCL-1 H-score (H = 40) expression (H < 40; Figure 6A) and those whose
correlated with higher pathologic tumor stage tumors had high MCL-1 expression (H = 40;
(pT3-T4). There was no significant difference in  Figure 6B), as shown in Supplementary Table 2.
other clinical and pathologic variables between Kaplan—Meier analysis showed that patients with
patients whose tumors had low MCL-1 high MCL-1 expression had significantly worse
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Figure 5. Effects of BAY1143572 plus 5-flououracil on MCL-1 protein and RNA levels in in vitro models

of esophageal adenocarcinoma. (A) Lysates from cells treated with 1 uM BAY 1143572 with or without
5-fluorouracil (10uM for SKGT4 cells, 5pM for FLO-1 cells) for 4 h were subjected to Western blotting for
MCL-1. (B) Cells were treated with 1 yM BAY 1143572 with or without 5-fluorouracil (10 uM for OE33 and
SKGT4 cells, 5uM for FLO-1 cells) for 4 h, and their MCL-1 mRNA levels were measured by quantitative
real-time polymerase chain reaction (qPCR). Data are the means * standard error (SE) of three independent
experiments. (C) Western blot of esophageal adenocarcinoma cell lines with stable overexpression of MCL-1.
(D) Cells with or without MCL-1 overexpression were treated with 5-fluorouracil and/or BAY1143572 at the
indicated doses and then stained with Annexin V-FITC and propidium iodide. Apoptosis was analyzed by flow
cytometry. Data are the means *+ SE of three independent experiments.

“p < 0.05 compared with control cells.

and overall and recurrence (or time to death) sur-
vival, than patients with low MCL-1 expression
did (Figure 6C and D). The median overall sur-
vival duration of patients with tumors with low
MCL-1 expression (65months) was significantly
longer than that of patients with tumors with high
MCL-1 expression (30months), p=0.0.012). In
the Cox regression univariate analysis, higher
pathologic nodal stage, receipt of therapy for
recurrence, and high tumor cell MCL-1 expres-
sion were associated with shorter overall survival.
In the multivariate analysis, high tumor cell

MCL-1 expression and receipt of therapy for
recurrence were associated with shorter overall
survival, whereas pathologic nodal stage demon-
strated a trend towards an association with shorter
overall survival (Table 1). The median recurrence-
free (or time to death) survival duration of patients
with tumors with low MCL-1 expression
(60 months) was significantly longer than that of
patients with tumors with high MCL-1 expression
(18 months, p=0.008). In the Cox regression uni-
variate and multivariate analyses, higher patho-
logic nodal stage and high tumor cell MCL-1
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Figure 6. Correlation of MCL-1 protein expression in pretreatment tumor cells with overall survival
and recurrence free survival of patients with locoregional esophageal adenocarcinoma treated

with neoadjuvant chemoradiation and surgery. (A] Photomicrograph of MCL-1 immunohistochemical

staining of a pretreatment tumor with low MCL-1 expression (200X magnification). (B) Photomicrograph of MCL-

1 immunohistochemical staining of a pretreatment tumor with high MCL-1 expression (200X magnification). (C)
Kaplan-Meier overall survival curves for patients with high tumor MCL-1 expression and patients with low tumor MCL-
1 expression. (D) Kaplan-Meier recurrence free (or time to death) survival curves for patients with high tumor MCL-1

expression and patients with low tumor MCL-1 expression.

expression were associated with shorter recur-
rence-free (or time to death) survival (Table 2).

Discussion

The results of our in vitro and xenograft experi-
ments demonstrate that the inhibition of CDK9/
p-TEFb by BAY 1143572 alone or in combination
with 5-fluorouracil is effective against EAC. In
this study, BAY1143572’s dose-dependent effects
on cell proliferation and its narrow range of IC,,
in six EAC cell lines suggest that CDK9 inhibi-
tors have efficacy against EAC.

The findings of the present study and a previous
study’ demonstrate that three CDK inhibitors

with predominant CDKO9 inhibitory effects,
BAY1143572, flavopiridol, and CAN508, have
similar antitumorigenic effects against EAC. These
drugs also downregulate the phosphorylation of
RNA Pol II and transcriptionally downregulate
MCL-1 by inhibiting HIF1-a binding to the
MCL-1 promoter in EAC. These results indicate
that BAY1143572 has on-target effects against
CDKO9 in EAC. BAY1143572’s higher specificity
against CDKO9/p-TEFb and strong efficacy  vitro
and in murine xenografts of EAC support a study
investigating the role of BAY 1143572 as an adjunct
to chemotherapy or radiotherapy in EAC.

5-fluorouracil is one of the most widely used agents
in bimodality and trimodality neoadjuvant therapy
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Table 1. Cox regression analysis correlating MCL-1 expression H-score and other clinicopathologic variables
with patients’ overall survival.

Univariate analysis Multivariate analysis

p Hazard 95% confidence p Hazard 95% confidence
ratio interval ratio interval

Age 0.50 0.99 0.95 1.02
Histology grade (poor or 0.63 0.85 0.44 1.63
undiff)
ypT stage (pT3-T4) 0.36 1.38 0.69 2.74
ypN stage (pN1-3) 0.01 2.41 1.21 4.79 023 157 0.75 3.29
Pathologic response (P2) 0.13  1.71 0.86 3.39 0.28  1.49 0.73 3.06
Therapy for recurrence or 0.00 3.99 1.99 8.01 0.00 3.56 1.73 7.34
progression
MCL-1 H-score =40 0.02 2.32 1.18 4.56 0.01 2.38 1.19 4.72

Table 2. Cox regression analysis correlating MCL-1 expression H-score and other clinicopathologic variables
with patients’ recurrence-free (or time to death) survival.

Univariate analysis Multivariate analysis

p Hazard 95% confidence p Hazard 95% confidence
ratio interval ratio interval

Age 0.16  0.97 0.94 1.01 0.28 0.98 0.95 1.02
Histology grade (poor or 0.89 1.05 0.55 1.99

undiff)

ypT stage ypT3-T4) 0.18 1.59 0.80 3.14 0.60  0.80 0.35 1.84
ypN stage (pN1-3) 0.03  2.07 1.06 4.04 0.04 216 1.02 4.57
Pathologic response (P2) 033 1.40 0.7 2.77

MCL-1 H-score =40 0.01 2.42 1.23 4.75 0.01 242 1.23 4.75

as well postoperative chemotherapy in patients required for SKGT4 cells, indicating a heteroge-
with esophageal or gastroesophageal junction ade- neity of response to BAY1143572 in combination

nocarcinoma.!»26-28 However, few studies have
assessed the role of targeted agents in combination
with 5-fluorouracil-based chemotherapy or chem-
oradiotherapy in EAC. Most of these studies are
limited to targeted agents whose efficacy has
already been established in other solid tumors.29-34
Ours is the first study to demonstrate synergy
between a CDKO9 inhibitor and 5-fluorouracil
vitro and in inhibiting the growth of murine xeno-
grafts of EAC. The BAY1143572 dose required to
achieve synergy varied across cell lines; a dose
lower than the IC;, was required for OE33 and
FLO-1 cells, whereas a dose close to the IC;, was

with 5-fluorouracil. Unlike synergy in proliferation
in all three EAC cell lines, BAY1143572 signifi-
cantly enhanced the effects of 5-fluorouracil-
induced apoptosis in FLO1 and SKGT4 cells but
not in OE33 cells. These findings suggest hetero-
geneity in the synergistic effects of these agents
across different EAC cells. It is likely that effects of
BAY1143572 with and without 5-fluorouracil in
OE33 and ESO26 are by different mechanism
such as cell cycle arrest in G1 or G2-M phase.

In xenograft experiments, synergy between 15 mg/
kg BAY 1143572 and 5-fluorouracil was evident in
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most ESO-26 xenografts on day 21 and in most
FLO-1 xenografts on day 40. BAY1143572 alone
could inhibit the growth of most FLO-1 xeno-
grafts until 21 days after treatment initiation. That
the inhibitory effects of BAY1143572 plus 5-fluo-
rouracil were longer than those of BAY1143572
alone in FLO-1 xenografts supports the synergy
between BAY 1143572 and 5-fluorouracil.

Although 5-fluorouracil did not alter MCL-1 RNA
and protein expression, the combination of 5-fluoro-
uracil and BAY1143572 enhanced the downregula-
tion of the MCIL-1 protein i wvitro, indicating that
these two agents have synergy in downregulating
MCL-1. In addition, 5-fluorouracil enhanced the
BAY1143572-induced downregulation of MCL-1
protein but not that of MCIL-1 mRNA, indicating
that MCL-1 modification is at the post-transcription
or post-translational stage by the combination of
these agents. BAY1143572 alone and the combina-
tion of BAY1143572 and 5-fluorouracil likely have
different mechanisms of MCL-1 downregulation,
which provides additional support of the relevance
of MCL-1 as a likely target of the combination treat-
ment. Compared with control (nonamplified MCL-
1), MCL-1 upregulation induced less apoptosis after
treatment with 5-fluorouracil and/or BAY1143572
in two EAC cell lines, indicating that the apoptosis
mediated by BAY1143572 and 5-fluorouracil
depends on MCL-1.

One limitation of the present study was the lack of
validation of the synergistic effects of BAY 1143572
and 5-fluorouracil on MCL-1 in xenografts. MCL-
1, a protein with a short half-life, is regulated by
multiple mechanisms. At the end of the experi-
ments, xenografts were unlikely to have reduced
MCL-1 levels owing to the transient and reversible
effects of CDKO9 inhibition on MCL-1 and the nor-
malization of MCL-1 levels by other compensatory
mechanisms.?>37 MCL-1 levels in xenografts
should be measured immediately after CDK9
inhibitor treatment to demonstrate the effects of
CDKO inhibitors on MCL-1 in xenografts.

MCL-1 is a ubiquitous protein whose expression
pattern in EAC is not known. For this reason and
to obtain an MCL-1 H-score cut-off that can be
used to classify patients as those with good wversus
those with poor response to neoadjuvant chemo-
radiation, we used the H-score method and
median level of the H-score as the cut-off. We
found that MCL-1 expression in patients’ tumor
cells was correlated with survival outcomes, fur-
ther supporting the substantial role MCL-1 has in

EAC biology and behavior. Our results showing
that MCL-1 expression is at least as significant as
established prognostic factors such as nodal stage.
This finding indicates that further studies investi-
gating MCL-1 as predictor of neoadjuvant ther-
apy response in patients with localized EAC are
warranted.

Our RPPA data showing the upregulation of
ATMpS198138 and FOX-M13%%0 indicate that the
DNA damage repair mechanism is a likely mechanism
of synergy between BAY 1143572 and 5-fluorouracil.
The downregulation of LGRP6pS1490 and MNK1
suggest a synergistic role of BAY1143572 and
5-fluorouracil in the Wnt pathway and/or MAP
kinase pathway*! in EAC.

In conclusion, the present study provides ample
preclinical data supporting a clinical trial of
BAY1143572 alone or in combination with 5-fluo-
rouracil in patients with EAC, using MCL-1 as a
potential predictor of response to these therapies.
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