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ABSTRACT

Cyclin-dependent kinase 9 (CDK9) transcriptionally regulates several proteins
and cellular pathways central to radiation induced tissue injury. We investigated a
role of BAY1143572, a new highly specific CDK9 inhibitor, as a sensitizer to radiation
in esophageal adenocarcinoma. In vitro synergy between the CDK9 inhibitor and
radiation was evaluated by clonogenic assay. In vivo synergy between the CDK9
inhibitor and radiation was assessed in multiple xenograft models including a patient’s
tumor derived xenograft (PDX). Reverse phase protein array (RPPA), western blotting,
immunohistochemistry, and qPCR were utilized to identify and validate targets of
the CDK9 inhibitor. The CDK9 inhibitor plus radiation significantly reduced growth
of FLO-1, SKGT4, OE33, and radiation resistant OE33R xenografts and PDXs as
compared to the cohorts treated with either single agent CDK9 inhibitor or radiation
alone. RPPA identified Axl as a candidate target of CDK9 inhibition. Western blot and
qPCR demonstrated reduced Axl mRNA (p = 0.02) and protein levels after treatment
with CDK9 inhibitor with or without radiation in FLO-1 and SKGT4 cells. Axl protein
expression in FLO-1 xenografts treated with combination of CDK9 inhibitor and
radiation was significantly lower than the xenografts treated with radiation alone
(p = 0.003). Clonogenic assay performed after overexpression of Axl in FLO-1 and
SKGT4 cells enhanced radiosensitization by the CDK9 inhibitor, suggesting dependency
of radiosensitization effects of the CDK9 inhibitor on Axl. In conclusion, these findings
indicate that targeting CDK9 by BAY1143572 significantly enhances the effects of
radiation and Axl is a novel downstream target of CDK9 in esophageal adenocarcinoma.
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INTRODUCTION

The incidence of adenocarcinoma of the esophagus
and gastro esophageal junction has rapidly increased
in the USA and other western countries over past 30
years [1, 2]. Majority of patients with esophageal
adenocarcinoma present with loco-regional (stage 11-11I)
disease. Esophagogastrectomy had been the standard of
care for these patients for many years. In the last decade,
advent of preoperative chemoradiation in neoadjuvant
setting has improved patients’ survival and likelihood
of complete surgical resection [3, 4]. In spite of such
aggressive therapeutic approach, S5-year survival for
these patients is 20-30% [5, 6]; primarily because of
development of chemoradiation resistance and inability of
chemoradiation to kill all tumor cells to achieve complete
pathologic response. Molecular targeted therapy is yet
to show efficacy in enhancing chemoradiation efficacy
in neoadjuvant setting in esophageal adenocarcinoma.
A phase III study (RTOG 1010) evaluating role of
Trastuzumab to enhance response to chemoradiotherapy
and surgery is ongoing, although positive findings will
likely benefit only up to 15-20% of patients as frequency
of HER2-neu overexpression is observed in <20% of
esophageal adenocarcinoma [7]. Therapies targeting
EGFR and VEGF have failed to show substantial
improvement in patient outcome [8, 9]. Major limiting
factor for successful implementation of molecular targeted
therapy is low frequency and heterogeneity of alterations
in targets like Her2-neu amplification/overexpression
(15%), EGFR amplification (20%), EGFR activating
mutations (0-12%) and ¢c-MET amplification (2—10%)
[7, 9—11]. The unmet need to improve efficacy of radiation
in esophageal adenocarcinoma has been recognized as a
strategic priority by the NCI Gastrointestinal Steering
Committee [12]. Moreover, enhancing radiosenstization
by a targeted agent has an advantage of reducing the
required dose and toxicity of radiotherapy to the vital
organs like heart and lungs.

Cyclin dependent kinase (CDK) 9 is a promising
target to enhance radiosensitization [13—16]. Previously,
we showed overexpression of CDK9 in esophageal
adenocarcinoma cells compared to matched normal
esophageal epithelial cells and Barrett’s esophagus
[16]. BAY 1143572 (Atuveciclib), a novel, first-in-class
CDKO9 specific inhibitor more potently inhibits CDK9
(PTEFDb) activity because it’s IC50 is 50 fold lower than
the IC50 of other CDKs [17-19]. BAY 1143572 has high
specificity for CDK9 at the nanomolar level without any
off-target toxicity, unlike other CDK9 inhibitors [17, 20].
A recent study showed strong potential of BAY 1143572
as a novel treatment for adult T-cell leukemia/lymphoma
[19]. BAY 1143572 induces its anti-tumorigenic effects
in adult T-cell leukemia/lymphoma by inhibiting pSer2
and pSer7 RNA Pol II, MYC, and MCL-1. Our studies
[16] (unpublished data) indicate that CDKO9/p-TEFb

inhibition is the dominant mechanism of action for three
CDK inhibitors: Flavopiridol [21, 22], CAN 508 and
BAY1143572, in esophageal adenocarcinoma. In the
present study, we show for the first time that inhibition of
CDKO9 potently enhances radiation sensitivity in various
preclinical models of esophageal adenocarcinoma. We
further demonstrate that Axl, a tyrosine kinase critical
in determining radiation sensitivity in solid tumors, is a
novel target of CDK9 inhibitor with and without radiation
in esophageal adenocarcinoma.

RESULTS

CDKO9 inhibitor enhances sensitization of
esophageal adenocarcinoma to radiation in vitro

Previously, we showed that CDK9 inhibitors
exert dose-dependent anti-proliferative effects against 6
esophageal adenocarcinoma cell lines [16]. Radioresistant
OE33R cells were established by exposing radiosensitive
OE33 cells to weekly doses of 2 Gy radiation and
radiation resistance was achieved after 45 fractions of 2
Gy radiation. In the present study, MTS assay confirmed
dose-dependent anti-proliferative effects of BAY 1143572
in radiosensitive OE33 and radioresistant OE33R cells
(Supplementary Figures 1 and 2A, 2B).

The clonogenic survival assay demonstrated
significantly higher survival fractions among the OE33R
cells compared to OE33 at 4, 6 or 8 Gy (Figure 1A)
confirming radiation resistance in OE33R cells. However,
treatment with BAY 1143572 had the highest degree of
sensitization at a survival fraction of 10% (DER, ) in
FLO-1 cells (DER 1.37), followed by radioresistant
OE33R cells (DER,, |, 1.35), SKGT4 cells (DER , 1.33)
and radiosensitive OE33 cells (DER 1.21) (Figure 1B).

SF0.17

SF0.1°

CDKO inhibitor sensitizes esophageal
adenocarcinoma xenografts to radiation

The treatment cohorts and dosing regimen are shown
in Figures 2A and 3A. At day 21, the mean volumes of
FLO-1 xenografts treated with 12.5 mg/kg BAY 1143572
only or 12.5 mg/kg plus radiation were 67% and 48%
smaller than that of the control arm (Figure 2B). The mean
volume of the CDK9 inhibitor -plus-radiation—treated
xenografts was 63% smaller than that of xenografts treated
with radiation only (p = 0.01) and 42% smaller than that of
xenografts treated with the CDKO9 inhibitor only (p = 0.05).

Slow growing SKGT4 xenografts (Figure 2C)
responded better to the CDK9 inhibitor plus radiation
than FLO-1 xenografts. At day 21, the mean volumes of
xenografts treated with 12.5 mg/kg CDK 9 inhibitor only
or 12.5 mg/kg CDK9 inhibitor plus radiation were 84%
(p = 0.03) and 98% (p = 0.02) smaller than that of the
control arm (Figure 2C). The mean volume of the CDK9
inhibitor -plus-radiation—treated xenografts was 90%
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smaller than that of xenografts treated with radiation of the CDK9 inhibitor-plus-radiation—treated xenografts

only (p = 0.005) and 85% smaller than that of xenografts was 85% smaller than that of xenografts treated with
treated with the CDK9 inhibitor only (p = 0.06). The mice radiation only and 69% smaller than that of xenografts
showed no significant signs of toxicity throughout the treated with the CDK9 inhibitor only (p = 0.01) in OE33R
treatment period [body weights at D21 — control (27.07 £+ xenografts. The mean volume of the CDK9 inhibitor-
0.89), radiation (29.10 + 0.60), CDK 9 inhibitor (26.50 + plus-radiation—treated xenografts was 100% smaller than
0.78) and combination (27.12 £ 0.69)]. that of xenografts treated with radiation only or CDK9
Growth inhibition of radiation-naive OE33 inhibitor only in OE33 cells.
xenografts was evident from the onset of treatment with The mice showed no significant signs of toxicity
CDKO inhibitor or radiation. At day 21, the mean volumes throughout the treatment period [body weights at D21 —
of OE33 xenografts treated with 12.5 mg/kg CDK9 control (25.12 + 0.53), radiation (27.23 £+ 0.98), CDK9
inhibitor or 12.5 mg/kg CDK9 inhibitor plus a total of inhibitor (23.50 &+ 0.42) and combination (26.03 + 0.74)].
8 Gy of radiation were 94% (p = 0.005) and 100% (p = Tumor cell necrosis in xenografts can be due to
0.005) smaller, respectively, than that of control xenografts cytotoxic effects of the treating agents or due to tumor
(Figure 3B). At day 21, the mean volumes of OE33R cells outgrowing the vascular supply. It is not possible
xenografts treated with 12.5 mg/kg CDK9 inhibitor or to differentiate ischemic necrosis or drug induced
12.5 mg/kg CDKO inhibitor plus 8GY of radiation were cytotoxicity in cell line derived xenografts due to lack of
68.8% and 90.5% (p < 0.001) smaller, respectively, that stromal elements. To normalize the tumor cell necrosis
that of control xenografts (Figure 3C). The mean volume to the rate of tumor growth, we assessed percentage
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Figure 1: CDKY inhibitor has potent radiosensitization efficacy in esophageal adenocarcinoma cells. (A) Clonogenic
survival assay confirming radioresistance in OE33 radio resistant cells compared to radionaive OE33 cells. (B) Clonogenic survival assay
for FLO-1, SKGT4 and radionaive and radio resistant OE33 cells, treated with (0.5, 1 uM) BAY 1143572 for 24 hours and irradiated (2, 4,
6, 8 Gy) at 5 hours post inhibitor treatment demonstrated synergy between CDK9 inhibitors and radiation in esophageal adenocarcinoma
cell lines. Dose enhancement ratio at survival fraction (DER, ) of 10% was calculated by (radiation dose needed to kill 90% without
drug)/(radiation dose needed to kill 90% with drug). The radiation dose was calculated from the linear quadratic model based on the
survival fraction at each dose. ADER | value of >1.1 indicates synergy. Data are derived from three independent experiments conducted
in triplicates.
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of tumor necrosis divided by the tumor growth rate
(mm/day) to deduce necrosis induced by the treatment. As
shown in Table 1, CDK9 inhibitor plus radiation-induced
tumor regression was associated with necrosis (p = 0.037
compared to radiation alone).

CDKO9 inhibitor radiosensitizes PDXs from a
treatment refractory esophageal adenocarcinoma

PDXs were generated from a 45-year-old Caucasian
man with HER2/neu negative stage IV esophageal
adenocarcinoma with widespread systemic metastases
refractory to therapy (Supplementary Figure 3). Treatment
with 17.5 mg/kg the CDK9 inhibitor for 20 days plus 5
Gy of radiation once on day 4 (Figure 4A) reduced PDX
tumor volumes by 67% compared with radiation alone
(»p = 0.016) and by 48% compared with the CDK9
inhibitor alone (p = 0.062) (Figure 4B and 4C). As seen in
waterfall plot (Figure 4D), 5 of 8 xenografts were smaller
after treatment with the combination than at baseline,
whereas 1 of 8 xenografts were smaller after treatment

A Days 1

CDK?9 inhibitor + Radiation \l/

with either treatment alone. No significant toxicity was
observed in mice treated with CDK9 inhibitor.

PDXs have patient tumor stroma in contrast to
cell line—derived xenografts; therefore, it was possible
to assess treatment-induced stromal fibrosis in PDXs.
The median percent tumor fibrosis for control, CDK9
inhibitor-, radiation-, and combination-treated cells
were 15, 10, 20, and 30, respectively (Table 2). Tumor
growth inhibition was associated with CDK9 inhibitor-
mediated fibrosis, which was significantly elevated in the
combination group compared with the control (p = 0.002),
radiation (p = 0.002), and CDK9 inhibitor (p = 0.009)
groups.

Axl as a target of CDK9

RPPA analysis showed that, compared with the
control cells, FLO-1, SKGT4, and OE33 cells treated with
1 uM CDKY inhibitor for 48 hours had lower expression
of oncoproteins such as MCL-1, mTOR, c-MET,
E-cadherin, Axl, PMS2, and HES1 but higher expression
of Brd4, FOXMI1, and MERIT40 (Figure 5A and
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Figure 2: CDKY9 inhibitor enhances sensitization of radiation in esophageal adenocarcinoma xenografts. Targeting
CDKO9 by BAY 1143572 demonstrated sensitization of two esophageal adenocarcinoma xenografts to radiation (A) Dosing regimen of four
different treatment cohorts. (B) BAY 1143572 enhances radiation induced tumor regression in FLO-1 and (C) SKGT4 xenografts. Nude
mice were subcutaneously injected with 5 x 10° FLO-1 cells or SKGT4 to generate ectopic xenografts. Tumor volume was normalized to
baseline tumor volume at day 1 of treatment. Ratio of tumor volume to baseline was measured to assess tumor growth over 21 days since
start of treatment. Data are the mean percentages of tumor growth = SE. "p < 0.05 compared between control and other cohorts.
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Figure 3: CDKDY inhibitor enhances sensitization of fractionated radiation in OE33 and OE33R xenografts. Targeting
CDKO9 by BAY1143572 in radiosensitive OE33 and radioresistant OE33R xenografts demonstrated sensitization of both xenografts to
radiation (A) Dosing regimen of four different treatment cohorts. (B) BAY 1143572 enhances radiation induced tumor regression in OE33
and (C) OE33R xenografts. Nude mice were subcutaneously injected with 5 x 10° OE33 or OE33R cells to generate ectopic xenografts.
Tumor volume was normalized to baseline tumor volume at day 1 of treatment. Ratio of tumor volume to baseline was measured to assess
tumor growth over 21 days since start of treatment. Data are the mean percentages of tumor growth + SE. "p < 0.05 compared between
control and other cohorts.
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Table 1: Mean tumor necrosis/rate of growth (mm/day) in FLO-1 xenografts

FLO-1 xenografts Mean tumor necrosis/rate of growth (mm/day) p-value
Control 0.10

Radiation 0.06 0.23*
BAY1143572 0.50 0.072™,0.055™"

Radiation [ BAY 1143572 0.40

0.054™, 0.037"", 0.38™""*"

*= Radiation vs. control.

“=BAY 1143572 vs. control.

“*= Radiation + BAY 1143572 vs. control.

"= BAY 1143572 vs. radiation.

“***= Radiation + BAY 1143572 vs. Radiation.

“****= Radiation + BAY 1143572 vs. CDKO9 inhibitor.

Comparison of mean tumor necrosis/rate of growth (mm/day) across different treatment cohorts.

Supplementary Table 1). As MCL-1, mTOR, and c-MET
are known CDKD9 targets, we investigated Axl as a novel
downstream target of CDK9 in vitro and in xenograft
samples. Owing to technical challenges in obtaining
reasonable downregulation of CDK9 by shCDK9 in FLO-
1 and OE33 cells, we generated shCDK9-mediated genetic
downregulation in SKGT4 and ESO26 cells. Genetic
downregulation of CDK9 in both SKGT4 and ESO26 cells
significantly lowered Axl protein expression compared to
their control counterparts (Figure 5B), indicating that Axl1
downregulation is specific to CDK9 inhibition and that
Axl is a downstream target of CDK9. Similarly, FLO-1,
SKGT4 and OE33 cells treated with BAY 1143572 (Figure
5C) had suppressed AxI protein levels compared to control
cells, suggesting Axl may be regulated by CDK9 or CDK9
dependent pathways. Akt was used as a control in addition
to housekeeping controls B-actin and GAPDH to confirm
Axl downregulation by CDK®9 inhibition.

Inhibition of CDK9 has shown downregulation of
a large number of short-lived anti-apoptotic proteins such
as MCL-1, thus time dependent Axl expression by CDK9
inhibition was determined at earlier time points (8 and 24
hours) at the protein and mRNA level (Supplementary
Figure 4A and 4B). There was no change in AxI protein
and mRNA (p > 0.05), 8 hours after treatment with
BAY 1143572 (0.5 and 1uM), as compared to control in
FLO-1 and SKGT4 cells. However, at 24 hours, 1uM
BAY 1143572 treated FLO-1 and SKGT4 showed slight
downregulation of AxI protein as compared to the control.
BAY 1143572 (0.5 and 1uM) decreased Axl RNA in FLO-1
and SKGT4 cells compared to control cells (p < 0.05) at
24 hours after treatment. Axl was further downregulated
48 hours after treatment with CDK9 inhibitor (Figure 6A),
confirming the RPPA and genetic CDK9 downregulation
results. MCL-1 was downregulated as early as 4 hours after
the CDKO9 inhibitor treatment (Supplementary Figure 5).

Radiation alone reduced Axl protein expression at
48 hours. CDK9 inhibitor in combination with radiation
further downregulated Axl and MCL-1 in FLO-1, and
SKGT4 cells.

qRT-PCR demonstrated that Ax] RNA was decreased
in FLO-1, and SKGT4 cells irradiated with 4 or 6 Gy for
24 hours. Cells treated with 1 pM CDKD9 inhibitor alone or
in combination with radiation had lower Axl RNA levels
compared to control cells (p < 0.05, and CDK?9 inhibitor
plus radiation modestly decreased Axl RNA more than
either treatment alone did (Figure 6B).

CDKO inhibitor enhances reduction of AxIl protein
expression by radiation in FLO-1 xenografts

The mean (range) H-scores of Axl staining on
xenografts treated with radiation or the CDK9 inhibitor
alone were significantly lower than that of the control
xenografts (p = 0.02 and p = 0.007, Figure 6C or Table 3).
The mean H-scores of Axl staining on xenografts treated
with combination of the CDK9 inhibitor with radiation were
significantly lower than xenografts treated with radiation
alone (p = 0.003 Figure 6C or Table 3). Untreated control
SKGT4 tumors and PDXs had very low to undetectable
AxI expression, precluding analysis of effects of different
treatments on AxI expression in these xenografts.

CDKO9 inhibitor enhances radiosensitization
of esophageal adenocarcinoma cells with
overexpressed Axl

To evaluate, whether suppression of Axl by CDK9
inhibition is associated with enhanced sensitization to
radiation, we stably overexpressed Axl in two esophageal
adenocarcinoma cells FLO-1 and SKGT4 (Figure 7A).
The clonogenic survival assay demonstrated enhanced
sensitization to radiation by BAY 1143572 in esophageal
adenocarcinoma cells with stable overexpression of Axl
(FLO-1 Axl and SKGT4 Axl) compared to negative
control cells (FLO-1 RFP and SKGT4 RFP) OE33 at 4,
6 or 8 Gy (Figure 7B). These results indicate that cells
with overexpressed Axl are relatively more sensitive to
combination therapy compared to negative control cells.
Treatment with BAY 1143572 had the higher degree of

www.oncotarget.com 4708

Oncotarget


www.oncotarget.com

A Days 1 2 3

4 5 21
BAY1143572 + Radiation @ >
BAY1143572 (17.5mg/kg BW) >
Radiation (5gy with 6MV X-rays) < >
Control >
B C PDX (n=8)

—&— Control
Control
E Radiation

1 —*— BAY1143572

8
7
6
5 4 —e— Radiation + BAY1143572
4
3
2

o
=
]

)

@
Kol

[e]
Ll

o

£
S

o

>

3

o

£

=
Rl
=

o
0
=

T
o

=
E .
E
] *
1 .
O T T T T T T T 1
1 3 6 9 12 15 18 21
Days
D
2000
?; 1500
E
[
£
S 1000
0
>
N
x
Q500
0
-500
\ N A
(‘\6 66 q‘;}.o(‘ &o |6o(g:;\")/ \00‘563\‘1« \$° \o(\ ('\\‘o é\‘l& é\'l/@\oo QOQN\OQ \&o‘bé\‘l:gs\'b 6;\ \OQ 6\’)/ o{bos\'l' o;\'lr 63\'1/ r§3 és\'l:bé\’l:bé\@rbé‘b
F L P ST Sl 6"”0° NS 6\ 6‘ S o S5 R @6‘0'\"‘ R\t
& NN Ve® N2 $®4 N %@4@@@
¥ X xe‘?@ FFF F FFF  FFFFQ
~L\°° e & \\°°\\°°\\°Q\\°°\\°°
N N N RIESESINENS
Q_’b Q_O Q_"b Q@ Q_Q Q_Q Q_'b Q&

Day 21 Post-Treatment

Figure 4: CDKD inhibitor enhances sensitization of radiation in esophageal adenocarcinoma PDXs. Pharmaceutical
inhibition of CDK9 by BAY 1143572 at 17.5 mg/kg body weight in esophageal adenocarcinoma PDX sensitized tumors to radiation (5 Gy
with a 6MV X-rays on day 4 of treatment). (A) Dosing regimen of four different treatment cohorts. (B) PDX tumor volume comparison by
macroscopic examination of excised tumors on day 21 in different treatment cohorts. (C) Demonstrating results of efficacy of BAY 1143572
with and without radiation therapy in PDX. Tumor volume was normalized to baseline tumor volume at day 1 of treatment. Ratio of tumor
volume to baseline was measured to assess tumor growth over 21 days since start of treatment. Figure represents ratio of tumor growth rate
in PDX. Data are the mean percentages of tumor growth + SE. “p < 0.05 compared between control and other cohorts. (D) Waterfall plot
of tumor volume at day 21 post BAY 1143572 treatment shows five of eight tumors from combination group to be smaller than baseline.

www.oncotarget.com 4709 Oncotarget


www.oncotarget.com

Table 2: Median percent tumor fibrosis by BAY1143572 in PDX at day 21

Patient derived xenografts

Control

Radiation

BAY 1143572

Radiation , BAY 1143572

Median % tumor fibrosis [Range] p-value
15 [10-30]
10 [5-20] 0.26", 0.002"
20 [10-30] 0.177, 0.009"""
30 [20-35] 0.002

" = Control vs Radiation.

™ = Control vs BAY1143572.

™" = Control vs Radiation , BAY1143572.

""" = Radiation vs Radiation , BAY1143572.

""" =BAY 1143572 vs Radiation , BAY 1143572.

Results indicate that combination group showed significantly higher tumor fibrosis compared to all other cohorts. The

p-values were calculated using the Student ¢ test.

sensitization at a survival fraction of 10% (DER, )
and 50% (DER, /) in FLO-1 Axl cells (DER, , 1.76;
DER, ., 2.36) compared to its control FLO-1 RFP cells
(DERg, ,, 1.42; DER,, ., 1.82). Similarly, BAY 1143572
exhibited higher degree of sensitization in SKGT4 Axl
cells (DER, , 1.46; DER, ., 2.27) compared to its
control SKGT4 RFP (DER 1.29; DER 1.40)

(Figure 7B).

SF0.1° SF0.5”

DISCUSSION

This study provides strong evidence of efficacy of a
novel CDK9 inhibitor in preclinical models of esophageal
adenocarcinoma, supporting a role of targeted inhibition
of CDKO as sensitizer to the radiation in a clinical trial of
esophageal adenocarcinoma.

Prior studies demonstrated a better pharmaceutical
profile with high aqueous solubility of 479 mg/L of
BAY1143572 as well as decreased efflux ratio and far
better tolerability in vivo compared to other CDK9
inhibitors. These pharmacologic properties distinguish
BAY 1143572 from other CDK9 inhibitors in terms
of potency, drug safety, and tolerability and enabled
BAY 1143572 to be the first highly selective PTEFb/CDK9
inhibitor to enter phase 1 clinical trials (NCT01938638
and NCT02345382) [18].

Clonogenic assay showing >1.1 DERg, , in
all but one tested esophageal adenocarcinoma cell
lines suggest synergy between CDK9 inhibition and
radiation in esophageal adenocarcinoma, despite
possible heterogeneity across the cell lines. The additive
radiation enhancing effect of CDK9 inhibitor was found
to be greater at higher radiation doses, indicating a low
likelihood of plateauing effects of radiation-mediated
tumor cell damage.

Treatment with the CDK9 inhibitor plus radiation
potently retarded the rapid growth of radiation sensitive
FLO-1, OE33 xenografts, radiation resistant OE33R
xenografts and slowly growing SKGT4 xenografts
suggesting that the combination has potent anti-tumorigenic

effects in vivo against esophageal adenocarcinoma.
Xenografts treated with the CDK?9 inhibitor and radiation
shrunk to below baseline volumes, whereas those treated
with radiation or a CDK9 inhibitor alone had retarded
growth but did not shrink below baseline volumes,
suggesting that the combination had higher efficacy than
either treatment alone did. That the combination had
higher efficacy is also supported by the high degree of
tumor necrosis and stromal fibrosis in the xenografts after
pretreatment with CDK9 inhibitor followed by radiation.

Although the establishment of PDX esophageal
adenocarcinoma models was first described in 1981
[23, 24], very few targeted agents have been studied for
anticancer efficacy [25, 26]. In the present study, PDXs
were generated from an advanced-stage chemo-refractory
subcutaneous tumor nodule with high genetic instability
and were ectopically implanted, mimicking subcutaneous
tumors in patients. These refractory PDXs responded to
radiation, albeit to a lesser extent than to CDKO9 inhibitors
alone or in combination with radiation, suggesting that
radiation could have achieved limited local control of the
subcutaneous metastases in the patient. The ability of
continuous single-agent BAY 1143572 to suppress tumor
regrowth after radiation indicates that this CDK9 inhibitor
can maintain the anti-tumorigenic effects of radiation.

We found that, unlike previous generations of CDK9
inhibitors, BAY 1143572 had no noticeable systemic
toxicities. Gross inspections of the gastrointestinal tract
and H&E staining of the liver, heart, and kidneys in all
xenograft models revealed no or low toxicity. Regardless,
studying the effects of this CDK9 inhibitor on radiation-
induced esophagitis and toxicity to the peri-esophageal
organs is warranted. Such effects will need to be evaluated
in orthotopic xenograft mouse models, as subcutaneous
models are not ideal for the assessment of local toxicities
associated with multimodal therapies.

Importantly, our findings demonstrate that AxI is
a new downstream target of CDK9 inhibition. Both the
genetic downregulation and the pharmaceutical inhibition
of CDK9 downregulated AxIl, confirming the on-target
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Figure 5: Effect of the CDKO9 inhibitor on protein expression reverse phase array (RPPA) and identification of Axl as a
novel downstream target of CDKO9. (A) RPPA was performed on FLO-1, SKGT4 and OE33 cells treated with or without BAY 1143572.
RPPA marker expression is denoted by red indicating overexpression compared to control cell lysates and blue indicating downregulation
compared to control lysates. (B) Western blot images of downregulated Ax] in shCDKO9 clones of two esophageal adenocarcinoma cells:
SKGT4, and ESO26. Akt and B-actin were used as loading control. (C) Western blot images of BAY 1143572 treated for 48 hours (48 h)
in FLO-1, SKGT4 and OE33 cells show dose dependent decrease in total Axl protein compared to control lysates by western blot. Akt and
GAPDH were used as loading control.
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Figure 6: Axl is a novel downstream target of CDKO9. (A) BAY, BAY 1143572 showed synergistic decrease in total Ax] protein when
treated with 6 Gy radiation in FLO-1 and SKGT4 cells for 48h. B-actin was used as loading control. (B) qRT-PCR shows decreased AxI
mRNA by BAY 1143572 and radiation in two esophageal adenocarcinoma cell lines: FLO-1, and SKGT4. Parental cells treated with DMSO
were used as controls in each case. Ax]l mRNA was normalized to GAPDH mRNA expression in this analysis. Combination groups is not
synergistic to individual treatments. The p-values were calculated using the Student  test; “T/C, p-value < 0.05. (C) Immunohistochemistry
staining for Axl at 100x magnification in FLO-1 xenografts treated with BAY 1143572 with or without radiation.
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Table 3: Quantitative immunohistochemistry analysis of Ax] membranous staining in tumor cells of the FLO-1

xenografts
Mean % Mean % Mean %
Mean % of
FLO-1 xenografts of tumor of tumor of tumor tumor cells H-score, Mean alue
g cells with 0 cells with 1 cells with2 " or ¢ (Range) p-valu
. . . . . . with 3 staining
staining staining staining
Control 5 5 80 10 120 (80-195)
Radiation 65 25 10 0 65 (10-90) 0.02"
BAY1143572 75 25 5 0 20 (5-65) %00067***’
Radiation | 0.003""",
BAY 1143572 80 20 0 0 20 (5-60) 048"

*= Radiation vs. control, = BAY 1143572 vs. control, **= BAY 1143572 vs. radiation, ***= Radiation + BAY 1143572 vs.
Radiation, *"**= Radiation + BAY 1143572 vs. BAY 1143572.

effects of CDK9 on Axl. More pronounced effects of the
CDKD9 inhibitor on Axl levels during late post-treatment
phase suggest that CDK9 inhibitor may be regulating AxI
by indirect mechanism, where it would either regulate
binding of a transcription regulator (HIF-1alpha [27, 28],
etc.) to Axl or modifies another protein that is a regulator
of Axl. Clonogenic assay in esophageal adenocarcinoma
cells stably overexpressing Axl showed greater DER, |
compared to their negative control suggesting increased
sensitivity to combination therapy in Axl overexpressed
cells. Thus downregulation of Axl by CDK9 inhibition

Axl

B-actin

FLO-1 RFP

-

Surviving fraction

DERGgro.1 1.42
DERGgfo5 1.82 DERGggo5 2.36

FLO-1 AxI

may be one of the mechanisms by which CDK9 inhibition
radiosensitizes esophageal adenocarcinoma cells.

Axl, a TAM (Tyro3/Axl/Mer) family receptor
tyrosine kinase (RTK), was recently shown to be highly
expressed in radio-resistant tumors, and Axl inhibition
in combination with radiotherapy or other anticancer
therapies elicited anti-tumor responses [29]. Given AxI’s
roles in oncogenesis and therapy resistance, multiple
agents targeting AxI are in development [30—34]. Several
Axl1 inhibitors and monoclonal antibodies target the
extracellular domains, kinase domains, or ligands of AxIl
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Figure 7: Overexpression of Axl enhanced radiosensitization by CDK?9 inhibitors in esophageal adenocarcinoma cells.
(A) Western blot images of overexpressed Axl in two esophageal adenocarcinoma cells: FLO-1, and SKGT4. B-actin was used as loading
control. (B) Clonogenic survival assay in FLO-1 and SKGT4 cells with or without Ax] overexpression treated with (0.5, 1 uM) BAY 1143572
for 24 hours and irradiated (2, 4, 6, 8 Gy) at 5 hours post inhibitor treatment demonstrated enhanced synergy by combination treatment
in overexpressed AxI esophageal adenocarcinoma cells. Dose enhancement ratio at survival fraction (DER, ) of 10% was calculated by
(radiation dose needed to kill 90% without drug)/(radiation dose needed to kill 90% with drug). The radiation dose was calculated from the
linear quadratic model based on the survival fraction at each dose. ADER __ . value of >1.1 indicates synergy. Data are derived from three
independent experiments conducted in triplicates.
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[30, 33, 35, 36]; however, the inherent challenges these
types of inhibitors pose; such as inability to recognize
tumor cells with mutant ligands may be mitigated by
CDKU9’s transcriptional regulation of Axl, thus improving
the impact of targeting Axl-mediated resistance to
therapy. Additionally CDK9 inhibition has been shown
to reactivate epigenetically silenced genes [37] which
may potentially be involved in modulating Ax] protein
levels. A mechanistic study to elucidate the role of CDK9
in targeting Axl is warranted to identify regulation of
transcription factors binding to Ax] promoter by CDKO9.
However, due to multiple transcription initiation sites,
GC rich promoter region, methylation within and
around specific proteins (Sp) 1 and 3 binding sites, it
is challenging to study transcription regulation of Axl
[38, 39]. This will require testing transcription regulation
of Axl promoter by more than one method so that majority
of the promoter region is covered and quantitative data
is generated that can be comparable across different
treatment cohorts.

In summary, general failure of targeting CDK9 with
pan-CDK inhibitors in clinics suggests that improved
selectivity to CDKD9 is the key to a successful development
of CDKO inhibitors as viable therapeutic agents. Our
preclinical data suggest that CDK9 inhibition, particularly
by BAY1143572, is a potential strategy for radio-
sensitizing esophageal adenocarcinoma and support the
investigation of BAY 1143572 as an adjunct to radiation in
clinical trials. Our findings also indicate that the interplay
between CDK9 and Axl should be investigated as a novel
mechanism of CDK9 inhibitor mediated radiosensitization
in esophageal adenocarcinoma.

MATERIALS AND METHODS

All mice experiments were conducted as per the
institutional guidelines. De-identified patient samples
were obtained with informed consent and xenografted
as per institutional IRB and IACUC approved protocols
(LAB-04-0979 and IACUC-00001501-RNO1).

Cell lines, cell culture, and CDK9 inhibitor

BAY1143572 was purchased from Active
Biochemical (Wan Chai, Hong Kong). Human esophageal
adenocarcinoma cell lines, FLO1, OE33, and SKGT4
were purchased from Sigma Aldrich or ATCC. Radiation
resistant esophageal adenocarcinoma cells (OE33R)
were provided by our institutional Center for Radiation
Oncology Research. Complete cell line information is
provided in the Supplementary Materials and Methods.

Cell lines and tumor irradiation

Cells were irradiated with doses of up to 6 Gy using
a JL Shepherd Mark [-68A "’Cs irradiator. The xenograft

bearing hind legs of mice were irradiated using a 6-MV
photon beam of a Varian 2300CD Linear Accelerator.

Clonogenic survival assay

Esophageal adenocarcinoma cells were seeded on
6-well plates (in duplicates) at densities of 100-2000 cells/
well. Sixteen hours after plating, the medium was changed,
and the cells were treated with either vehicle (dimethyl
sulfoxide [DMSO]) or CDKO inhibitor. Five hours after
treatment, the cells were irradiated with 0, 2, 4, 6, or 8 Gy.
Twenty-four hours after radiation treatment, the medium
was changed, and the cells were maintained in the normal
culture conditions. Between days 12 and 20, the medium
was removed, and cell colonies were stained with crystal
violet (0.1% in 20% methanol) (Sigma-Aldrich) [40].
Colonies were assessed visually, and colonies containing
>50 normal-appearing cells were manually counted. The
surviving fraction was calculated using SigmaPlot 10.0
(CA, USA). The radiation dose enhancement ratio at
the surviving fraction 0.1 (DER ) was calculated using
the equation; DER_, = Dose (radiation + control) /Dose
(radiation+CDK9 inhibitor) at SF0.1. Synergy between
a CDK 9 inhibitor and radiation against esophageal
adenocarcinoma cells was defined as DER__ . higher than
1.1, as described previously [41].

SFO0.1

Reverse phase protein array (RPPA)

Cells were treated with 1 uM CDK9 inhibitor for 30
hours. Cell lysates were analyzed for protein expression
by RPPA at our institutional Functional Proteomics
Core Facility [41, 42]. Cluster 3.0 (http://bonsai.hgc.
jp/~mdehoon/software/cluster/software.htm) with Pearson
correlation and a center metric was used to hierarchically
cluster data. The resulting heatmap was visualized with
Treeview (http://www.eisenlab.org/eisen/) and presented
in a high-resolution bmp format.

Efficacy of CDK9 inhibitor with and without
radiation against esophageal adenocarcinoma
xenografts

Four-week-old female athymic nude mice were
used for xenograft studies. All experiments involving
mice were conducted according to an animal experimental
protocol approved by Institutional Animal Care and Use
Committee. To assess the radiosensitizing effects of CDK9
inhibitor, we subcutaneously injected 5 x 10° cells into
the mice’s contralateral hind legs (FLO-1 in right hind
leg and SKGT4 in left hind leg or OE33 in right hind
leg and OE33R in left hind leg). 21 days after treatment
initiation mice were euthanized and tumor tissues were
harvested. Tumor volume was calculated as (W? x L)/2,
where W is the smallest diameter of tumor and L is the
largest diameter of tumor. Ratio of tumor volume to
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baseline was calculated for further analysis. The patient
derived xenografts (PDXs) were established from a 3-cm
subcutaneous metastatic mass from a 45-year-old patient
with stage IV esophageal adenocarcinoma [43]. Signs
of toxicity including rapid breathing rate, abdominal
distension, hunched posture, anorexia, moribund signs
were monitored. Gross inspection and microscopic review
of Hematoxylin and Eosin (H&E) stained sections from
liver, heart, and kidney of the xenografts were reviewed
as part of toxicity assessment.

Histopathology and immunohistochemistry
analysis of xenografts

Percentage of tumor cell necrosis and/or stromal
fibrosis was assessed in formalin-fixed, paraffin-
embedded tumor section stained with H&E. Axl
immunohistochemistry was performed on formalin
fixed paraffin embedded tissue samples by Axl rabbit
monoclonal antibody (Cell Signaling Technology #
86618S) with 15 minutes incubation at room temperature.
Endogenous peroxidase activity was blocked by 3%
hydrogen peroxidase. The immunoreactive protein was
visualized with the Ventana DAB detection system (Dako,
Carpenteria, CA). The tumor cells with Axl membranous
staining intensity scores of 0, 1, 2, or 3 in 10 fields were
counted at 200x magnification. H-score was calculated
as sum of the percentage of tumor cells with 0 intensity x
0 + the percentage of tumor cells with staining intensity
1 x 1 + the percentage of tumor cells with staining
intensity 2 x 2 + the percentage of staining intensity 3
x 3.

Stable overexpression of Axl in esophageal
adenocarcinoma cell lines

Negative control lentivirus (# LVP-Null-RP)
and lentiviral particles with a blasticidin-RFP marker
expressing the human gene Axl (# LVP124) were
purchased from Amsbio. For transduction with lentivirus,
cells were infected with 2x diluted virus media containing
6 pg/ml polybrene for 16 hours. RFP positive cells stably
overexpressing Axl were selected by flow cytometry
twice. The expression of Axl was confirmed by Western
blotting. Cells with negative control were named as
FLO-1 RFP and SKGT4 RFP cells while cells stably
overexpressing Axl were called FLO-1 Axl and SKGT4
Axl cells.

Statistical analysis

Each in vitro experiment was repeated at least 3
times. For each assay, the one-sided Student #-test is used
to assess differences between groups. Data is presented as
mean + standard error, and p value < 0.05 is considered
significant.

Abbreviations

CDKO9: cyclin dependent kinase 9; CSA: Clonogenic
survival assay; GE: gastro-esophageal; H&E: hematoxylin
and eosin; i.p.: intraperitoneal; PDX: patient-derived
xenografts; RPPA: reverse phase protein array.

Author contributions

Concept and design: Omkara Veeranki, Rashmi
Dokey, Alicia Mejia, Zhimin Tong, Jianhu Zhang, Yawei
Qiao, Pankaj Kumar Singh, Riham Katkhuda, Barbara
Mino, Ramesh Tailor, Jaime Rodriguez Canales, Scott
Kopetz, Sunil Krishnan, Steven Lin, and Dipen Maru.
Collection and assembly of data: All authors. Data
analysis and interpretation: Omkara Veeranki, Rashmi
Dokey, Alicia Mejia, Zhimin Tong, Jianhu Zhang, Yawei
Qiao, Scott Kopetz, Sunil Krishnan, Steven Lin, and Dipen
Maru.

ACKNOWLEDGMENTS

We thank Yifan Wang, department of Experimental
Radiation Oncology for assisting with DER,
calculations, Joseph A Munch, Department of Scientific
Publications for editing and Kim-Anh Vu, Department
of Anatomic Pathology for help with the figures for this
manuscript.

CONFLICTS OF INTEREST

The authors have no conflicts of interest to disclose.

FUNDING

This work is funded in part by an Independent
Investigator Award from the Cancer Prevention and
Research Institute of Texas (RP140515, to Dr. Dipen
Maru). Mabuchi Research Fund supported the study.
Part of this research was performed in MD Anderson’s
Flow Cytometry and Cellular Imaging Facility, which
is supported in part by the National Institutes of Health
through MD Anderson’s Cancer Center Support Grant
CA016672.

REFERENCES

1. Brown LM, Devesa SS, Chow WH. Incidence of
adenocarcinoma of the esophagus among white Americans
by sex, stage, and age. J Natl Cancer Inst. 2008; 100:1184—
87. https://doi.org/10.1093/jnci/djn211. [PubMed]

2. Cen P, Banki F, Cheng L, Khalil K, Du XL, Fallon M,
Amato RJ, Kaiser LR. Changes in age, stage distribution,

and survival of patients with esophageal adenocarcinoma
over three decades in the United States. Ann Surg Oncol.

www.oncotarget.com

4715

Oncotarget


www.oncotarget.com
https://doi.org/10.1093/jnci/djn211
https://www.ncbi.nlm.nih.gov/pubmed/18695138

2012; 19:1685-91. https:/doi.org/10.1245/s10434-011-
2141-1. [PubMed]

Shapiro J, van Lanschot JJ, Hulshof MC, van Hagen P, van
Berge Henegouwen MI, Wijnhoven BP, van Laarhoven
HW, Nieuwenhuijzen GA, Hospers GA, Bonenkamp JJ,
Cuesta MA, Blaisse RJ, Busch OR, et al, and CROSS
study group. Neoadjuvant chemoradiotherapy plus surgery
versus surgery alone for oesophageal or junctional cancer
(CROSS): long-term results of a randomised controlled
trial. Lancet Oncol. 2015; 16:1090-98. https://doi.
0rg/10.1016/S1470-2045(15)00040-6. [PubMed]

van Hagen P, Hulshof MC, van Lanschot JJ, Steyerberg
EW, van Berge Henegouwen MI, Wijnhoven BP, Richel
DJ, Nieuwenhuijzen GA, Hospers GA, Bonenkamp JJ,
Cuesta MA, Blaisse RJ, Busch OR, et al, and CROSS
Group. Preoperative chemoradiotherapy for esophageal
or junctional cancer. N Engl J Med. 2012; 366:2074-84.
https://doi.org/10.1056/NEJMoal112088. [PubMed]

Berger AC, Farma J, Scott WJ, Freedman G, Weiner L,
Cheng JD, Wang H, Goldberg M. Complete response to
neoadjuvant chemoradiotherapy in esophageal carcinoma

is associated with significantly improved survival. J
Clin Oncol. 2005; 23:4330-37. https://doi.org/10.1200/
JC0.2005.05.017. [PubMed]

Donohoe CL, Reynolds JV. Neoadjuvant treatment of

locally advanced esophageal and junctional cancer: the
evidence-base, current key questions and clinical trials. J
Thorac Dis. 2017; 9:S697—-704. https://doi.org/10.21037/
jtd.2017.03.159. [PubMed]

Yoon HH, Shi Q, Sukov WR, Lewis MA, Sattler CA, Wiktor
AE, Wu TT, Diasio RB, Jenkins RB, Sinicrope FA. Adverse
prognostic impact of intratumor heterogencous HER2 gene
amplification in patients with esophageal adenocarcinoma.
J Clin Oncol. 2012; 30:3932-38. https://doi.org/10.1200/
JCO0.2012.43.1890. [PubMed]

Suntharalingam M, Winter K, Ilson D, Dicker AP, Kachnic
L, Konski A, Chakravarthy AB, Anker CJ, Thakrar H,
Horiba N, Dubey A, Greenberger JS, Raben A, et al. Effect
of the Addition of Cetuximab to Paclitaxel, Cisplatin, and
Radiation Therapy for Patients With Esophageal Cancer:
The NRG Oncology RTOG 0436 Phase 3 Randomized
Clinical Trial. JAMA Oncol. 2017; 3:1520-28. https://doi.
org/10.1001/jamaoncol.2017.1598. [PubMed]

Petty RD, Dahle-Smith A, Stevenson DA, Osborne A,
Massie D, Clark C, Murray GI, Dutton SJ, Roberts C,
Chong 1Y, Mansoor W, Thompson J, Harrison M, et al.
Gefitinib and EGFR Gene Copy Number Aberrations
in Esophageal Cancer. J Clin Oncol. 2017; 35:2279-87.
https://doi.org/10.1200/JC0O.2016.70.3934. [PubMed]

. Yoon HH, Sukov WR, Shi Q, Sattler CA, Wiktor AE, Diasio

RB, Wu TT, Jenkins RB, Sinicrope FA. HER-2/neu gene
amplification in relation to expression of HER2 and HER3
proteins in patients with esophageal adenocarcinoma.
Cancer. 2014; 120:415-24. https://doi.org/10.1002/
cncr.28435. [PubMed]

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Jardim DL, de Melo Gagliato D, Falchook GS, Janku
F, Zinner R, Wheler JJ, Subbiah V, Piha-Paul SA, Fu
S, Murphy MB, Ajani J, Tang C, Hess K, et al. MET
aberrations and c-MET inhibitors in patients with gastric
and esophageal cancers in a phase I unit. Oncotarget. 2014;
5:1837-45. https://doi.org/10.18632/oncotarget.1828.
[PubMed]

Priorities S. NCTN Disease-Specific and Symptom

Management & Health Related Quality of Life Steering
Committees. 2015.

Senderowicz AM. Targeting cell cycle and apoptosis for
the treatment of human malignancies. Curr Opin Cell Biol.
2004; 16:670-78. https://doi.org/10.1016/j.ceb.2004.09.014.
[PubMed]

Shapiro GI. Cyclin-dependent kinase pathways as targets
for cancer treatment. J Clin Oncol. 2006; 24:1770-83.
https://doi.org/10.1200/JC0O.2005.03.7689. [PubMed]

Schwartz GK. Development of cell cycle active drugs for
the treatment of gastrointestinal cancers: a new approach to
cancer therapy. J Clin Oncol. 2005; 23:4499-508. https://
doi.org/10.1200/JC0O.2005.18.341. [PubMed]

Tong Z, Chatterjee D, Deng D, Veeranki O, Mejia A, Ajani
JA, Hofstetter W, Lin S, Guha S, Kopetz S, Krishnan S,
Maru D. Antitumor effects of cyclin dependent kinase 9

inhibition in esophageal adenocarcinoma. Oncotarget. 2017;
8:28696-710. https://doi.org/10.18632/oncotarget.15645.
[PubMed]

Scholz A, Luecking U, Siemeister G, Lienau P, Boemer U,
Ellinghaus P, Walter AO, Valencia R, Ince S, von Nussbaum
F, Mumberg D, Brands M, Ziegelbauer K. Abstract DDT02-
02: BAY 1143572: A first-in-class, highly selective, potent
and orally available inhibitor of PTEFb/CDKY currently in
Phase I, inhibits MYC and shows convincing anti-tumor

activity in multiple xenograft models by the induction of
apoptosis. Cancer Res. 2015 (Suppl 15); 75:DDT02-02.
https://doi.org/10.1158/1538-7445.AM2015-DDT02-02.

Liicking U, Scholz A, Lienau P, Siemeister G, Kosemund
D, Bohlmann R, Briem H, Terebesi I, Meyer K, Prelle K,
Denner K, Bomer U, Schifer M, et al. Identification of
Atuveciclib (BAY 1143572), the First Highly Selective,
Clinical PTEFb/CDK9 Inhibitor for the Treatment of
Cancer. ChemMedChem. 2017; 12:1776-93. https://doi.
org/10.1002/cmdc.201700447. [PubMed]

Narita T, Ishida T, Ito A, Masaki A, Kinoshita S, Suzuki
S, Takino H, Yoshida T, Ri M, Kusumoto S, Komatsu H,
Imada K, Tanaka Y, et al. Cyclin-dependent kinase 9 is a

novel specific molecular target in adult T-cell leukemia/
lymphoma. Blood. 2017; 130:1114-24. https://doi.
org/10.1182/blood-2016-09-741983. [PubMed]

Ni Z, Saunders A, Fuda NJ, Yao J, Suarez JR, Webb WW,
Lis JT. P-TEFb is critical for the maturation of RNA
polymerase II into productive elongation in vivo. Mol
Cell Biol. 2008; 28:1161-70. https://doi.org/10.1128/
MCB.01859-07. [PubMed]

www.oncotarget.com

4716

Oncotarget


www.oncotarget.com
https://doi.org/10.1245/s10434-011-2141-1
https://doi.org/10.1245/s10434-011-2141-1
https://www.ncbi.nlm.nih.gov/pubmed/22130619
https://doi.org/10.1016/S1470-2045(15)00040-6
https://doi.org/10.1016/S1470-2045(15)00040-6
https://www.ncbi.nlm.nih.gov/pubmed/26254683
https://doi.org/10.1056/NEJMoa1112088
https://www.ncbi.nlm.nih.gov/pubmed/22646630
https://doi.org/10.1200/JCO.2005.05.017
https://doi.org/10.1200/JCO.2005.05.017
https://www.ncbi.nlm.nih.gov/pubmed/15781882
https://doi.org/10.21037/jtd.2017.03.159
https://doi.org/10.21037/jtd.2017.03.159
https://www.ncbi.nlm.nih.gov/pubmed/28815065
https://doi.org/10.1200/JCO.2012.43.1890
https://doi.org/10.1200/JCO.2012.43.1890
https://www.ncbi.nlm.nih.gov/pubmed/22987085
https://doi.org/10.1001/jamaoncol.2017.1598
https://doi.org/10.1001/jamaoncol.2017.1598
https://www.ncbi.nlm.nih.gov/pubmed/28687830
https://doi.org/10.1200/JCO.2016.70.3934
https://www.ncbi.nlm.nih.gov/pubmed/28537764
https://doi.org/10.1002/cncr.28435
https://doi.org/10.1002/cncr.28435
https://www.ncbi.nlm.nih.gov/pubmed/24151090
https://doi.org/10.18632/oncotarget.1828
https://www.ncbi.nlm.nih.gov/pubmed/24742823
https://www.ncbi.nlm.nih.gov/pubmed/24742823
https://doi.org/10.1016/j.ceb.2004.09.014
https://www.ncbi.nlm.nih.gov/pubmed/15530779
https://www.ncbi.nlm.nih.gov/pubmed/15530779
https://doi.org/10.1200/JCO.2005.03.7689
https://www.ncbi.nlm.nih.gov/pubmed/16603719
https://doi.org/10.1200/JCO.2005.18.341
https://doi.org/10.1200/JCO.2005.18.341
https://www.ncbi.nlm.nih.gov/pubmed/16002840
https://doi.org/10.18632/oncotarget.15645
https://www.ncbi.nlm.nih.gov/pubmed/28404924
https://www.ncbi.nlm.nih.gov/pubmed/28404924
https://doi.org/10.1158/1538-7445.AM2015-DDT02-02
https://doi.org/10.1002/cmdc.201700447
https://doi.org/10.1002/cmdc.201700447
https://www.ncbi.nlm.nih.gov/pubmed/28961375
https://doi.org/10.1182/blood-2016-09-741983
https://doi.org/10.1182/blood-2016-09-741983
https://www.ncbi.nlm.nih.gov/pubmed/28646117
https://doi.org/10.1128/MCB.01859-07
https://doi.org/10.1128/MCB.01859-07
https://www.ncbi.nlm.nih.gov/pubmed/18070927

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Zeidner JF, Karp JE. Clinical activity of alvocidib
(flavopiridol) in acute myeloid leukemia. Leuk Res. 2015;
39:1312-18. https://doi.org/10.1016/j.leukres.2015.10.010.
[PubMed]

Senderowicz AM, Sausville EA. Preclinical and clinical

development of cyclin-dependent kinase modulators. J
Natl Cancer Inst. 2000; 92:376-87. https://doi.org/10.1093/
jnci/92.5.376. [PubMed]

Kitamura M, Suda M, Nishihira T, Watanabe T, Kasai M.
Heterotransplantation of human esophageal carcinoma to
nude mice. Tohoku J Exp Med. 1981; 135:259-64. https:/
doi.org/10.1620/tjem.135.259. [PubMed]

Liu DS, Duong CP, Phillips WA, Clemons NJ. Preclinical
models of esophageal adenocarcinoma for drug
development. Discov Med. 2016; 22:371-79. [PubMed]

Liu DSH, Read M, Cullinane C, Azar W], Fennell CM,
Montgomery KG, Haupt S, Haupt Y, Wiman KG, Duong CP,
Clemons NJ, Phillips WA. APR-246 potently inhibits tumour
growth and overcomes chemoresistance in preclinical
models of oesophageal adenocarcinoma. Gut. 2015;
64:1506-16. https://doi.org/10.1136/gutjnl-2015-309770.
[PubMed]

Pompili L, Porru M, Caruso C, Biroccio A, Leonetti C.

Patient-derived xenografts: a relevant preclinical model for
drug development. J Exp Clin Cancer Res. 2016; 35:189.
https://doi.org/10.1186/s13046-016-0462-4. [PubMed]

Axelrod H, Pienta KJ. AxI as a mediator of cellular growth

and survival. Oncotarget. 2014; 5:8818-52. https://doi.
org/10.18632/oncotarget.2422. [PubMed]

Rankin EB, Fuh KC, Castellini L, Viswanathan K, Finger
EC, Diep AN, LaGory EL, Kariolis MS, Chan A, Lindgren
D, Axelson H, Miao YR, Krieg AJ, et al. Direct regulation
of GAS6/AXL signaling by HIF promotes renal metastasis
through SRC and MET. Proc Natl Acad Sci U S A. 2014;
111:13373-78. https://doi.org/10.1073/pnas.1404848111.
[PubMed]

Aguilera TA, Rafat M, Castellini L, Shehade H, Kariolis
MS, Hui AB, Stehr H, von Eyben R, Jiang D, Ellies LG,
Koong AC, Diehn M, Rankin EB, et al. Reprogramming

the immunological microenvironment through radiation
and targeting Axl. Nat Commun. 2016; 7:13898. https://
doi.org/10.1038/ncomms13898. [PubMed]

Gay CM, Balaji K, Byers LA. Giving AXL the axe: targeting
AXL in human malignancy. Br J Cancer. 2017; 116:415-23.
https://doi.org/10.1038/bjc.2016.428. [PubMed]

Kariolis MS, Miao YR, Jones DS 2nd, Kapur S, Mathews
II, Giaccia AJ, Cochran JR. An engineered Axl ‘decoy

receptor’ effectively silences the Gas6-Axl signaling axis.
Nat Chem Biol. 2014; 10:977-83. https://doi.org/10.1038/
nchembio.1636. [PubMed]

Balaji K, Vijayaraghavan S, Diao L, Tong P, Fan Y, Carey JP,
Bui TN, Warner S, Heymach JV, Hunt KK, Wang J, Byers

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

LA, Keyomarsi K. AXL Inhibition Suppresses the DNA
Damage Response and Sensitizes Cells to PARP Inhibition
in Multiple Cancers. Mol Cancer Res. 2017; 15:45-58.
https://doi.org/10.1158/1541-7786.MCR-16-0157. [PubMed]

. Ye X, Li Y, Stawicki S, Couto S, Eastham-Anderson J,

Kallop D, Weimer R, Wu Y, Pei L. An anti-Ax] monoclonal
antibody attenuates xenograft tumor growth and enhances
the effect of multiple anticancer therapies. Oncogene.
2010; 29:5254-64. https://doi.org/10.1038/0onc.2010.268.
[PubMed]

Sheridan C. First Axl inhibitor enters clinical trials. Nat
Biotechnol. 2013; 31:775-76. https://doi.org/10.1038/
nbt0913-775a. [PubMed]

Myers SH, Brunton VG, Unciti-Broceta A. AXL Inhibitors
in Cancer: A Medicinal Chemistry Perspective. J Med
Chem. 2016; 59:3593-608. https://doi.org/10.1021/acs.
jmedchem.5b01273. [PubMed]

Schoumacher M, Burbridge M. Key Roles of AXL and
MER Receptor Tyrosine Kinases in Resistance to Multiple

Anticancer Therapies. Curr Oncol Rep. 2017; 19:19. https:/
doi.org/10.1007/s11912-017-0579-4. [PubMed]

Zhang H, Pandey S, Travers M, Sun H, Morton G, Madzo
J, Chung W, Khowsathit J, Perez-Leal O, Barrero CA,
Merali C, Okamoto Y, Sato T, et al. Targeting CDK9
Reactivates Epigenetically Silenced Genes in Cancer.
Cell. 2018; 175:1244—1258.e26. https://doi.org/10.1016/].
cell.2018.09.051. [PubMed]

Schulz AS, Schleithoff L, Faust M, Bartram CR, Janssen
JW. The genomic structure of the human UFO receptor.
Oncogene. 1993; 8:509—-13. [PubMed]

Mudduluru G, Allgayer H. The human receptor tyrosine
Axl  gene—promoter
regulation of constitutive expression by Spl, Sp3 and CpG
methylation. Biosci Rep. 2008; 28:161-76. https://doi.
org/10.1042/BSR20080046. [PubMed]

Franken NA, Rodermond HM, Stap J, Haveman J, van
Bree C. Clonogenic assay of cells in vitro. Nat Protoc.
2006; 1:2315-19. https://doi.org/10.1038/nprot.2006.339.
[PubMed]

Wang Y, Liu H, Diao L, Potter A, Zhang J, Qiao Y, Wang
J, Proia DA, Tailor R, Komaki R, Lin SH. Hsp90 Inhibitor
Ganetespib Sensitizes Non-Small Cell Lung Cancer to
Radiation but Has Variable Effects with Chemoradiation.
Clin Cancer Res. 2016; 22:5876-86. https:/doi.
org/10.1158/1078-0432.CCR-15-2190. [PubMed]

Tibes R, Qiu 'Y, Lu Y, Hennessy B, Andreeff M, Mills GB,
Kornblau SM. Reverse phase protein array: validation
of a novel proteomic technology and utility for analysis
of primary leukemia specimens and hematopoietic stem
cells. Mol Cancer Ther. 2006; 5:2512-21. https://doi.
org/10.1158/1535-7163.MCT-06-0334. [PubMed]

kinase characterization and

www.oncotarget.com

4717

Oncotarget


www.oncotarget.com
https://doi.org/10.1016/j.leukres.2015.10.010
https://www.ncbi.nlm.nih.gov/pubmed/26521988
https://www.ncbi.nlm.nih.gov/pubmed/26521988
https://doi.org/10.1093/jnci/92.5.376
https://doi.org/10.1093/jnci/92.5.376
https://www.ncbi.nlm.nih.gov/pubmed/10699068
https://doi.org/10.1620/tjem.135.259
https://doi.org/10.1620/tjem.135.259
https://www.ncbi.nlm.nih.gov/pubmed/7314113
https://www.ncbi.nlm.nih.gov/pubmed/28147219
https://doi.org/10.1136/gutjnl-2015-309770
https://www.ncbi.nlm.nih.gov/pubmed/26187504
https://www.ncbi.nlm.nih.gov/pubmed/26187504
https://doi.org/10.1186/s13046-016-0462-4
https://www.ncbi.nlm.nih.gov/pubmed/27919280
https://doi.org/10.18632/oncotarget.2422
https://doi.org/10.18632/oncotarget.2422
https://www.ncbi.nlm.nih.gov/pubmed/25344858
https://doi.org/10.1073/pnas.1404848111
https://www.ncbi.nlm.nih.gov/pubmed/25187556
https://www.ncbi.nlm.nih.gov/pubmed/25187556
https://doi.org/10.1038/ncomms13898
https://doi.org/10.1038/ncomms13898
https://www.ncbi.nlm.nih.gov/pubmed/28008921
https://doi.org/10.1038/bjc.2016.428
https://www.ncbi.nlm.nih.gov/pubmed/28072762
https://doi.org/10.1038/nchembio.1636
https://doi.org/10.1038/nchembio.1636
https://www.ncbi.nlm.nih.gov/pubmed/25242553
https://doi.org/10.1158/1541-7786.MCR-16-0157
https://www.ncbi.nlm.nih.gov/pubmed/27671334
https://doi.org/10.1038/onc.2010.268
https://www.ncbi.nlm.nih.gov/pubmed/20603615
https://www.ncbi.nlm.nih.gov/pubmed/20603615
https://doi.org/10.1038/nbt0913-775a
https://doi.org/10.1038/nbt0913-775a
https://www.ncbi.nlm.nih.gov/pubmed/24022140
https://doi.org/10.1021/acs.jmedchem.5b01273
https://doi.org/10.1021/acs.jmedchem.5b01273
https://www.ncbi.nlm.nih.gov/pubmed/26555154
https://doi.org/10.1007/s11912-017-0579-4
https://doi.org/10.1007/s11912-017-0579-4
https://www.ncbi.nlm.nih.gov/pubmed/28251492
https://doi.org/10.1016/j.cell.2018.09.051
https://doi.org/10.1016/j.cell.2018.09.051
https://www.ncbi.nlm.nih.gov/pubmed/30454645
https://www.ncbi.nlm.nih.gov/pubmed/8381225
https://doi.org/10.1042/BSR20080046
https://doi.org/10.1042/BSR20080046
https://www.ncbi.nlm.nih.gov/pubmed/18522535
https://doi.org/10.1038/nprot.2006.339
https://www.ncbi.nlm.nih.gov/pubmed/17406473
https://www.ncbi.nlm.nih.gov/pubmed/17406473
https://doi.org/10.1158/1078-0432.CCR-15-2190
https://doi.org/10.1158/1078-0432.CCR-15-2190
https://www.ncbi.nlm.nih.gov/pubmed/27354472
https://doi.org/10.1158/1535-7163.MCT-06-0334
https://doi.org/10.1158/1535-7163.MCT-06-0334
https://www.ncbi.nlm.nih.gov/pubmed/17041095

43. Read M, Liu D, Duong CP, Cullinane C, Murray WK, Xenografts. Ann Surg Oncol. 2016; 23:305-11. https://doi.
Fennell CM, Shortt J, Westerman D, Burton P, Clemons 0rg/10.1245/510434-015-4425-3. [PubMed]
NJ, Phillips WA. Intramuscular Transplantation Improves

Engraftment Rates for Esophageal Patient-Derived Tumor

www.oncotarget.com 4718 Oncotarget


www.oncotarget.com
https://doi.org/10.1245/s10434-015-4425-3
https://doi.org/10.1245/s10434-015-4425-3
https://www.ncbi.nlm.nih.gov/pubmed/25691278

