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ABSTRACT

The Hedgehog/GLI (HH/GLI) signaling pathway plays a critical role in human
oncogenesis. Unfortunately, the clinical use of HH inhibitor(s) has been associated
with serious adverse effects and mutation-related drug resistance. Since the efficacy
of SMO (Smoothened) and GLI inhibitors is limited in clinical trials, there remains a
critical need for the HH/GLI pathway inhibitors with different mechanisms of action.
Here, we show that esophageal adenocarcinoma (EAC) cell lines are insensitive to
vismodegib (SMO inhibitor) but respond to GANT61 (GLI1 inhibitor). Furthermore, we
examine the role of GLI1 in tumorigenicity of EAC and how a selective bromodomain
inhibitor IBET-151 downregulates transcriptional activity of the GLI1 transcription
factor in EAC. Our study demonstrates that GLI1 plays an important role in
tumorigenicity of EAC and that elevated GLI1 expression in patients’ ultrasound-
assisted endoscopic biopsy may predict the response to neoadjuvant chemotherapy
(NAC) FOLFOX. Importantly, IBET-151 abrogates the growth of vismodegib-resistant
EAC cells and downregulates HH/GLI by reducing the occupancy of BRD4 at the GLI1
locus. IBET-151 also attenuates tumor growth of EAC-PDXs and does so in an on-
target manner as it reduces the expression of GLI1. We identify HH/GLI signhaling as
a novel druggable pathway in EAC as well as validate an ability of clinically relevant
GLI inhibitor to attenuate the viability of vismodegib-resistant EAC cells. Therefore,
we propose that selective bromodomain inhibitors, such as IBET-151, could be used
as novel therapeutic agents for EAC patients harboring GLI-dependent tumors.
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INTRODUCTION

Esophageal adenocarcinoma (EAC) is one of the
most aggressive cancers in the world that is characterized
by a high mortality rate and poor prognosis [1]. The
incidence of EAC has been on the rise in the United States
and other western countries over the past 30 years [2].
Despite multidisciplinary therapeutic approaches, EAC
remains a virulent disease with an overall 5-year survival
rate <20% [1, 2]. There is a great urgency to develop more
effective treatment strategies in order to improve clinical
outcomes. Recent studies have suggested that constitutive
activation of the HH pathway in cancers of the digestive
tract may contribute to the growth and maintenance
of cancer [3]. However, the relationship between HH
signaling and therapeutic response is unknown. The HH
pathway and associated overexpression of GLI1 have been
reported as oncogenic [4] while the nuclear expression of
GLI1 is considered predictive of a pathologic complete
response to chemoradiation in esophageal cancer (EC) [5].
Although there have been some advances in the discovery
of molecular drivers of EC, a detailed understanding of
the molecular mechanisms that promote EAC progression
is still limited.

HH signaling pathway plays a critical role in
regulating both embryonic development and cancer [6].
The HH signaling network comprises both canonical and
non-canonical signaling pathways. Activation of canonical
HH signaling occurs when any of the three HH ligands
binds to its receptor complex, which includes the pivotal
negative regulator Patched (PTCH) [6]. This relieves the
repression of SMO by PTCH, which ultimately leads to
the activation, stabilization, and nuclear translocation of
the GLI family of transcription factors. In humans, there
are three different GLI proteins (GLI1, GLI2, and GLI3).
While GLII is exclusively a transcriptional activator,
GLI2 and GLI3 can function as both transcriptional
activators and repressors [6—8]. To date, numerous GLI
target genes have been described, which are involved in
feedback mechanisms (e.g., HHIP, PTCHI, GLII), cell
cycle regulation (e.g., CYCLIN D1/2), proliferation, (e.g.,
PDGFR, MYC) apoptosis (e.g., BCL?2), angiogenesis (e.g.,
VEGF, ANG1/2), epithelial-mesenchymal transition (EMT;
e.g., MMPY9, SNAIL) and self-renewal (e.g., NANOG,
SOX2), representing a broad spectrum of mechanisms
by which the HH signaling pathway can be involved in
carcinogenesis [6-9]. SMO is the main transducer of the
HH signaling pathway. Accordingly, SMO inhibitors have
received intense research attention since the identification
of cyclopamine (a natural steroidal alkaloid) as the first
SMO antagonist, which blocks the HH signaling pathway
[10]. Notably, vismodegib (GDC-0449) [11] and sonidegib
(LDE225) [12] were approved by the US Food and Drug
Administration (FDA) for the treatment of basal cell
carcinoma (BCC) in 2012 and 2015, respectively. Several
other SMO inhibitors have also moved into various stages

of clinical trials [13]. Unfortunately, the clinical use of
SMO inhibitor (s) has also been associated with adverse
effects and mutation-related drug resistance. Subsequent
studies of acquired resistance to SMO inhibitors suggested
possible mechanisms to explain this resistance: (i) a
mutation in SMO that prevents ligand binding; (ii) the
upregulation of downstream effectors in the HH signaling
cascade (such as GLI); and (iii) activation of oncogenic
signaling pathways that interact with HH [13, 14]. For
example, it has been reported that GLI1 can participate in
a crosstalk with the mTOR pathway to induce secondary
resistance to HH inhibition in EC [15]. Since the GLI
proteins are the final effectors of HH pathway, the
development of GLI-targeted approach would be useful
for downregulating both canonical and non-canonical HH
pathway activation and perhaps overcoming anti-SMO
drug resistance.

Inhibition of BET (bromodomain and extra-terminal
motif) bromodomain proteins has recently emerged as a
novel strategy to epigenetically target the HH pathway
transcriptional output [16]. The BET bromodomain
protein BRD4 is a critical regulator of GL// and GLI2
transcription via direct occupancy on their promoters [16,
17]. Previously, we reported a BET inhibitor (IBET-151) as
a specific modulator of HH signaling that acts downstream
of SMO [18]. Our new results show that aberrant
activation of GLI signaling is observed in EAC cell lines
and primary patient-derived tumors, and the expression
level of GLII is associated with the clinical stage of
EAC. Moreover, we observed that GLI1 may predict the
response to neoadjuvant chemotherapy (NAC-FOLFOX).
Therefore, we hypothesize that HH/GLI pathway is critical
in tumorigenicity of EAC. Furthermore, we show that
IBET-151 abrogates the growth of vismodegib-resistant
EAC cells by reducing the occupancy of BRD4 at the
GLI1 locus that results in HH/GLI downregulation. IBET-
151 also attenuates tumor growth of EAC-PDXs. Together,
our results identify a novel druggable signaling pathway in
EAC and confirm the ability of a clinically relevant GLI
inhibitor to attenuate EAC growth.

RESULTS

Elevated GLI1 activity, associated with the
differentiation and clinical stage of EAC, drives
resistance to chemotherapy

In order to directly assess the status of GLI signaling
in patient-derived EAC samples, we screened primary
normal esophageal mucosa and EAC cells for presence
of GLI1 using immunohistochemistry (IHC) (Figure
1A). Significant positive levels of GLI1 were present in
62% (37/60) of primary EAC tumor tissues. In contrast,
mild levels of GLI1, localized to cells within the basal
layer, were detected in 17% of normal esophageal mucosa
samples. Next, we compared the expression levels of

www.oncotarget.com

3175

Oncotarget



various HH target genes (GLII, PTCHI, and PTCH?2) in
normal human primary esophageal epithelial cells and
EAC cell lines derived from tumor samples (Figure 1B).
All three target genes were expressed at significantly
higher levels in the primary EAC tumors relative to normal
mucosa. Gene expression data of 103 patient samples (75
EAC tumors and 28 adjacent normal mucosa) from the
Cancer Genome Atlas (TCGA) were also analyzed. We
selected target genes commonly used to identify the GLI-
dependent HH signaling activation, such as GLII, GLI2,
PTCHI, HHIP, and MYCN. The expression of this larger
panel of HH target genes was significantly higher in EACs
than in normal tissue (Figure 1C and 1D; Supplementary
Figure 1A—1C). Furthermore, GLI1 levels appeared to
vary depending on the degree of tumor cell differentiation
(Figure 2A). Strongly positive levels of GLI1 were
observed in 77% (22/28) of poorly-differentiated EAC
tumors, whereas mild positive nuclear staining for GLI1
was observed in 46% (15/32) of the well and moderately
differentiated EAC cases (Figure 2B) We also determined
that GLI1 levels vary depending on the clinical stage
(Figure 2C) and lymph node metastasis of EAC tumors
(Figure 2D), increasing with the stage of the disease.
This indicates that GLI1 activity correlates with the stage
of EAC diagnoses. Together, these results suggest that
GLI signaling is aberrantly activated in EAC. Current
treatment guidelines for EAC include NAC followed by
surgical resection [19-21]. In order to determine whether
GLI1 played a role in the response to NAC FOLFOX, we
analyzed the expression of GLI1 in a set of chemo-naive
EAC samples derived from ultrasound-assisted endoscopic
biopsies and determined its correlation to the pathological
response to NAC. Twelve out of 22 patient tumors that
had undetectable levels of GLI1 had a complete response
to chemotherapy, whereas ten patients that had high
or moderate levels of GLI1 expression did not show
significant response to chemotherapy (Figure 2E). Thus,
elevated expression of GLI1 appears to predict tumor
response to chemotherapy and is associated with poor
prognosis in EAC.

Glil is a critical regulator of EAC viability

Since GLII transcription factor is aberrantly
expressed in EAC and behaves as a final effector
controlling specific oncogenic target genes of HH
signaling, we evaluated whether GLI1 was required
for EAC viability. Increased colony formation ability
(Figure 3A) as well as high levels of HH target gene
expression and proteins were observed in EAC cell lines
under ectopic expression of GLII (Figure 3B-3C). In
addition, shRNA knockdown of GLII in all tested EAC
cell lines reduced tumor cell viability and their ability
to form colonies (Figure 3D-3G). Collectively, these
results highlight the important role that GLII plays in the
maintenance of EAC cell lines.

EAC cell lines are SMO-dependent but
insensitive to vismodegib

Since SMO is a pivotal regulator of GLI signaling,
for which a number of small molecule inhibitors are
currently approved by the FDA, we evaluated the
dependency of EAC cell lines on SMO activity. We
infected EAC cell lines with SMO-specific shRNA or
control shRNA (Supplementary Figure 2A). Consistent
with EAC viability being HH ligand-dependent, SMO
shRNA reduced tumor cell viability and ability of all
four EAC cell lines to grow in a colony formation assay
(Supplementary Figure 2B-2D). To take advantage of
the dependence of EAC cell lines on SMO and GLI1
activity, we next treated EAC cell lines with small
molecule inhibitors of either SMO (vismodegib) or GLI1
(GANTG61). While 5 uM GANT61 treatment was able
to significantly reduce the growth of EAC cell lines in a
colony formation assay, vismodegib had some inhibitory
effect on EAC cell lines only at a higher concentration
(Figure 4A-4D). Thus, although the expression of SMO is
required for EAC colony formation, it does not sensitize
EAC cells to vismodegib. In contrast, the GLI inhibitor
GANT61 was able to attenuate EAC growth, which
is consistent with the important role of GLI1 in EAC
viability. We also evaluated the effect of vismodegib on the
growth of OE33 and OE19 cell line xenografts. There was
no significant difference in tumor growth (Supplementary
Figure 3A and 3B) and HH target genes expression in
both EAC xenografts (Supplementary Figure 3C and 3D)
treated with vismodegib as compared to a vehicle group.
The reason behind this relative insensitivity to vismodegib
is unclear. However, we do note that similarly high IC_
values of vismodegib have been reported for a number of
other cancer cell lines sensitive to SMO knockdown [22].

GLI-dependent EAC cell lines are susceptible to
inhibition by IBET-151

Although GANT®61 is a useful tool compound to
demonstrate EAC GLI dependency in vitro, it has limited
utility in vivo and has not been developed for clinical
use [23]. Another class of small molecules that has been
shown to attenuate GLI activity in vivo is BET inhibitors,
a number of which are also being evaluated in the clinic.
Therefore, we evaluated the effect of IBET-151 treatment
on the growth of EAC cell lines using cell viability and
colony formation assays. IBET-151 attenuated both cell
viability and colony formation of all EAC cell lines tested,
with IC, values ranging between 102-636 nM (Figure 4E
and 4F). Consistent with our previous work where we had
shown IBET-151 acting on GLI1 proteins downstream
of SMO [18], IBET-151 also reduced the expression of
GLI1 target genes in FLO1 and OE33 EAC cell lines
(Supplementary Figure 4A—4C). GLI1 protein levels were
also reduced in a dose-dependent manner upon treatment
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with IBET-151 (Supplementary Figure 4D and 4E),
and this observation is consistent with previous studies
showing IBET-151 attenuating the activity of a number of
genes important to the proliferation and survival of cancer
cells, including GLI1 [18]. These results suggest that
IBET-151 may affect EAC cell growth via its effects on
GLI1. To demonstrate IBET-151 effects on EAC via GLII,
we compared the cell growth and IBET-151 sensitivity of
OE33 EAC cell line stably expressing exogenous GLI/
with those of OE33 expressing a control plasmid. OE33
cells were treated with two different concentrations of
IBET-151 (100 nM and 500 nM) for 48 h followed by
GLI1 protein and mRNA quantification and a colony
formation assay (Supplementary Figure 5A-5C). We
observed that OE33 cells expressing exogenous GLII were
more resistant to IBET-151 relative to the control cells and

had no decrease in GLI1 protein or mRNA levels. These
observations are consistent with IBET-151 acting on GLI
transcription to attenuate the growth of EAC cells.

IBET-151 reduces BRD4 occupancy on the GLI1
locus in EAC cells

Since IBET-151 acts as an inhibitor of BR2D,
BRD3 and BRD4 proteins, we examined the expression
of these BRD genes in EAC cells (Figure 5A). All three
genes were expressed at different levels depending on the
EAC cell line used, with relative BRD4 expression being
the highest in OE33 and EAC47. In order to evaluate the
dependency of BRD4 on GLII activity, OE33 cell line was
transfected with either BRD4 siRNA or control siRNA
(Figure 5B). BRD4 siRNA reduced the expression of GLI-
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Figure 1: GLI1 activity is increased in human EAC tumors. (A) Hematoxylin and eosin (H&E) and IHC staining of GLI1 were
determined in primary human EAC tumors (EAC36, EAC42, and EAC47) and matched adjacent normal mucosa. EAC tumors show strong
nuclear staining for GLI1 while only cells in the basal layer of the normal esophageal mucosa exhibited faint staining for GLI1. (B) mRNA
levels of HH target genes were observed in primary human esophageal tumor and were normalized to the relative expression values of
matched adjacent normal mucosa (N = 3). Error bars represent the S. E. of three independent experiments. Boxplot depicting mRNA levels
for GLI1 (C) and PTCH1 (D) genes from patients’ samples EAC tumors (n = 75) and adjacent normal mucosa (n = 28) were analyzed from
TCGA RNAseq. Y-axis show counts normalized by DESeq statistical method. p values < 0.05 are considered statistically significant and

indicated by an asterisk (*).
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dependent HH target genes (GLII/, PCTHI and PTCH?) as
compared to control siRNA (Figure 5C). Next, we tested
the hypothesis that IBET-151 treatment attenuates GLI
transcription by reducing BRD4 occupancy on the GLI!/
locus. We used OE33 cell line because it exhibited high
BDR4 expression levels. We found that BRD4 associates
with the proximal regulatory region of the GLI! locus near
the transcriptional start site (TSS) (Figure 5D). We also
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used EAC47 cells derived from a resected patient EAC
since these cells exhibited the highest BDR4 expression
levels of all the EACs examined. IBET-151 treatment
attenuated the cell viability and colony formation ability
of EAC47 cell line (Figure 6A and 6B). In addition, IBET-
151 decreased the occupancy of BRD4 near the TSS of
the GLII locus in EAC47 cells (Figure 6C). These results
suggest that IBET-151 abrogates GLI transcription by
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Figure 2: Elevated GLI1 activity is associated with the differentiation state and clinical stage of EAC, drives resistance
to the chemotherapy. (A) IHC staining of GLI1 was determined in the EAC with well-, moderately-, and poorly-differentiated tumors.
(B) Percent positive of GLII staining in the EAC with well-, moderately-, and poorly-differentiated tumors. (C) Percent positive of GLI1
staining in the EAC with different clinical stages. (D) Percent positive of GLI1 in EAC with lymph node metastasis (NO: 0 lymph node,

N1:1-3 axillary lymph nodes +). (E) H&E and THC staining of GLI1 in human esophageal ultrasound-assisted (EUS) biopsies. (C) p values
<0.05 are considered statistically significant and indicated by an asterisk (*).
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Figure 3: GLI1 is a critical regulator of EAC viability. (A) Ectopic GLII increases the ability of EAC cells to grow in a colony
assay. The quantification of the colony number of EAC cell lines under ectopic expression of GLI1 was normalized to the control (N = 3).
(B) mRNA levels of GLI1 target genes (PTCHI and PTCH?2) were observed in EAC cell lines under ectopic expression of GLI1 and were
normalized to the relative expression values of the control (N = 3). (C) The levels of GLI1 protein expression were analyzed by western
blots in EAC cell lines (FLO1, OE33 and JH-1) under ectopic expression of GLI1. HSP90 protein was used as a loading control (N = 3). (D)
mRNA expression levels of GLI1 were determined in EAC cell lines infected with shRNA against GLI1 and were normalized to the relative
expression values of the control (N = 3). (E) Colony formation assays were performed in EAC cell lines under GLI1 knocking down during
two weeks. (F) The quantification of the colony number in EAC cell lines infected with shRNA against GLI1 was normalized to the control
(N=3).(G) Cell viability assays were performed in EAC cell lines after knocking down of GLI1 (N = 3). The RLU were normalized to cell
number and were compared to the control.
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reducing the association of BRD4 with the proximal
regulatory region of the GLII locus in EAC cell lines.

IBET-151 inhibits EAC growth in patient-
derived xenograft models

PDX models retain the complexity and heterogeneity
of primary human cancers, and thus are thought to be
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Figure 4: Effect of small molecule inhibitors in EAC. Colony formation assays were performed in EAC cell lines under treatment
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to the control (DMSO) (N = 3).
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were significantly attenuated in the IBET-151 treatment
group as compared to the vehicle-treated group (Figure
6D and 6E; Supplementary Figure 6A—6F). In comparison
to the control mice, IBET-151 treatment also reduced
the levels of a proliferation biomarker (Ki67) and the
expression of GLII in EAC47 PDX (Figure 6F). These
results show that IBET-151 also significantly abrogated
patient-derived EAC growth in vivo in part via attenuation
of GLI signaling.

DISCUSSION

Previous studies have reported aberrant activation
of HH/GLI signaling in esophageal cancer, which can be
caused by a number of factors [24-26] including genetic
alterations of individual pathway components, such
as PTCH or SMO mutations and GL/1/2 amplification
[27]. The over-expression of GLI1 is a credible indicator
of poorer prognosis for a variety of cancers including
gastric cancer and esophageal squamous cell carcinoma
(ESCC) [28, 29]. To date, the correlation between the
expression of GLI1 and its clinical significance in
EAC has not been reported. In the present study, we
demonstrate that GLI1 is over-expressed in the primary

EAC tumors derived from a group of patients as well
as in EAC cell lines. This aberrant expression of GLI1
was associated with high expression levels of other HH
target genes, such as PTCHI, HHIP, and MYCN. We also
observed that GLII1 played a role in EAC response to
NAC, which suggests that GLI1 expression in tumor may
predict patients’ response to chemotherapy. Since EAC
cell lines with ectopic expression of GLI1 had increased
expression levels of HH target genes and GLI1 depletion
decreased the tumor ability to form colonies, we conclude
that GLII is a critical regulator of EAC maintenance.
The upregulation of downstream effectors in the HH
signaling cascade such as GLI1 has been suggested as
a possible mechanism to explain tumor resistance to the
SMO inhibitors [14, 30], as is the case with vismodegib.
Although the high levels of GLI1 in EAC are consistent
with HH-driven tumors reports, our data did not allow
determining whether EAC cells are inherently resistant
to vismodegib as a consequence of aberrant activation of
GLII. Another possible contributor to such a resistance
is Notch signaling. Previously, we reported the same
EAC tumors and cell lines evaluated in this study having
elevated Notch activity, which is associated with the
differentiation state and clinical stage of EAC, drives
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resistance to chemotherapy, and results in poor prognosis
[32]. Furthermore, elevated Notch activity has been related
with resistance in HH-driven BCC [31]. Together, these
results suggest that aberrant activity of Notch signaling
may contribute to the resistance to vismodegib in HH-
driven EAC.

Two SMO inhibitors have been approved for treating
advanced BCC, vismodegib [11] and sonidegib [12].

to SMO inhibition has been reported in the clinic [33,
34]. Currently, there is no FDA-approved HH inhibitor
for EAC patients. However, there is an ongoing clinical
trial with Itraconazole, a repurposed anti-fungal agent that
acts as a SMO inhibitor [35]. The purpose of this study
is to demonstrate that orally administered Itraconazole
can inhibit HH signaling in patients with esophageal
cancer, EAC and ESCC [35]. Pathway-dependent genetic

However, the evidence of inherent and acquired resistance alterations discovered in resistant tumors from patients and
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Figure 6: IBET-151 inhibits the growth in EAC PDX models. (A) Dose-response curve for cell viability assessed in EAC47
cell line exposed to different concentrations of IBET-151 during 48 h (V= 3). (B) Colony formation assays were performed in EAC cell
lines under treatment of two different concentration (100 nM and 500 nM) of IBET-151, the colony number was quantified and compared
to the control (DMSO) (N = 3). (C) BRD4 occupancy was analysed by ChIP-quantitative PCR in EAC47 cell line treated with 325 nM
of IBET-151 and was normalized to a control ChIP performed using rabbit IgG (N = 3). (D) Significant changes were observed in the
volume of EAC47 derived PDX tumors (N = 6) under IBET-151 (30 mg/Kg) daily IP treatment. (E) mRNA levels of HH target genes
(GLI1, PTCHI and PTCH?) were determined by qRT-PCR in PDX EAC47 and were normalized to the expression value of HPRT (N =5).
(F) Representative images of Ki67 and GLI1 staining in EAC47 derived PDX tumors treated by IBET-151(down) and vehicle (up) (N =15).
Error bars represent the S. E. of three independent experiments. p values < 0.05 are considered statistically significant and indicated by an
asterisk (*).
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animal models directly affect HH pathway members [36].
Initial studies in medulloblastoma and BCC suggest that
vismodegib resistance stems from genetic alterations at the
level of or downstream from SMO [37-39]. Resistance can
originate from SMO point mutations that ablate SMO—drug
interaction while maintaining HH pathway activation [40].
Similarly, in esophageal cancer resistant to SMO inhibitors,
the activity of PI3K/Akt/mTOR pathway component S6
kinase 1 (S6K1) was found to be elevated [15]. S6K1
phosphorylates GLI1 releasing it from Sufu inhibition
to activate GLI-dependent transcription. S6K1 renders
GLI1-expressing tumors partially SMO-independent
as inhibition from Sufu is derepressed. Interestingly,
S6K1 is inappropriately activated in EAC and some
medulloblastomas [15, 41], providing a partial explanation
for drug resistance [42]. Developing effective targeted
therapies to dispatch tumors before they evolve resistance
requires knowledge of available escape pathways. This
is especially critical given that resistant clones are likely
present in small numbers at the time of treatment initiation.
GLI transcription factors ultimately transduce the signal
from the HH ligand. Moreover, escape pathways that
bypass SMO still activate GLI1. Targeting GLI1 directly
or the signaling components that activate GLI1 may prove
quite successful as the next level of therapy.

Since the resistance to SMO inhibitors, such as
vismodegib, occurs via genetic changes of SMO or other
downstream HH components, we propose to overcome
these resistance mechanisms by modulating GLI
transcription via BET bromodomain proteins inhibition.
Specifically, IBET-151 attenuates HH signaling in cells
with constitutive GLI1 activity in a SMO-independent
fashion in BCC, medulloblastoma, and atypical teratoid/
rhabdoid tumor [15, 17, 18]. Given that vismodegib-
resistant EAC cells show aberrant activation of GLII,
we hypothesized that IBET-151 treatment may bypass
this vismodegib resistance. Our results show that IBET-
151 has a potential effect in EAC cell lines resistant to
vismodegib inhibiting cell viability, ability to form
colonies, and GLI1 target gene expression. Additionally,
it has been reported that BRD4 regulates GLI transcription
downstream of SMO and SUFU, and ChIP studies reveal
that BRD4 directly occupies GLII and GLI2 promoters
[15, 17, 18]. Our results are consistent with these data,
as we show that BRD4 associates with the proximal
regulatory region of the GLII locus near its transcriptional
start site. Simultaneously, we demonstrated that IBET-
151 treatment attenuates GLI1 transcription by reducing
BRD4 occupancy on the GLII locus in both EAC47 cells
derived from a patient tumor and OE33 cell line. In order
to extend our findings, we evaluated the effect of IBET-
151 in EAC-PDX samples. We demonstrated that IBET-
151 attenuated the tumor growth from three different
EAC-PDX models when compared to the vehicle group.
Moreover, IBET-151 reduced both the expression of GLI/
and proliferation of EAC47 PDX. Although the majority

of HH inhibitors described to date bind to and attenuate
the activity of SMO, downstream mutations from SMO
or other signaling pathways activate GLI proteins in a
non-canonical manner contributing to the resistance to
SMO inhibitors. We provide a viable mechanism where
IBET-151 treatment abrogates the growth of vismodegib-
resistant and GLI1-dependent EAC cells, downregulating
the levels and activity of the GLI1 transcription factor by
reducing BRD4 occupancy on the GLI! locus. Currently,
several BET inhibitors are in different stages of clinical
evaluation and will provide the first starting point for
future therapies targeting GLI-dependent EAC [43, 44].

MATERIALS AND METHODS

Human esophageal adenocarcinoma and normal
esophageal mucosa samples

Human EAC tumors, matched adjacent non-tumor
tissues, and normal esophageal mucosa were obtained
from tissue microarray (Biomax. US, ES8011) and
the patients undergoing surgery (ultrasound-assisted
endoscopic [EUS] biopsies) at Miller School of Medicine,
University of Miami. We obtained consent from all
patients and approval from the Institutional Research
Ethics Committee. We analyzed the expression of GLI1 in
22 chemo-naive EAC samples derived from ultrasound-
assisted endoscopic biopsies and compared to the response
of NAC therapy (FOLFOX).

Cell culture

Human EAC cell lines OE33 and OE19 were obtained
from the European Collection of Cell Culture. FLO1 and
JH-EsoAd1 cells were a generous gift from other labs
[32]. Human EAC36, EAC42, and EACA47 cell lines were
isolated from human esophageal mucosa obtained from
tumor adjacent tissue. Normal human primary esophageal
epithelial cells EAC36N, EAC42N, and EAC47N were
isolated from human esophageal mucosa obtained from
normal adjacent tissue. All cell lines were characterized
by short tandem repeat analyses (STR) profiling (LGS
Standards SLU) within 6 months after receipt.

Compounds

Commercially available compounds were purchased
from either Selleckchem or R & D system as individual
compounds. GDC-0449 (S1082; Selleckchem), GANT61
(S8075; Selleckchem) and IBET-151 (4650; R & D
System).

Colony formation and cell viability assays

Cells were cultured at low density under treatment,
and then colonies were stained with 0.01% crystal violet
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and counted. The cells were measured using the Cell Titer-
Glo assay (G7572; Promega) for Cell Viability Assays.

qRT-PCR analysis

Total mMRNA was isolated and cDNA was synthesized
according to the manufacturer’s protocol (4368814; Life
Technologies). qRT-PCR analysis was performed using
TagMan probes according to manufacturer’s instructions
(4324018; Applied Biosystems). Gene expression was
normalized to HPRT or GAPDH gene. TagMan Primer
sequences are available upon request.

Transfection of adherent cells

The specific siRNA duplexes targeted against human
BRD2, BRD3, or BRD4, siRNA transfection reagent, and
reduced-serum transfection medium were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). The
day before transfection, 4 x 10* cells were seeded in each
well of 12-well cell culture plates in RPMI 1640 medium
containing 10% FCS without antibiotics and incubated
for 24 h. The next day, transfection complexes were
prepared using BRD siRNA, siRNA transfection reagent,
and transfection medium according to the manufacturer’s
instructions and were delivered to cell monolayers in 600
pl fresh media with 50 or 100 nM final concentration
of siRNA duplexes. A scrambled siRNA (Santa Cruz
Biotechnology) was used as negative control.

Lentiviruses and infection

Lentiviruses expressing various shRNAs and over-
expression plasmids were produced as described previously
[18]. For viral infection, sub-confluent cells were overlaid
with the virus-containing medium and fresh growth medium
in the presence of polybrene (H9268; Sigma).

Western blotting

Cells lysates were resolved by SDS-PAGE and
transferred onto Immobilon-P membranes (IPVH00010;
Millipore). Membranes were blocked in milk and
incubated with primary antibodies (BRD2 mAb #5848;
BRD3 SC-515666; BRD4 mAb #13440; GLI1 mAb
#3538; HSP90 mAb #4877, GAPDH mAb #5174)
followed by incubation with the anti-mouse or anti-
rabbit secondary antibody conjugated with horseradish
peroxidase. For detection, enhanced chemiluminescence
reaction (RPN2232; Amersham Biosciences) was
performed according to the manufacturer’s specifications.

Immunohistochemistry

Immunohistochemical staining of GLI1 (1:200;
ab-151796) and Ki67 (1:100; ab-15580) was carried

out using a DAKO autostainer. Results were scored
using Semiquantitative Scoring (IRS) by multiplying
the percentage of positive cells (P) by the intensity (I).
Formula: Q=P x L.

Chromatin immunoprecipitation (ChIP) assay

ChiP experiments were performed as described
previously [18].

Animal experiments

Since the therapeutic efficacy in PDX models is
a better predictor of the clinical response from patient
tumors, we used three EAC PDX (EAC36, EAC42 and
EACT74) from our library of surgically resected patient
tumors in order to evaluate the effect of IBET-151 on
tumor growth. Six-week-old NOD-SCID gamma (NSG)
female mice were purchased from Jackson Laboratories.
PDX cancer models and xenografts were established as
described previously in NSG mice [45]. When the tumor
size reached 200 mm?, the mice were treated with daily
dose of 30 mg/kg by intraperitoneal (IP) injection (5 mice
per treatment/5 mice per negative control) during 14 days
of treatment. The stop/end point criteria are based on the
days it takes for tumors to reach 2000 mm? according to
what is approved in our animal protocol. Tumor volume
was measured by the formula: volume = (S x S x L)/2
[43]. The tumor samples were subjected to histologic
examination and qRT-PCR analysis. Animal experiments
were reviewed and approved by the University of Miami
Institutional Animal Care and Use Committee (Miami, FL,
USA).

Statistic

P value was calculated using chi-square in the
contingency table. Data are presented as mean + SD and
were analyzed by 2-tailed Student’s ¢ test. A P value of
less than 0.05 was considered significant. Enhanced
expression of GLI1 in EAC tumors versus normal mucosa
was determined by the Mann—Whitney U Test. In all other
cases, statistical significance was determined by Student’s
T test. P value < 0.05 was considered statistically
significant.

Abbreviations

BCC: basal cell carcinoma; BCL2: B-cell lymphoma
2; BET: bromodomain and extra-terminal motif; BRD:
bromodomain; ChIP: Chromatin Immunoprecipitation;
EAC: Esophageal adenocarcinoma; EMT: epithelial—
mesenchymal transition; ESCC: esophageal squamous cell
carcinoma; EUS: ultrasound-assisted endoscopic; FDA:
food and drug administration; GAPDH: glyceraldehyde-
3-phosphate dehydrogenase; GLI: Glioma-associated
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oncogene homolog; HH: Hedgehog; HHIP: hedgehog-
interacting protein, HPRT: hypoxanthine guanine
phosphoribosyl transferase; IHC: immunohistochemistry;
IRS: the immunoreactive score; MMP9: Matrix
metallopeptidase 9; MTOR: mammalian target of
rapamycin; NAC: Neoadjuvant chemotherapy; NSG:
NOD-SCID gamma; PDGFR: Platelet-derived growth
factor receptors; PDX: patient-derived xenograft; PI3K:
Phosphoinositide 3-kinases; PTCH: Patched; qRT-PCR:
Quantitative reverse transcription polymerase chain
reaction; S6K1: Ribosomal protein S6 kinase beta-1;
SDS-PAGE: sodium dodecyl sulphate-polyacrylamide gel
electrophoresis; SMO: Smoothened; STR: short tandem
repeat; TCGA: the cancer genome atlas; TSS: transcription
start site(s); VEGF: Vascular endothelial growth factor.

Author contributions

Annamil Alvarez-Trotta: Conceptualization, data
curation, analysis and interpretation of data, investigation,
methodology, writing—original draft, writing—review,
and editing, statistical analysis. Zhigiang Wang: study
concept and design, acquisition of data, methodology,
and investigation. Elena Shersher: Investigation, writing—
review, and editing. Jun Long: acquisition of data and
methodology. Ines Lohse: Investigation, writing—review,
and editing. Claes Wahlestedt: Investigation, writing—
review, and editing. Wael El-Rifai: Investigation, writing—
review, and editing. David J. Robbins": Conceptualization,
analysis and interpretation of data, drafting of the
manuscript; critical revision of the manuscript for important
intellectual content, investigation, writing—review, and
editing. Anthony J. Capobianco”: Conceptualization, study
supervision, funding acquisition, project administration,
resources, critical revision of the manuscript for important
intellectual content, writing — review, and editing.

ACKNOWLEDGMENTS AND FUNDING

This work was funded, in part, by grants from
the National Cancer Institute RO1CA083736-12A1,
RO1CA125044-02, and ROICA169805-01 (AJC), and by
funding from the Dewitt Daughtry Family Department of
Surgery, and the Sylvester Comprehensive Cancer Center.

CONFLICTS OF INTEREST

Authors have no conflicts of interest to declare.

REFERENCES

1. Malhotra GK, Yanala U, Ravipati A, Follet M, Vijayakumar
M, Are C. Global trends in esophageal cancer. J Surg Oncol.
2017; 115:564-579. https://doi.org/10.1002/js0.24592.
[PubMed]

10.

I1.

12.

13.

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019.
CA Cancer J Clin. 2019; 69:7-34. https://doi.org/10.3322/
caac.21551. [PubMed]

Sims-Mourtada J, 1zzo JG, Apisarnthanarax S, Wu TT,
Malhotra U, Luthra R, Liao Z, Komaki R, van der Kogel A,
Ajani J, Chao KS. Hedgehog: an attribute to tumor regrowth
after chemoradiotherapy and a target to improve radiation
response. Clin Cancer Res. 2006; 12:6565-6572. https://doi.
org/10.1158/1078-0432.CCR-06-0176. [PubMed]

Onishi H, Katano M. Hedgehog signaling pathway as a

therapeutic target in various types of cancer. Cancer Sci.
2011; 102:1756-1760. https://doi.org/10.1111/].1349-
7006.2011.02010.x. [PubMed]

Wadhwa R, Wang X, Baladandayuthapani V, Liu B,
Shiozaki H, Shimodaira Y, Lin Q, Elimova E, Hofstetter
WL, Swisher SG, Rice DC, Maru DM, Kalhor N, et al.
Nuclear expression of Gli-1 is predictive of pathologic

complete response to chemoradiation in trimodality treated
oesophageal cancer patients. Br J Cancer. 2017; 117:648—
655. https://doi.org/10.1038/bjc.2017.225. [PubMed]

Gaur P, Kim MP, Dunkin BJ. Esophageal cancer: Recent
advances in screening, targeted therapy, and management.
J Carcinog. 2014; 13:11. https://doi.org/10.4103/1477-
3163.143720. [PubMed]

Taipale J, Beachy PA. The Hedgehog and Wnt signalling
pathways in cancer. Nature. 2001; 411:349-354. https://doi.
0rg/10.1038/35077219. [PubMed]

Cross SS, Bury JP. The Hedgehog signalling pathways in
human pathology. Curr Diagn Pathol. 2004; 10:157-168.
https://doi.org/10.1016/j.cdip.2003.11.005.

Gupta S, Takebe N, Lorusso P. Targeting the Hedgehog
pathway in cancer. Ther Adv Med Oncol. 2010; 2:237-250.
https://doi.org/10.1177/1758834010366430. [PubMed]
Taipale J, Chen JK, Cooper MK, Wang B, Mann RK,
Milenkovic L, Scott MP, Beachy PA. Effects of oncogenic
mutations in Smoothened and Patched can be reversed by
cyclopamine. Nature. 2000; 406:1005-1009. https://doi.
0rg/10.1038/35023008. [PubMed]

Robarge KD, Brunton SA, Castanedo GM, Cui Y, Dina MS,
Goldsmith R, Gould SE, Guichert O, Gunzner JL, Halladay
J, Jia W, Khojasteh C, Koehler MF, et al. GDC-0449—a
potent inhibitor of the hedgehog pathway. Bioorg Med
Chem Lett. 2009; 19:5576-5581. https://doi.org/10.1016/].
bmcl.2009.08.049. [PubMed]

Pan S, Wu X, Jiang J, Gao W, Wan Y, Cheng D, Han D, Liu
J, Englund NP, Wang Y, Peukert S, Miller-Moslin K, Yuan
J, et al. Discovery of NVP-LDE225, a potent and selective
smoothened antagonist. ACS Med Chem Lett. 2010; 1:130—
134. https://doi.org/10.1021/m11000307. [PubMed]

Xin M. Hedgehog inhibitors: a patent review (2013—
present). Expert Opin Ther Pat. 2015; 25:549-565. https://
doi.org/10.1517/13543776.2015.1019864. [PubMed]

Pricl S, Cortelazzi B, Dal Col V, Marson D, Laurini E,
Fermeglia M, Licitra L, Pilotti S, Bossi P, Perrone F.
Smoothened (SMO) receptor mutations dictate resistance

www.oncotarget.com

3185

Oncotarget


https://doi.org/10.1002/jso.24592
https://www.ncbi.nlm.nih.gov/pubmed/28320055
https://doi.org/10.3322/caac.21551
https://doi.org/10.3322/caac.21551
https://www.ncbi.nlm.nih.gov/pubmed/30620402
https://doi.org/10.1158/1078-0432.CCR-06-0176
https://doi.org/10.1158/1078-0432.CCR-06-0176
https://www.ncbi.nlm.nih.gov/pubmed/17085672
https://doi.org/10.1111/j.1349-7006.2011.02010.x
https://doi.org/10.1111/j.1349-7006.2011.02010.x
https://www.ncbi.nlm.nih.gov/pubmed/21679342
https://doi.org/10.1038/bjc.2017.225
https://www.ncbi.nlm.nih.gov/pubmed/28728163
https://doi.org/10.4103/1477-3163.143720
https://doi.org/10.4103/1477-3163.143720
https://www.ncbi.nlm.nih.gov/pubmed/25395880
https://doi.org/10.1038/35077219
https://doi.org/10.1038/35077219
https://www.ncbi.nlm.nih.gov/pubmed/11357142
https://doi.org/10.1016/j.cdip.2003.11.005
https://doi.org/10.1177/1758834010366430
https://www.ncbi.nlm.nih.gov/pubmed/21789137
https://doi.org/10.1038/35023008
https://doi.org/10.1038/35023008
https://www.ncbi.nlm.nih.gov/pubmed/10984056
https://doi.org/10.1016/j.bmcl.2009.08.049
https://doi.org/10.1016/j.bmcl.2009.08.049
https://www.ncbi.nlm.nih.gov/pubmed/19716296
https://doi.org/10.1021/ml1000307
https://www.ncbi.nlm.nih.gov/pubmed/24900187
https://doi.org/10.1517/13543776.2015.1019864
https://doi.org/10.1517/13543776.2015.1019864
https://www.ncbi.nlm.nih.gov/pubmed/25726713

15.

16.

17.

18.

19.

20.

21.

22.

23.

to vismodegib in basal cell carcinoma. Mol Oncol. 2015;
9:389-397. https://doi.org/10.1016/j.molonc.2014.09.003.
[PubMed]

Wang Y, Ding Q, Yen CJ, Xia W, Izzo JG, Lang JY, Li CW,
Hsu JL, Miller SA, Wang X, Lee DF, Hsu JM, Huo L, et
al. The crosstalk of mTOR/S6K1 and Hedgehog pathways.
Cancer Cell. 2012; 21:374-387. https://doi.org/10.1016/].
ccr.2011.12.028. [PubMed]

Taylor R, Long J, Yoon JW, Childs R, Sylvestersen KB, Nielsen
ML, Leong KF, Iannaccone S, Walterhouse DO, Robbins DJ,
Iannaccone P. Regulation of GLI1 by cis DNA elements and
epigenetic marks. DNA Repair (Amst). 2019; 79:10-21. https:/
doi.org/10.1016/j.dnarep.2019.04.011. [PubMed]

Tang Y, Gholamin S, Schubert S, Willardson MI, Lee A,
Bandopadhayay P, Bergthold G, Masoud S, Nguyen B, Vue
N, Balansay B, Yu F, Oh S, et al. Epigenetic targeting of

Hedgehog pathway transcriptional output through BET
bromodomain inhibition. Nat Med. 2014; 20:732-740.
https://doi.org/10.1038/nm.3613. [PubMed]

Long J, Li B, Rodriguez-Blanco J, Pastori C, Volmar CH,
Wahlestedt C, Capobianco A, Bai F, Pei XH, Ayad NG,
Robbins DJ. The BET bromodomain inhibitor I-BET151
acts downstream of smoothened protein to abrogate the
growth of hedgehog protein-driven cancers. J Biol Chem.
2014; 289:35494-35502. https://doi.org/10.1074/jbc.
M114.595348. [PubMed]

Ardalan B, Spector SA, Livingstone AS, Franceschi D,
Mezentsev D, Lima M, Bowen-Wells CP, Sparling L, Avisar
E, Sapp M, Rios J, Walker G, Ganjei-Azar P. Neoadjuvant,
surgery and adjuvant chemotherapy without radiation for
esophageal cancer. Jpn J Clin Oncol. 2007; 37:590-596.
https://doi.org/10.1093/jjco/hym076. [PubMed]

Solomon N, Mezentsev D, Reis I, Lima M, Rios J, Avisar
E, Franceschi D, Livingstone A, Podolsky L, Ardalan B. A
phase II study of neoadjuvant and adjuvant chemotherapy
with 5-fluorodeoxyuridine, leucovorin, oxaliplatin and

docetaxel in the treatment of previously untreated advanced
esophageal adenocarcinoma. Jpn J Clin Oncol. 2011;
41:469-476. https://doi.org/10.1093/jjco/hyg239. [PubMed]

Allan BJ, Pedroso F, Gennis ER, Livingstone AS,
Montero A, Lally B, Ardalan B, Koniaris LG, Solomon
NL, Franceschi D. Influence of treatment modality in
outcomes for different stages of resectable esophageal
adenocarcinomas. Ann Surg Oncol. 2013; 20:1660—1667.
https://doi.org/10.1245/510434-012-2766-8. [PubMed]

Dagklis A, Demeyer S, De Bie J, Radaelli E, Pauwels D,
Degryse S, Gielen O, Vicente C, Vandepoel R, Geerdens
E, Uyttebroeck A, Boeckx N, de Bock CE, Cools J.
Hedgehog pathway activation in T-cell acute lymphoblastic

leukemia predicts response to SMO and GLI1 inhibitors.
Blood. 2016; 128:2642-2654. https://doi.org/10.1182/
blood-2016-03-703454. [PubMed]

Lauth M, Bergstrom A, Shimokawa T, Toftgard R.
Inhibition of GLI-mediated transcription and tumor cell

growth by small-molecule antagonists. Proc Natl Acad

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Sci U S A. 2007; 104:8455-8460. https://doi.org/10.1073/
pnas.0609699104. [PubMed]

Yang L, Wang LS, Chen XL, Gatalica Z, Qiu S, Liu Z,
Stoner G, Zhang H, Weiss H, Xie J. Hedgehog signaling
activation in the development of squamous cell carcinoma
and adenocarcinoma of esophagus. Int J Biochem Mol Biol.
2012; 3:46-57. [PubMed]

Ma X, Sheng T, Zhang Y, Zhang X, He J, Huang S, Chen
K, Sultz J, Adegboyega PA, Zhang H, Xie J. Hedgehog
signaling is activated in subsets of esophageal cancers.
Int J Cancer. 2006; 118:139-148. https://doi.org/10.1002/
1jc.21295. [PubMed]

Xie K, Abbruzzese JL. Developmental biology informs
cancer: the emerging role of the hedgehog signaling
pathway in wupper gastrointestinal cancers. Cancer
Cell. 2003; 4:245-247. https://doi.org/10.1016/S1535-
6108(03)00246-0. [PubMed]

Snijders AM, Schmidt BL, Fridlyand J, Dekker N, Pinkel
D, Jordan RC, Albertson DG. Rare amplicons implicate
frequent deregulation of cell fate specification pathways in
oral squamous cell carcinoma. Oncogene. 2005; 24:4232—
4242. https://doi.org/10.1038/sj.onc.1208601. [PubMed]

Cheng J, Gao J, Tao K. Prognostic role of Glil expression

in solid malignancies: a meta-analysis. Sci Rep. 2016;
6:22184. https://doi.org/10.1038/srep22184. [PubMed]
LuL, WuM, Zhao F, Fu W, Li W, Li X, Liu T. Prognostic
and clinicopathological value of Gli-1 expression in gastric
cancer: A meta-analysis. Oncotarget. 2016; 7:69087-69096.
https://doi.org/10.18632/oncotarget.12011. [PubMed]

Mastrangelo E, Milani M. Role and inhibition of GLI1
protein in cancer. Lung Cancer (Auckl). 2018; 9:35-43.
[PubMed]

Eberl M, Mangelberger D, Swanson JB, Verhaegen ME,
Harms PW, Frohm ML, Dlugosz AA, Wong SY. Tumor
architecture and notch signaling modulate drug response
in basal cell carcinoma. Cancer Cell. 2018; 33:229-243 .e4.
https://doi.org/10.1016/j.ccell.2017.12.015. [PubMed]

Wang Z, Da Silva TG, Jin K, Han X, Ranganathan P, Zhu X,
Sanchez-Mejias A, Bai F, Li B, Fei DL, Weaver K, Carpio
RV, Moscowitz AE, et al. Notch signaling drives stemness

and tumorigenicity of esophageal adenocarcinoma. Cancer
Res. 2014; 74:6364—6374. https://doi.org/10.1158/0008-
5472.CAN-14-2051. [PubMed]

Pak E, Segal RA. Hedgehog signal transduction: key players,
oncogenic drivers, and cancer therapy. Dev Cell. 2016; 38:333—
344. https://doi.org/10.1016/j.devcel.2016.07.026. [PubMed]

Basset-Seguin N, Sharpe HJ, de Sauvage FJ. Efficacy of

Hedgehog pathway inhibitors in Basal cell carcinoma.
Mol Cancer Ther. 2015; 14:633-641. https:/doi.
org/10.1158/1535-7163.MCT-14-0703. [PubMed]

Singh S, Wang Z, Liang Fei D, Black KE, Goetz JA,
Tokhunts R, Giambelli C, Rodriguez-Blanco J, Long
J, Lee E, Briegel KJ, Bejarano PA, Dmitrovsky E, et al.
Hedgehog-producing cancer cells respond to and require

www.oncotarget.com

3186

Oncotarget


https://doi.org/10.1016/j.molonc.2014.09.003
https://www.ncbi.nlm.nih.gov/pubmed/25306392
https://doi.org/10.1016/j.ccr.2011.12.028
https://doi.org/10.1016/j.ccr.2011.12.028
https://www.ncbi.nlm.nih.gov/pubmed/22439934
https://doi.org/10.1016/j.dnarep.2019.04.011
https://doi.org/10.1016/j.dnarep.2019.04.011
https://www.ncbi.nlm.nih.gov/pubmed/31085420
https://doi.org/10.1038/nm.3613
https://www.ncbi.nlm.nih.gov/pubmed/24973920
https://doi.org/10.1074/jbc.M114.595348
https://doi.org/10.1074/jbc.M114.595348
https://www.ncbi.nlm.nih.gov/pubmed/25355313
https://doi.org/10.1093/jjco/hym076
https://www.ncbi.nlm.nih.gov/pubmed/17704532
https://doi.org/10.1093/jjco/hyq239
https://www.ncbi.nlm.nih.gov/pubmed/21258083
https://doi.org/10.1245/s10434-012-2766-8
https://www.ncbi.nlm.nih.gov/pubmed/23456314
https://doi.org/10.1182/blood-2016-03-703454
https://doi.org/10.1182/blood-2016-03-703454
https://www.ncbi.nlm.nih.gov/pubmed/27694322
https://doi.org/10.1073/pnas.0609699104
https://doi.org/10.1073/pnas.0609699104
https://www.ncbi.nlm.nih.gov/pubmed/17494766
https://www.ncbi.nlm.nih.gov/pubmed/22509480
https://doi.org/10.1002/ijc.21295
https://doi.org/10.1002/ijc.21295
https://www.ncbi.nlm.nih.gov/pubmed/16003737
https://doi.org/10.1016/S1535-6108(03)00246-0
https://doi.org/10.1016/S1535-6108(03)00246-0
https://www.ncbi.nlm.nih.gov/pubmed/14585350
https://doi.org/10.1038/sj.onc.1208601
https://www.ncbi.nlm.nih.gov/pubmed/15824737
https://doi.org/10.1038/srep22184
https://www.ncbi.nlm.nih.gov/pubmed/26899488
https://doi.org/10.18632/oncotarget.12011
https://www.ncbi.nlm.nih.gov/pubmed/27634907
https://www.ncbi.nlm.nih.gov/pubmed/29628779
https://doi.org/10.1016/j.ccell.2017.12.015
https://www.ncbi.nlm.nih.gov/pubmed/29395868
https://doi.org/10.1158/0008-5472.CAN-14-2051
https://doi.org/10.1158/0008-5472.CAN-14-2051
https://www.ncbi.nlm.nih.gov/pubmed/25164006
https://doi.org/10.1016/j.devcel.2016.07.026
https://www.ncbi.nlm.nih.gov/pubmed/27554855
https://doi.org/10.1158/1535-7163.MCT-14-0703
https://doi.org/10.1158/1535-7163.MCT-14-0703
https://www.ncbi.nlm.nih.gov/pubmed/25585509

36.

37.

38.

39.

40.

41.

autocrine Hedgehog activity. Cancer Res. 2011; 71:4454—
4463. https://doi.org/10.1158/0008-5472.CAN-10-2313.
[PubMed]

Tsubamoto H, Ueda T, Inoue K, Sakata K, Shibahara H,
Sonoda T. Repurposing itraconazole as an anticancer agent.
Oncol Lett. 2017; 14:1240-1246. https://doi.org/10.3892/
01.2017.6325. [PubMed]

Rudin CM, Hann CL, Laterra J, Yauch RL, Callahan CA, Fu
L, Holcomb T, Stinson J, Gould SE, Coleman B, LoRusso
PM, Von Hoff DD, de Sauvage FJ, Low JA. Treatment of
medulloblastoma with hedgehog pathway inhibitor GDC-
0449. N Engl J Med. 2009; 361:1173—1178. https://doi.
org/10.1056/NEJM02a0902903. [PubMed]

Rimkus TK, Carpenter RL, Qasem S, Chan M, Lo HW.
Targeting the sonic hedgehog signaling pathway: review
of smoothened and GLI inhibitors. Cancers (Basel). 2016;
8:22. https://doi.org/10.3390/cancers8020022. [PubMed]

Sekulic A, Migden MR, Oro AE, Dirix L, Lewis KD,
Hainsworth JD, Solomon JA, Yoo S, Arron ST, Friedlander
PA, Marmur E, Rudin CM, Chang AL, et al. Efficacy and
safety of vismodegib in advanced basal-cell carcinoma. N
Engl J Med. 2012; 366:2171-2179. https://doi.org/10.1056/
NEJMoall13713. [PubMed]

Aberger F, Kern D, Greil R, Hartmann TN. Canonical and
noncanonical Hedgehog/GLI signaling in hematological
malignancies. Vitam Horm. 2012; 88:25-54. [PubMed]

Dijkgraaf GJ, Alicke B, Weinmann L, Januario T, West
K, Modrusan Z, Burdick D, Goldsmith R, Robarge K,

42.

43.

44.

45.

Sutherlin D, Scales SJ, Gould SE, Yauch RL, de Sauvage
FJ. Small molecule inhibition of GDC-0449 refractory
smoothened mutants and downstream mechanisms of drug
resistance. Cancer Res. 2011; 71:435-444. https://doi.
org/10.1158/0008-5472.CAN-10-2876. [PubMed]

Metcalfe C, de Sauvage FJ. Hedgehog fights back:
mechanisms of acquired resistance against Smoothened
antagonists. Cancer Res. 2011; 71:5057-5061. https://doi.
org/10.1158/0008-5472.CAN-11-0923. [PubMed]

Shi J, Vakoc CR. The mechanisms behind the therapeutic
activity of BET bromodomain inhibition. Mol Cell. 2014;
54:728-736. https://doi.org/10.1016/j.molcel.2014.05.016.
[PubMed]

Alqgahtani A, Choucair K, Ashraf M, Hammouda DM,
Alloghbi A, Khan T, Senzer N, Nemunaitis J. Bromodomain
and extra-terminal motif inhibitors: a review of preclinical

and clinical advances in cancer therapy. Future Sci OA.
2019; 5:FSO372. https://doi.org/10.4155/fs0a-2018-0115.
[PubMed]

Fichtner I, Rolff J, Soong R, Hoffmann J, Hammer S,
Sommer A, Becker M, Merk J. Establishment of patient-
derived non-small cell lung cancer xenografts as models
for the identification of predictive biomarkers. Clin Cancer
Res. 2008; 14:6456—-6468. https://doi.org/10.1158/1078-
0432.CCR-08-0138. [PubMed]

www.oncotarget.com

3187

Oncotarget


https://doi.org/10.1158/0008-5472.CAN-10-2313
https://www.ncbi.nlm.nih.gov/pubmed/21565978
https://doi.org/10.3892/ol.2017.6325
https://doi.org/10.3892/ol.2017.6325
https://www.ncbi.nlm.nih.gov/pubmed/28789339
https://doi.org/10.1056/NEJMoa0902903
https://doi.org/10.1056/NEJMoa0902903
https://www.ncbi.nlm.nih.gov/pubmed/19726761
https://doi.org/10.3390/cancers8020022
https://www.ncbi.nlm.nih.gov/pubmed/26891329
https://doi.org/10.1056/NEJMoa1113713
https://doi.org/10.1056/NEJMoa1113713
https://www.ncbi.nlm.nih.gov/pubmed/22670903
https://www.ncbi.nlm.nih.gov/pubmed/22391298
https://doi.org/10.1158/0008-5472.CAN-10-2876
https://doi.org/10.1158/0008-5472.CAN-10-2876
https://www.ncbi.nlm.nih.gov/pubmed/21123452
https://doi.org/10.1158/0008-5472.CAN-11-0923
https://doi.org/10.1158/0008-5472.CAN-11-0923
https://www.ncbi.nlm.nih.gov/pubmed/21771911
https://doi.org/10.1016/j.molcel.2014.05.016
https://www.ncbi.nlm.nih.gov/pubmed/24905006
https://doi.org/10.4155/fsoa-2018-0115
https://www.ncbi.nlm.nih.gov/pubmed/30906568
https://doi.org/10.1158/1078-0432.CCR-08-0138
https://doi.org/10.1158/1078-0432.CCR-08-0138
https://www.ncbi.nlm.nih.gov/pubmed/18927285

