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Simple Summary: Esophageal adenocarcinoma (EAC) is one of the deadliest malignancies in the
United States (US) and the only major cancer in the US with an increasing incidence. Although
recent advances have been made in surgery, radiation, and systemic medications, outcomes remain
poor. Therefore, new beneficial treatment approaches are crucially desired. Obesity is associated
with EAC and abnormalities in insulin-like growth factor-1 (IGF-1) and insulin signaling. However,
the effect of blocking IGF-1 receptor/insulin receptor (IGF-1 R/IR) signaling is not well studied
in EAC. Here, BMS-754807, a robust small-molecule inhibitor of IGF-1R/IR signaling, inhibited
not only EAC cell growth but also EAC cell migration both as a monotherapy and in combination
with the chemotherapy nanoparticle albumin-bound paclitaxel (nab-paclitaxel). In addition, BMS-
754807 along with nab-paclitaxel significantly reduced EAC mice tumor growth, with enhanced mice
survival. Interestingly, the combination of BMS-754807 and nab-paclitaxel showed an additive effect
on tumor growth inhibition and survival benefit, indicating this combination as a novel option for
EAC therapy.

Abstract: The insulin-like growth factor-1 (IGF-1) and insulin axes are upregulated in obesity and
obesity-associated esophageal adenocarcinoma (EAC). Nanoparticle albumin-bound paclitaxel (nab-
paclitaxel) is a contemporary nanotechnology-based paclitaxel (PT) bound to human albumin, ensur-
ing its solubility in water rather than a toxic solvent. Here, we examined the benefits of inhibiting
insulin-like growth factor-1 receptor/insulin receptor (IGF-1/IR) signaling and the enhancement of
nab-paclitaxel effects by inclusion of the small-molecule inhibitor BMS-754807 using both in vitro
and in vivo models of EAC. Using multiple EAC cell lines, BMS-754807 and nab-paclitaxel were
evaluated as mono and combination therapies for in vitro effects on cell proliferation, cell death,
and cell movement. We then analyzed the in vivo anticancer potency with survival improvement
with BMS-754807 and nab-paclitaxel mono and combination therapies. BMS-754807 monotherapy
suppressed in vitro cell proliferation and wound healing while increasing apoptosis. BMS-754807,
when combined with nab-paclitaxel, enhanced those effects on the inhibition of cell proliferation, in-
crement in cell apoptosis, and inhibition of wound healing. BMS-754807 with nab-paclitaxel produced
substantially greater antitumor effects by increasing in vivo apoptosis, leading to increased mice
survival compared to those of BMS-754807 or nab-paclitaxel monotherapy. Our outcomes support
the use of BMS-754807, alone and in combination with nab-paclitaxel, as an efficient and innovative
treatment choice for EAC.
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1. Introduction

Esophageal cancer (EC) has two main subtypes: esophageal squamous cell carcinoma
(ESCC) and esophageal adenocarcinoma (EAC) [1]. Although ESCC still accounts for most
cases of EC worldwide, EAC has become the main subtype in the United States (US) [2–5].
EAC incidence has been rapidly increasing in the West over the past few decades [2–6]. EAC
primarily affects white males and is contributing to an increasing death rate among males in
the US [7,8]. One-third to one-half of EAC patients treated with chemoradiation therapy or
additional surgery survive only two years without recurrence of cancer [9–11]. Advanced-
stage EAC, which has already spread from its primary site or has recurred after initial
treatment, is usually very aggressive. These aggressive cancers often have bad outcomes,
with overall five-year survival rates below 20 percent [12]. This is mainly due to high
resistance to conventional chemotherapies and limited promising treatments [13]. Hence,
novel treatment options are crucially needed to improve EAC patients’ clinical outcomes.

One of the risk factors for EAC is obesity [14]. Insulin/insulin-like growth factor-1
(IGF-1) signaling has been shown to be a critical arbitrator in obesity-related EAC [15–18].
Insulin and IGF-1 both have very important functions in relation to cell growth, differen-
tiation, migration, and apoptosis [19–21]. Insulin receptor (IR) and insulin-like growth
factor-1 (IGF-1R) are both critical in the progression of cancer, particularly in tumorigenesis
and the development of cancer drug resistance due to cross-talk between IGF-1R and IR
signaling pathways [21–24]. IGF signaling molecules primarily include the ligands IGF-1,
IGF-2, and insulin and their receptors IGF-1 receptor (IGF-1R), insulin receptor (IR), and
hybrid receptors [25]. The main carcinogenic responses of IGF engage IGF-1 and IGF-2
ligands binding to the IGF-1R, with the subsequent activation of downstream signals [26].
The activation of IR as well as IGF-1R/IR hybrid receptors by insulin may contribute to
cancer growth, leading to resistance to IGF-1R inhibition [24]. As the IGF and insulin
signaling axes have a crucial role in EAC cell proliferation and cancer progression, targeting
IGF-IR/IR might therefore be an encouraging anticancer therapeutic path for EAC [24,27].

Paclitaxel (PT) in combination with carboplatin is an accepted treatment option for
advanced EAC [28]. PT has a high response rate in EAC patients, and its combination with
carboplatin is a moderately well-tolerated and safe regimen [29]. However, PT requires
emulsification with solvents that can cause severe toxicities leading to severe negative
effects in patients. Nanoparticle albumin-bound paclitaxel (nab-paclitaxel, NPT) is an
albumin-bound water-soluble nanoparticle form of PT without any Cremophor and risk
of capillary blockage [30]. Human serum albumin incorporated in nab-paclitaxel acts as
a natural solubilizer and disperses rapidly after intravenous administration. Albumin
has a long half-life and, by binding to the albumin-specific receptor, nab-paclitaxel can
accumulate in the tumor more effectively than paclitaxel by an enhanced permeability and
retention (EPR) effect [31]. Nab-paclitaxel (NPT) has demonstrated higher effectiveness
than PT in EAC [32]. The absence of Cremophor in free nab-paclitaxel leads to a decrease
in neutropenia and an improvement in peripheral neuropathy [30]. This means that
nab-paclitaxel can be given to patients in greater doses with a briefer infusion time. Nab-
paclitaxel utilizes albumin properties to reversibly bind paclitaxel, transport it across the
endothelium, and concentrate it in areas of tumors [30]. Nab-paclitaxel has nearly double
the response rate and shows increased time to disease progression as well as improved
survival as a second-line therapy in comparison to paclitaxel [30].

BMS-754807 is a pyrrolotriazine (pyrrolo[2,1-f][1,2,4]triazine) that was first manufac-
tured at Bristol-Mayers Squibb Pharmaceutical Research Institute [33]. BMS-754807 is a
potent, reversible, small-molecule ATP-competitive tyrosine kinase inhibitor of the IGF-
1R/IR family kinases that can be administered orally [34]. It specifically inhibits the catalytic
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function of IGF-1R [33]. It has a minor effect on Aurora A/B, Met, Ron, and TrkA/B and an
insufficient effect on PKA, PKC, Flt3, Lck, MK2, and other protein kinases [35]. Previous
studies have shown the anticancer actions of BMS-754807 in many cancer types both in vitro
as well as in vivo [35–39]. This agent inhibits the growth of a broad range of cancer cell
lines, including mesenchymal, epithelial, and hematological tumor cell lines [35–37]. It has
been demonstrated by us and others that this compound induces apoptosis in some cancer
cell lines associated with an increase in the cleavage of poly ADP–ribose polymerase (PARP)
and caspase 3 expression [35–37]. This drug has been previously tested in several clinical
studies for its safety and antitumor efficacy (NCT00569036, NCT01525823, NCT00908024,
NCT00788333, and NCT00793897).

In this investigation, we evaluated the usefulness of inhibiting IGF/insulin signaling
and the improvement of nab-paclitaxel effects by blocking IGF-1R/IR with the addition of
small-molecule BMS-754807 in experimental EAC.

2. Materials and Methods
2.1. Mice, Cell Lines, and Reagents

Four- to six-week-old female athymic nude and non-obese diabetic/severe combined
immunodeficient (NOD/SCID) mice purchased from Charles River (Wilmington, MA,
USA) were utilized in this investigation. All mice were housed in a specific pathogen-free
environment. The mouse experiments were performed in agreement with the regulations
of the University of Notre Dame (UND) Institutional Animal Care and Use Committee
(IACUC) and accepted by the UND IACUC under protocol number 18-09-4843.

Human esophageal cancer cell lines (Flo-1, ESO26, OE19, OE33, KYSE-270, SK-GT-2,
ESO51, OE21, and OACM5.1C) [40] were purchased from Sigma Aldrich (St. Lois, MO,
USA). Flo-1, ESO26, OE19, OE33, SK-GT-2, ESO51, and OACM5.1C are EAC cell lines [40],
while OE21 and KYSE-270 are ESCC cell lines [40]. The cells were expanded by adopting
standard cell culture techniques, and multiple aliquots were stored in liquid nitrogen,
using cryotubes for the future use of early passages of cell lines in our experiments. We
used RPMI-1640 medium with L-glutamine (Gibco, Grand Island, New York, NY, USA)
for culturing our cell lines, except for Flo-1 [40]. Flo-1 was cultured in DMEM medium
(Gibco) [40]. All cell lines were cultured and maintained in a medium containing 10% fetal
bovine serum (FBS) at 37 ◦C in a humidified incubator with 5% CO2 and 95% air [40]. The
cells were used within six months of re-expansion in culture. BMS-754807 was bought
from Active Biochem (Maplewood, NJ, USA) [35]. Nab-paclitaxel was purchased from
the Goshen Center for Cancer Care pharmacy (Goshen, IN, USA). The vehicle for both
BMS-754807 and nab-paclitaxel was PBS. The cell proliferation testing agent WST-1 was
bought from Roche Diagnostic Corporation (Indianapolis, IN, USA) [41].

2.2. Cell Viability Assay

The colorimetric WST-1 assay was used to assess the cell viability of the EAC cell lines
as previously described [32]. Flo-1, OE19, and SK-GT-2 EAC cells were plated at 5000 cells
per well in a 96-well plate in RPMI1640 with L-glutamine (Gibco, Grand Island, New York,
NY, USA) and 10% FBS. [32]. The medium was changed after 36 h with 2% FBS in phenol
red-free RPMI-1640 medium [32]. For detecting a dose-response effect of BMS-754807, EAC
cells were treated with 50 nM to 10 µM of BMS-754807. For detecting a combination effect,
EAC cells were treated with 5 µM of NPT and 1 µM of BMS-754807. These concentrations
of NPT and BMS-57807 were chosen based on our previous publications [32,35,37,41]. After
72 h, 10 µL of WST-1 was added to each well [32]. The cells were then incubated for an
additional two hours [32]. An absorbance microplate reader was used to measure the
absorbance at 450 nm [32].
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2.3. Western Blot Analysis

Western blot analyses were performed as previously described [32,41,42]. The phos-
phorylation status of IGF-1R/IR protein was first evaluated in a group of EAC cell lines.
EAC cells were treated with 5 µM of NPT and 10 µM of BMS-75807 (BMS) alone or in com-
bination for 16 h. These concentrations of NPT and BMS-57807 as well as the 16 h treatment
period were chosen based on our previous publications [32,35,37,41]. After 16 h, the cells
were lysed, and cell lysates were prepared by collecting cells from culture dishes in a cold ly-
sis buffer (20 mM HEPES, 150 mM NaCl, 1 mM EDTA, 0.5% Na+ deoxycholate, 1% Nonidet
P-40, and 1 mM DTT, pH 7.4) containing protease and phosphatase inhibitor cocktails (both
from Sigma-Aldrich, St. Louis, MO, USA) [41]. SDS-PAGE was used to separate proteins
in the supernatants. The proteins were transferred to nitrocellulose membranes (Bio-Rad,
Hercules, CA, USA) and then incubated for 20 h at 4 ◦C with the following antibodies [41]:
IGF-1R (Catalog #3027) diluted 1:1000, phospho- IGF-1R (Tyr1135/1136)/IR (Tyr1150/1151;
Catalog #3024) diluted 1:1000, cleaved caspase-3 (Asp 175) (Catalog #9661) diluted 1:500,
cleaved PARP (Aps 214) (Catalog #5625) diluted 1:1000, phospho-AKT (Ser473) (Catalog
#4060) diluted 1:1000, AKT (Catalog #4685) (Cell Signaling Technology, Beverly, MA, USA)
diluted 1:1000, and β-actin (Catalog # A1978) (MilliporeSigma, Rockville, MD, USA) di-
luted 1:10,000. Membranes were then incubated for 1 hour at room temperature with the
species-specific HRP-conjugated secondary antibodies (Pierce Biotechnologies, Santa Cruz,
CA, USA) diluted at 1:1000 [41]. Specific bands were identified using the enhanced chemi-
luminescence reagent (ECL, Perkin Elmer Life Sciences, Boston, MA, USA) according to
the manufacturer’s instructions [41] and quantified by densitometry using ImageJ, Version
1.54 (National Institutes of Health, Bethesda, MD, USA).

2.4. Scratch Wound Healing Assessment

Flo-1 EAC cells were used to assess in vitro migration by scratch wound healing as
described previously, with some modifications [43,44]. Half a million Flo-1 cells were plated
into each well of 12-well plates. A straight continuous scratch was made in the middle of
each well with a 200 µL pipette tip when the cells covered a higher than 90% area of each well
to make a manufactured wound in the cell layer. The floating cells produced from the scratch
were cautiously rinsed away three times with PBS. The cells were then treated with 5 µM
of NPT and 10 µM of BMS-754807 alone and in combination in a reduced serum medium
(2% FBS) for 96 h. The images were captured using a microscope (EVOS imaging system,
Invitrogen, CA, USA) at 0, 24, 48, 72, and 96 h. The gap space in the cell layer was quantified
using ImageJ, Version 1.54 software (National Institutes of Health, Bethesda, MD, USA). The
wound healing rate was determined using the following standard equation [43,44]: wound
healing rate = [(At = 0 h − At = 24 or 48 or 72 or 96 h)/At = 0 h] × 100, where At = 0 h and
At = 24, 48, 72, or 96 h represent the mean gap area readings at 0, 24, 48, 72, and 96 h after
scratching, respectively [43,44].

2.5. Animal Studies

Four- to six-week-old female athymic nude mice were injected subcutaneously with
5 million OE19 EAC cells [40]. As soon as the mice had quantifiable tumors (100 mm3),
assessments of subcutaneous tumor size were started [40]. Two weeks after OE19 cell
inoculation, all mice had quantifiable tumors (100 mm3) [40]. Mice were then injected
intraperitoneally as previously stated after randomly grouping the mice into 4 groups, with
5 mice in each group with the vehicle (100 µL of PBS), BMS-754807 (25 mg/kg in 100 µL of
PBS, 5 times a week for 2 weeks) [35,41], and NPT (10 mg/kg in 100 µL of PBS, 2 times a
week for 2 weeks) [32] alone or in combination. These in vivo doses of NPT and BMS-57807
were chosen based on our previous publications [32,35,37,41]. The same doses of NPT
or BMS-57807 as well as treatment duration were used for both mono and combination
therapy. The tumor diameters were measured twice a week with a slide caliper for four
consecutive weeks [40]. Tumor volume (TV) was determined as (W2XL)/2, where W is the
width and L is the length of the tumor [40]. Relative tumor volume (RTV) was determined
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according to the following equation: RTV = TVn/TV0, where TVn is the tumor volume
on the day of evaluation and TV0 is the tumor volume on the first day of evaluation [32].
Net tumor growth was determined by subtracting the tumor volume at the beginning of
treatment from that at the end [40]. All throughout the animal experiment, mouse weight
was determined twice a week [40]. On the final day, the mice were sacrificed, and tumors
were collected by careful dissection, weighed, and fixed in 4% formaldehyde for future
immunohistochemistry (IHC).

Four- to six-week-old female NOD/SCID mice were used for survival experiments, as
formerly stated [40]. Briefly, 10 million OE19 EAC cells were inoculated into the peritoneal
cavity [40]. Fourteen days later, the mice were divided randomly into four groups of five
mice in each group [40]. Each group of mice then received the vehicle, NPT (10 mg/kg,
twice in 7 days), and BMS-754807 (25 mg/kg in 100 mL PBS, 5 times in 7 days) either alone
or in combination via intraperitoneal injection for 14 days [40]. The survival of mice was
checked from the first day of therapy until death [40].

2.6. Immunohistochemistry (IHC)

Standard IHC procedures were followed to stain the xenograft tumor tissues [32].
Xenograft tumor tissue blocks were fixed in 4% paraformaldehyde followed by embedding
in paraffin [32]. Then, 5 µm tissue sections were cut followed by deparaffinization and
then rehydration [32]. Antigen retrieval was augmented by hot temperatures in 10 mM
sodium citrate, pH 6.0 [32]. Tissue sections were then treated with 3% (v/v) hydrogen
peroxide for 30 min to counteract the tissue’s interior peroxidase action prior to blocking.
Tissue sections were then blocked with 3% regular horse serum in PBS for 30 min [32].
Cleaved caspase-3 immunostaining was achieved using an anti–cleaved caspase-3 primary
antibody (1:400 dilution; catalog 9661; Cell Signaling Technology) [32]. Similarly, Ki-67
immunostaining was achieved using a polyclonal anti–Ki-67 (1:200 dilution; ab15580;
Abcam, Boston, MA, USA) antibody [32]. Anti-rabbit IgG and a peroxidase detection
system (ImmPRESS® HRP Horse Anti-Rabbit IgG PLUS Polymer Kit, Peroxidase, catalog
# MP-7801, Vector Laboratories, Burlingame, CA, USA) were used for immune signal
detection, where positive cells were stained brown [45]. Slides were counterstained with
modified Mayer’s hematoxylin followed by dehydration through graded ethanol and
xylenes and finally mounted onto coverslips with Cytoseal XYL mounting medium (VWR
catalog number 48212-196, Chicago, IL, USA) [32]. Stained images were captured into
5 high-power fields/slides for the quantification of proliferative and apoptotic indexes, as
described by us previously [32]. Cancer cell proliferation was determined within the tumor
by immunostaining of the tissue microsections for Ki67 nuclear protein. Brown-stained
nuclei for Ki67-positive cells and blue-stained nuclei for the total number of cells within the
tumor tissue microsections were counted in five different microscopic images of high-power
fields, and data were summarized as bar graphs (proliferative index). In each high-power
field image, the proliferative index was measured by the number of brown-stained Ki67-
positive tumor nuclei as a percentage of the total number of nuclei. Cancer cell apoptosis
was determined within the tumor by immunostaining of tumor tissue microsections for
cleaved caspase 3 cytoplasmic protein. Brown-stained cleaved caspase 3 and blue-stained
tumor nuclei were counted in five different microscopic images of high-power fields, and
data were summarized as bar graphs (apoptosis index). In each high-power field image, the
apoptosis index was measured by the number of brown-stained cleaved caspase 3 positive
cells as a percentage of the total number of nuclei.

2.7. Statistical Test

In vitro cell viability, RTV, net tumor growth, xenograft tumor weights, mice body
weights, proliferative index, apoptotic index, and wound healing percentage results are
shown as the mean ± standard deviation. A two-tailed Student’s t-test was used to interpret
statistical significance for individual group comparisons. The comparison of RTV between
treatment groups was concluded initially by determining the RTV number at day 14 by the
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mean RTV number of the analogous group at day 0, and later adopting the two-sample
t-test, applied in the “t.test” R power (Warsaw, Poland) [32]. The survival time differences
between treatment groups were analyzed by the log-rank test with GraphPad Prism 7.0
software [32] (GraphPad Software, San Diego, CA, USA). A p-value of less than 0.05 was
recognized as statistically significant.

3. Results
3.1. Effects of BMS-754807 Alone and in Combination with Nab-Paclitaxel on EAC Cell
Proliferation and Apoptosis

A Western blot study of cell lysates prepared from seven human EAC cell lines, Flo-1,
ESO26, OE19, OE33, SK-GT-2, ESO51, and OACM5.1C, and two human ESSC cell lines,
KYSE-270 and OE21, demonstrated that all these cell lines express IGF-1R and phospho-
IGF-1R/IR proteins, with the strongest phospho-IGF-1R/IR expression in Flo-1, OE19, and
SK-GT-2 (Figure 1). An evaluation of in vitro cell viability of the three EAC cell lines (Flo-1,
OE19, and SK-GT-2) with the strongest expression of phospho-IGF-1R/IR showed that
both nab-paclitaxel and BMS-754807 suppressed EAC cell viability (Figure 2). BMS-754807
dose-dependently inhibited Flo-1, OE19, and SK-GT-2 EAC cell proliferation (Figure 2A–C).
The inhibition of cell proliferation at 1 µM of BMS-754807 was 28%, 37%, and 23% in Flo-1,
OE19, and SK-GT-2 cells, respectively (Figure 2D–F). This effect of BMS-754807 alone on the
inhibition of in vitro EAC cell proliferation is comparable to that of pancreatic cancer cell
lines, as observed in our previous studies [35]. However, BMS-754807 alone did not exhibit
a very strong in vitro antiproliferative effect and may not be a very good choice for treating
this cancer as a monotherapy. The combination of 5 µM of nab-paclitaxel (NPT) with
1 µM of BMS-754807 significantly enhanced the inhibitory effect (Figure 2D–F). Western
blot analysis demonstrated that BMS-754807 decreased phospho-IGF-1R/IR expression,
indicating its effect as an IGF signaling inhibitor in EAC cells, leading to the inhibition
of phospho-AKT (pAKT), a downstream signaling protein of IGF in Flo-1, OE19, and
SK-GT-2 EAC cell lines (Figure 3A–C). Both NPT and BMS-754807 increased the expression
of pro-apoptotic proteins cleaved PARP and cleaved caspase 3 (c-caspase 3), indicating
their role in inducing apoptosis in EAC cells (Figure 3A–I). Furthermore, the combination
of nab-paclitaxel and BMS-754807 enhanced these pro-apoptotic proteins’ expression in
EAC cell lines (Figure 3A–I).
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Figure 1. Phospho-IGF-1R/IR and total IGF-1R expression in human EC cell lines. Western blot ex-
periment demonstrating phospho-IGF-1R/IR (95 kDa) and total IGF-1R (95 kda) expression in seven
human EAC cell lines (FLO-1, ESO26, OE19, OE33, SK-GT-2, ESO51, and OACM5.1C) and two human
ESCC cell lines (KYSE-270 and OE21). β-actin (42 kDa) served as a loading control. All these EC cell
lines had IGF-1R and phospho-IGF-1R/IR expression, with the strongest phospho-IGF-1R/IR expres-
sion in FLO-1, OE19, and SK-GT-2. The uncropped blots are shown in the Supplementary Materials.
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Figure 2. BMS-754807 only or in combination with a chemotherapy drug NPT induced cell prolif-
eration inhibition in phospho-IGF-1R/IR-overexpressing EAC cells. (A–C) Dose-dependent effect
of BMS-754807 on Flo-1, OE19, and SK-GT-2 cell proliferation inhibition. (D–F) BMS-754807 (BMS)
showed enhancement of Flo-1, OE19, and SK-GT-2 cell proliferation inhibition when combined with
the chemotherapy drug nab-paclitaxel (NPT). Flo-1, OE19, and SK-GT-2 EAC cells were seeded on
96-well plates and treated with (A–C) 0 nM to 10,000 nM concentrations of BMS-754807 alone and
(C–E) a combination of 1 µM of BMS-754807 (BMS) and 5 µM of NPT simultaneously (NPT + BMS).
After 72 h, the number of viable cells was analyzed by adding an equal amount of WST-1 reagent in
each well, according to the manufacturer’s instructions. Results are the mean ± SDE of six values.
* BMS-754807 additions significantly different from the control (0 nM). ** BMS + NPT additions
significantly different from the single-agent addition (NPT or BMS). Results are representative of
3 separate experiments with similar results.
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Figure 3. BMS-754807 only or in combination with the chemotherapy drug NPT induced the expres-
sion of apoptosis-related proteins through the inhibition of the IGF signaling pathway in phospho-
IGF-1R/IR-overexpressing EAC cells. A total of 60 to 70% confluent human EAC cells (A) Flo-1,
(B) OE19, and (C) SK-GT-2 in culture were given 5 µM of nab-paclitaxel (NPT) and 10 µM of BMS-
754807 (BMS), either as a single agent or in combination, for a continuous 16 h. Total cell lysates were
subjected to Western blotting with antibodies to phospho-IGF-1R/IR (95 kDa), total IGF-1R (95 kDa),
phospho AKT (pAKT) (60 kDa), AKT (60 kDa), cleaved PARP (Asp214) (89 kDa), cleaved caspase 3
(Asp 175) (19, 17 kDa), and β-actin (42 kDa). The uncropped blots are shown in the Supplementary
Materials. The intensities of cleaved PARP (D–F) and cleaved caspase 3 (G–I) bands were quantified
by densitometry and are represented in the bar graph, after normalizing values with β-actin. * NPT
or BMS or BMS + NPT additions significantly different from the control (C). ** NPT + BMS additions
significantly different from the single-agent addition (NPT or BMS) (N = 3).

In this study, we did not correlate the in vitro antiproliferative and apoptotic effects of
BMS-754807 with the high and low phospho-IGF-1R/IR or IGF-1R/IR expression in EAC
cell lines, as different cell lines may have many genetic and epigenetic variations and such
correlations are not optimal [41].

3.2. Effects of BMS-754807 Alone and in Combination with Nab-Paclitaxel on EAC Cell Scratch
Wound Closure

Cancer cell metastasis occurs through a complex multistep process including cell
migration away from the primary tumor. A scratch wound closure assay was used to
explore the effect of nab-paclitaxel and BMS-754807 alone and in combination on Flo-1
EAC cell migration. Both nab-paclitaxel (NPT) and BMS-754807 (BMS) significantly im-
paired the migration of Flo-1 EAC cells, and their combination (NPT + BMS) significantly
enhanced that effect (Figure 4A,B). Wound closure rates of Flo-1 cells treated for 24, 48,
72, and 96 h with 5 µM nab-paclitaxel were 20.32 ± 1.02%, 25.03 ± 1.44, 29.05 ± 2.10, and
35.33 ± 3.12, respectively; those of cells treated with 10 µM BMS-754807 were 18.83 ± 1.13,
22.58 ± 1.43, 24.18 ± 1.25, and 28.75 ± 1.37, respectively (Figure 4B). Combination treat-
ment with nab-paclitaxel and BMS-754807 for 24, 48, 72, and 96 h significantly enhanced
the inhibition of wound healing percentage from that of the single agent to 5.48 ± 1.25,
6.30 ± 2.15, 7.83 ± 1.71, and 11.28 ± 2.16, respectively (Figure 4B). These results suggest a
pro-metastatic role of IGF-1 signaling in esophageal adenocarcinoma that can be inhibited
by BMS-754807.
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Figure 4. BMS-754807 alone or in combination with the chemotherapy drug NPT suppressed the
migration of phospho-IGF-1R/IR-overexpressing Flo-1 EAC cells. (A) Near-confluent Flo-1 cells
in culture were scratched with a pipette tip to make a linear gap and then 5 µM of nab-paclitaxel
(NPT) and 10 µM of BMS-754807 (BMS) were added either as a single agent or in combination for a
continuous 24, 48, 72, and 96 h (24 h, 48 h, 72 h, and 96 h). The microscopic photographs were taken
at 0, 24, 48, 72, and 96 h, respectively (X10) (scale bar = 400 µm). Yellow lines indicate the borders
of the scratched gap. (B) The gap area of Flo-1 cells was determined by Image J software to analyze
the gap closure rate. All numbers were noted as the mean ± standard deviation (N = 5). * NPT or
BMS-754807 (BMS) treatment significantly differed from the control (0 nM). ** NPT + BMS treatment
significantly different from the single-agent therapy (NPT or BMS).

3.3. Effects of BMS-754807 Alone and in Combination with Nab-Paclitaxel on EAC Xenograft
Tumor Size

Two weeks after the injection of 5 million OE19 EAC cells, control mice exhibited rapid
OE19 cell-derived subcutaneous xenograft tumor size increase for the subsequent 2 weeks
of the therapy time (Figure 5A). BMS-754807 monotherapy displayed a remarkable tumor
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regression compared to that of the control group during the two-week therapy period
(Figure 5A). In addition, BMS-754807 added with nab-paclitaxel showed a compelling
enhancement effect of tumor regression during the two-week therapy period (Figure 5A).
BMS-754807 alone exhibited a compelling reduction in relative tumor volume (RTV) by
74.96% compared to the control, and the addition of nab-paclitaxel to BMS-754807 also
exhibited a significant increase in tumor regression as the tumor volume reduced to 15.32%
compared to the control (Figure 5B). The average net tumor growth after 2 weeks was
978.62 ± 92.79 mm3 for the control, as determined by deducting the tumor volume on the
first day of therapy from that on the last day. After BMS-754807 single-agent therapy, net
tumor growth significantly reduced to 329.97 ± 84.72 mm3; after nab-paclitaxel single-agent
therapy, it significantly reduced to 227.79 ± 36.17 mm3; and after nab-paclitaxel plus BMS-
754807 combined therapy, it was drastically reduced to 133.461 ± 33.31 mm3 (Figure 5C). A
comparable decrease in tumor weight was also noticed by BMS-754807 and nab-paclitaxel
single-agent therapy, and the combination therapy led to an even greater reduction in tumor
weight (Figure 5D). However, mouse body weight did not show any significant difference
under any of these treatment conditions (Figure 5E). At the completion of the treatment
regimens, the mean tumor weight for the various treatment groups was 0.72 ± 0.10 g for
the control, 0.44 ± 0.12 gm for NPT, 0.51 ± 0.13 gm for BMS-754807, and 0.24 ± 0.09 gm for
NPT + BMS-754807 (Figure 5D).
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Figure 5. Phospho-IGF-1R/IR-overexpressing OE19 EAC xenograft tumor size reduction by BMS-
754807 (BMS) only and in combination with the chemotherapy drug nab-paclitaxel (NPT). High
phospho-IGF-1R/IR-expressing OE19 cells (5 million per site) were inoculated under the skin of
nude mice. When measurable tumor size was reached (usually 2 weeks after cell inoculation), mice
received the vehicle (C) and BMS and NPT alone or in combination. (A,B) Relative tumor volume
(RTV) was determined by dividing the tumor volume at any time point by the tumor volume at the
start of therapy. (A) RTV variation was observed over a duration of 14 days from the start of the
therapy. (B) RTV variation was observed at the end of the therapy under different therapy regimens.
(C) Variation in net growth in tumor volume was observed at the end of the therapy under different
therapy regimens. It was determined by deducting the tumor volume determined on the 1st treatment
day from that on the last day. (D) Average tumor weight variation was observed at the end of the therapy
under different therapy regimens. (E) Variation in mouse body weight was observed during the 14-day
therapy time. Results are average values ± standard deviation from 5 mice in each group. * Significantly
different from control (C). ** Significantly different from single-drug therapy. NS = not significant.
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3.4. Effects of BMS-754807 Alone and in Combination with Nab-Paclitaxel on Proliferation and
Apoptosis within the Tumor In Vivo

Immunohistochemistry (IHC) analyses were performed on tumor microsections gath-
ered from OE19 xenograft tumor blocks after the conclusion of 14 days of therapy to
uncover the potential processes underlying the anticancer response of NPT and BMS-
754807 combination. Immunostaining of the tissues with an antibody that binds to nuclear
antigen ki67, a marker of active cell proliferation, unveiled a compelling diminished count
of ki67, brown-stained tumor cells, in 100 counts of DAPI blue-stained total tumor cells
(proliferative index) in both the BMS-754807 (BMS) and nab-paclitaxel (NPT) treatment
groups compared to that of the vehicle-treated (control) group (Figure 6A,B). Interest-
ingly, combining BMS-754807 with nab-paclitaxel exhibited a significant decrease in the
proliferative index compared to that of the BMS-754807 or nab-paclitaxel monotherapy
(Figure 6A,B). BMS-754807 monotherapy resulted in a 27% decrease in intratumoral prolif-
eration when compared to that of the vehicle (control) group (p < 0.05). The combination of
BMS-754807 with NPT resulted in a 61% decrease in proliferative activity when compared
to that of the vehicle (control) group (p < 0.05). IHC assessment of apoptosis within the
tumor was conducted by evaluating the expression of cleaved caspase 3 in OE19 xenograft
tumor tissue microsections and displayed a significant increase in the count of cancer cells
with cleaved caspase 3 brown staining out of 100 DAPI-stained total counts of cancer cells
(apoptosis index) after in vivo treatment with either BMS-754807 or NPT compared to that
of the vehicle (control) group (Figure 6C,D). Checking the apoptosis within the tumor tissue
microsections revealed a 2.62-times increment in the apoptosis index in the BMS-754807
single-agent treatment group (p < 0.05) and a 2.27-times increment in the apoptosis index
in the NPT single-agent treatment group (p < 0.05) compared to that of the vehicle (control)
group (Figure 6C,D). The combination of BMS-754807 with NPT showed a 4.39-times in-
crement in the apoptosis index (p < 0.05) compared to that of the vehicle (control) group
(Figure 6C,D). Thus, combining BMS-754807 with NPT exhibited a significant increase in
the apoptosis index compared to that of BMS-754807 or NPT monotherapy (Figure 6A,B).
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Figure 6. Anti-proliferative and pro-apoptotic in vivo efficacy of BMS-754807 monotherapy and in
combination with chemotherapy. Xenografts developed in immunodeficient nude mice with high
phospho-IGF-1R/IR-expressing OE19 EAC cells received either BMS-754807 (BMS) or nab-paclitaxel
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(NPT) monotherapy or BMS plus NPT combination therapy for 14 consecutive days. At the conclusion
of therapy, tumors were collected and processed for immunohistochemistry (IHC). (A) Cancer cell
proliferation was determined within the tumor by immunostaining of the tissue microsections for
Ki67 nuclear protein. Representative microscopic high-power field images of Ki67 brown staining are
shown. (scale bar = 20 µm). (B) Brown-stained nuclei for Ki67-positive cells and blue-stained nuclei
for the total number of cells within the tumor tissue microsections were counted in five different
microscopic images of high-power fields, and data are summarized as a bar graph (proliferative
index). In each high-power field image, the proliferative index was measured by the number of
brown-stained Ki67-positive tumor nuclei as a percentage of the total number of nuclei. (C) Cancer
cell apoptosis was determined within the tumor by immunostaining of tumor tissue microsections
for cleaved caspase 3 cytoplasmic protein. Representative microscopic high-power field images of
cleaved caspase 3 brown staining are shown. (scale bar = 20 µm). (D) Brown-stained cleaved caspase
3 and blue-stained tumor nuclei were counted in five different microscopic images of high-power
fields, and data are summarized as a bar graph (apoptosis index). In each high-power field image,
the apoptosis index was measured by the number of brown-stained cleaved caspase 3-positive cells
as a percentage of the total number of nuclei. Results are shown as the mean ± standard deviation.
* Significantly different from vehicle (control). ** Significantly different from single-agent therapy.

3.5. Effects of BMS-754807 Alone and in Combination with Nab-Paclitaxe on EAC
Animal Survival

We assessed the outcome of BMS-754807 (BMS) alone and in combination with nab-
paclitaxel (NPT) on mice survival using a novel mouse xenograft survival model developed
and characterized by us [40]. In an OE19 murine xenograft study with immunodeficient
NOD/SCID mice with OE19 EAC tumors widely dispersed in the entire peritoneal cavity,
the median survival of the mice was 47 days in the vehicle (control) group (Figure 7). With
BMS-754807 (BMS) administration as a single agent, the median survival of mice signif-
icantly escalated to 57 days (121.27% enhancement compared to the control) (Figure 7).
NPT monotherapy also resulted in a significant increase in median survival to 68 days
(144.68% enhancement compared to the control) (Figure 7). BMS-754807 (BMS) plus NPT
dual administration manifested a significant survival advantage not only over the ve-
hicle (control) but equally over BMS-754807 (BMS) or NPT single-agent administration
(p = 0.0034 in BMS + NPT vs. control; p = 0.0021 in BMS + NPT vs. BMS; p = 0.0339 in
BMS + NPT vs. NPT). The dual administration of BMS-754807 (BMS) and NPT showed an
enhanced median survival extended to 85 days (185.85% enhancement compared to the
control) (Figure 7).

Cancers 2024, 16, x FOR PEER REVIEW 13 of 19 
 

 

7). NPT monotherapy also resulted in a significant increase in median survival to 68 days 

(144.68% enhancement compared to the control) (Figure 7). BMS-754807 (BMS) plus NPT 

dual administration manifested a significant survival advantage not only over the vehicle 

(control) but equally over BMS-754807 (BMS) or NPT single-agent administration (p = 

0.0034 in BMS + NPT vs. control; p = 0.0021 in BMS + NPT vs. BMS; p = 0.0339 in BMS + 

NPT vs. NPT). The dual administration of BMS-754807 (BMS) and NPT showed an en-

hanced median survival extended to 85 days (185.85% enhancement compared to the con-

trol) (Figure 7). 

 

Figure 7. Mice survival enhancement by BMS-754807 (BMS) only and in combination with chemo-

therapy. Kaplan–Meier survival curve for mice harboring phospho-IGF-1R/IR-overexpressing OE19 

EAC intraperitoneal xenograft treated for 14 days with BMS-754807 (BMS) only and in combination 

with the chemotherapy drug nab-paclitaxel (NPT). The curve shows mice survival in days from the 

start of drug administration. Statistical grouping variation in the survival period was conducted by 

log-rank measurement (GraphPad Prism 7.0). 

4. Discussion 

Esophageal adenocarcinoma (EAC) is amongst the most destructive human malig-

nancies and is the only dominant malignancy in the US with growing frequency [4,9,46]. 

The combination of paclitaxel with carboplatin is a well-tolerated first-line chemotherapy 

treatment option for advanced, unresectable, or metastatic EAC, providing some clinical 

benefits with survival advantage [47]. Unfortunately, most EAC patients are inoperable at 

the time of diagnosis. While at the beginning they show a good therapeutic response to 

systemic therapy, by the end, most EAC patients eventually die from the recurrence of the 

disease [48]. 

With the recognition of new biomarkers for EAC [49], targeted therapies are gaining 

interest [50,51], and new treatment preferences have been developed by targeting these 

proteins in EAC combination therapies [51]. With recent advances in dissecting the mo-

lecular mechanisms of EAC advancement, several targetable pathways like human epi-

dermal growth factor receptor (HER1 and HER2) [52,53] and the vascular endothelial 

growth factor (VEGF) [54] have been identified. The HER2 receptor inhibitor 

transtuzumab was the first FDA-approved targeted therapy for EAC [55]. Trastuzumab 

was demonstrated to inhibit the growth of EAC with enhanced survival benefits when 

combined with standard chemotherapy in HER2-positive EAC [56]. 

Similarly, hyperinsulinemia and high IGF have been implicated in the progression of 

several malignancies including esophageal cancer [57–59]. The crucial role of IGF signal-

ing mechanisms in malignancies is mediated by several vital components such as IGF-1 

and 2 ligands, IGF-1R and 2R receptors, and IGFBPs 1 to 6 [60]. IGF-1R and IR activate an 

intracellular signal primarily through the phosphatidylinositol 3-kinase-AKT (PI3K-AKT) 

pathway in human cancers leading to mitogenesis, invasion, and apoptosis protection [61]. 

IGF-1R overexpression has been shown in other cancers, while the blockade of IGF-1R 

stimulation suppresses the expansion and spread of a broad range of malignancies [27,57]. 

Figure 7. Mice survival enhancement by BMS-754807 (BMS) only and in combination with chemother-
apy. Kaplan–Meier survival curve for mice harboring phospho-IGF-1R/IR-overexpressing OE19 EAC
intraperitoneal xenograft treated for 14 days with BMS-754807 (BMS) only and in combination with
the chemotherapy drug nab-paclitaxel (NPT). The curve shows mice survival in days from the start of
drug administration. Statistical grouping variation in the survival period was conducted by log-rank
measurement (GraphPad Prism 7.0).
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4. Discussion

Esophageal adenocarcinoma (EAC) is amongst the most destructive human malig-
nancies and is the only dominant malignancy in the US with growing frequency [4,9,46].
The combination of paclitaxel with carboplatin is a well-tolerated first-line chemotherapy
treatment option for advanced, unresectable, or metastatic EAC, providing some clinical
benefits with survival advantage [47]. Unfortunately, most EAC patients are inoperable at
the time of diagnosis. While at the beginning they show a good therapeutic response to
systemic therapy, by the end, most EAC patients eventually die from the recurrence of the
disease [48].

With the recognition of new biomarkers for EAC [49], targeted therapies are gaining
interest [50,51], and new treatment preferences have been developed by targeting these
proteins in EAC combination therapies [51]. With recent advances in dissecting the molecu-
lar mechanisms of EAC advancement, several targetable pathways like human epidermal
growth factor receptor (HER1 and HER2) [52,53] and the vascular endothelial growth factor
(VEGF) [54] have been identified. The HER2 receptor inhibitor transtuzumab was the
first FDA-approved targeted therapy for EAC [55]. Trastuzumab was demonstrated to
inhibit the growth of EAC with enhanced survival benefits when combined with standard
chemotherapy in HER2-positive EAC [56].

Similarly, hyperinsulinemia and high IGF have been implicated in the progression of
several malignancies including esophageal cancer [57–59]. The crucial role of IGF signaling
mechanisms in malignancies is mediated by several vital components such as IGF-1 and
2 ligands, IGF-1R and 2R receptors, and IGFBPs 1 to 6 [60]. IGF-1R and IR activate an
intracellular signal primarily through the phosphatidylinositol 3-kinase-AKT (PI3K-AKT)
pathway in human cancers leading to mitogenesis, invasion, and apoptosis protection [61].
IGF-1R overexpression has been shown in other cancers, while the blockade of IGF-1R
stimulation suppresses the expansion and spread of a broad range of malignancies [27,57].
However, for maximum therapeutic potential, suppression of both IGF-1R and insulin
receptor (IR) activations is required [62]. Targeting IGF-1R individually without IR could
lead to rescue mechanisms for insulin, leading to cancer advancement within unsuccessful
clinical trials [63–65]. Very little is known about IGF-1R/IR activation and its blockade in
human EAC. We found frequent overexpression and activation of IGF-1R/IR receptors in
EAC cells.

BMS-754807 targets both IGF-1R as well as IR, and, in this study, this drug was evalu-
ated in EAC cells. IGF-1R/IR phosphorylation was noticed in a wide range of esophageal
cancer cell lines under normal growth conditions. Stronger IGF-1R/IR phosphorylation
was noticed in Flo-1, OE19, and SK-GT-2 EAC cell lines than that of other EAC cell lines
we tested. The IGF-1R receptor is also expressed in these three EAC cell lines. IGF-1R/IR
phosphorylation under normal growth conditions may indicate some autocrine and/or
paracrine effect of IGF on IGF-1R/IR in these EAC cells. BMS-754807 as a monotherapy
adequately and dose-dependently suppressed the cell viability of OE19, Flo-1, and SK-GT-2
EAC cell lines in vitro. In an EAC nude mice xenograft model, BMS-754807 significantly in-
hibited local tumor growth, leading to the prolongation of mouse survival as a single agent.
In addition, when BMS-754807 was combined with nab-paclitaxel, BMS-754807 significantly
enhanced in vitro antiproliferative effects, leading to the enhancement of in vivo antitumor
effects, with improved animal survival benefits. BMS-754807 given both as a single agent
and a combined agent caused the diminished phosphorylation of IGF-1R/IR, leading to
the reduction of succeeding signaling protein phospho-AKT in all three EAC cell lines.
Previous reports on other cancers have indicated that BMS-754807 is a robust suppressor of
the AKT pathway [66,67], which is consistent with our results. The antiproliferative and
antitumor effects of BMS-754807 alone or in combination likely result from an increase
in apoptosis [35,37]. We also observed enhanced cleavage of the apoptosis-associated
caspase-3 and PARP molecules. Detailed mechanistic evaluations of apoptosis after BMS-
754807 alone and in combination with NPT might help, but, here, we have shown increased
apoptosis through caspase 3 and PARP-1 activation pathways. In this study, activated
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caspase 3 resulting from the cleavage of caspase 3 at Asp175 giving rise to 17/19-kDa
fragments was detected. The nuclear protein PARP-1 is a substrate for activated caspase 3
in caspase-dependent apoptosis. PARP-1 is cleaved by activated caspase 3, resulting in the
formation of 24-kDa and 89-kDa fragments. In the present study, we detected the 89-kDa
fragment. The 89-kDa fragment of PARP-1 is translocated to the cytoplasm, inducing
apoptosis by releasing the apoptosis-inducing factor (AIF) from mitochondria. Another
innovative finding of this study is that as a single agent, BMS-754807 could suppress scratch
closure in a wound healing assay, and combining BMS-754807 with nab-paclitaxel enhanced
that effect. Other studies have found a crucial role of IGF-IR in the motility and invasion of
tumor cells in other cancers [68,69]. It is possible that BMS-754807 can negatively impact
EAC cell migration and, potentially, EAC metastasis. This is the first report of the detailed
in vitro as well as in vivo effects of BMS-754807 as a monotherapy and dual therapy with
the chemotherapeutic agent nab-paclitaxel on cell proliferation, apoptosis, cell signaling,
cell migration, tumor regression, and animal survival in experimental EAC.

Paclitaxel and carboplatin chemotherapies have been used as standard anticancer
drugs for the treatment of esophageal cancer, and the higher efficacy of NPT over paclitaxel
or carboplatin was observed by us in a preclinical study [32]. In clinical trials, patients
receiving NPT plus carboplatin had a significantly higher overall response rate (ORR) and
disease control rate (DCR) than patients receiving the standard care of treatment with
paclitaxel plus carboplatin [70]. In this study, we evaluated the efficacy of combining
BMS-754807 with NPT in experimental esophageal adenocarcinoma models. Clinical trials
in various cancer patients have failed, with monoclonal antibodies targeting only IGF-1R
without IR (25,26,27) due to the advancement of tumor growth, most likely arising from the
escape mechanism involving insulin [63,64]. Thus, our data support that the concurrent
inhibition of IGF-1R and IR by BMS-754807 may give a better clinical outcome in EAC
patients. The successful treatment of EAC patients depends on novel combination therapies
of two or more therapeutic agents [71]. Combination therapies usually have significantly
less toxicity in cancer patients as lower therapeutic doses of each individual drug can
be used [72]. In addition, combination therapies can augment the anticancer effects of
single-drug therapy [72]. Thus, these data support that the combination of BMS-754807
with NPT may produce desired anticancer effects with less toxicity in EAC patients.

IGF-1R and IR signaling is important in the regulation of blood glucose [73]. Both
IGF and insulin can bind to the insulin receptor to stimulate the peripheral utilization
of glucose and decrease the hepatic output of glucose [74]. As BMS-754807 is a strong
suppressor of the IGF-1R and IR group, a rise of blood glucose, insulin, and its fragment
C-peptide was noticed after BMS-754807 administration in a clinical trial [75]. However,
in that clinical trial, daily dosing of BMS-754807 was found to be safe, leading to a con-
tinuation of the study, and its effects on plasma glucose were manageable [75]. The most
frequent drug-associated toxicities of BMS-754807 were hyperglycemia, nausea, hypo-
glycemia, anorexia, and diarrhea [75,76]. Hyperglycemia was reversible and treated by
giving metformin orally. Hypoglycemia was treated by giving glucose orally [76]. The most
common toxicities associated with nab-paclitaxel were neuropathy, neutropenia, anemia,
and thrombocytopenia [70]. Toxicities associated with these drugs can be improved by
adjusting doses, drug interruption, and close monitoring. In a past experimental study, the
effect of BMS-754807 was assessed on blood glucose in mice by performing an oral glucose
tolerance experiment [36]. In that study, only a small increment in blood glucose or insulin
measurements was observed, with no animal mortality [36]. The doses of nab-paclitaxel
and BMS-754807 in our animal studies were based on our previous publications and we
adopted an adjusted dosing regimen in the present study to minimize toxicity. In our
studies, we also observed no noticeable in vivo noxiousness of the drug in our mice during
the whole period of experiments.
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5. Conclusions

IGF-1R and insulin receptor (IR) signaling systems are frequently coactivated in EAC.
This research demonstrates for the first time the mechanism-specific efficacy of dual IGF-
1R/IR signaling inhibition with BMS-754807 as a mono and combined therapy with the
chemotherapy drug nab-paclitaxel in experimental EAC. BMS-754807 as a monotherapy
produced greater in vitro antiproliferative, pro-apoptotic, and anti-motility effects and
in vivo antitumor efficacy by inducing enhanced in vivo apoptosis with survival benefit
compared to the control. The addition of nab-paclitaxel with BMS-754807 further aug-
mented these effects, making them significantly higher than those noticed after single-agent
therapy. These findings support the importance of BMS-754807 in blocking dual path-
ways of IGF and insulin involving IGF-1R/IR alone and together with nab-paclitaxel as an
efficient novel choice in the treatment of EAC.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers16183175/s1, Full pictures of the Western blots.

Author Contributions: Conceptualization, M.S.H., N.A. and U.v.H.; methodology, M.S.H., C.J., S.P.
and D.S.; software, M.S.H., C.J. and D.S.; validation, M.S.H., N.A. and U.v.H.; formal analysis, M.S.H.;
investigation, M.S.H.; resources M.S.H.; data curation, M.S.H.; writing—original draft preparation,
M.S.H.; writing—review and editing, N.A. and U.v.H.; visualization, M.S.H.; supervision, M.S.H.;
project administration, M.S.H.; funding acquisition, U.v.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was supported by the Indiana University School of Medicine internal funding
and the Goshen Center for Cancer Care funding.

Institutional Review Board Statement: This study was approved by the Indiana University School
of Medicine Institutional Biosafety Committee (IBC Protocol # SM-1283).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no competing interests.

References
1. Pandilla, R.; Kotapalli, V.; Gowrishankar, S.; Chigurupati, M.; Patnaik, S.; Uppin, S.; Rao, S.; Kalidindi, N.; Regulagadda, S.;

Sundaram, C.; et al. Distinct genetic aberrations in oesophageal adeno and squamous carcinoma. Eur. J. Clin. Investig. 2013, 43,
1233–1239. [CrossRef] [PubMed]

2. Chai, J.; Jamal, M.M. Esophageal malignancy: A growing concern. World J. Gastroenterol. 2012, 18, 6521–6526. [CrossRef] [PubMed]
3. Rubenstein, J.H.; Shaheen, N.J. Epidemiology, Diagnosis, and Management of Esophageal Adenocarcinoma. Gastroenterology

2015, 149, 302–317.e1. [CrossRef] [PubMed]
4. Rustgi, A.K.; El-Serag, H.B. Esophageal carcinoma. N. Engl. J. Med. 2014, 371, 2499–2509. [CrossRef] [PubMed]
5. Torre, L.A.; Bray, F.; Siegel, R.L.; Ferlay, J.; Lortet-Tieulent, J.; Jemal, A. Global cancer statistics, 2012. CA Cancer J. Clin. 2015, 65,

87–108. [CrossRef] [PubMed]
6. Hang, T.-V.P.; Spiritos, Z.; Gamboa, A.M.; Chen, Z.; Force, S.; Patel, V.; Chawla, S.; Keilin, S.; Saba, N.F.; El-Rayes, B.; et al.

Epidemiology of Early Esophageal Adenocarcinoma. Clin. Endosc. 2022, 55, 372–380. [CrossRef] [PubMed]
7. Schneider, J.L.; Corley, D.A. The Troublesome Epidemiology of Barrett’s Esophagus and Esophageal Adenocarcinoma. Gastrointest.

Endosc. Clin. N. Am. 2017, 27, 353–364. [CrossRef]
8. Brown, L.M.; Devesa, S.S.; Chow, W.-H. Incidence of adenocarcinoma of the esophagus among white americans by sex, stage, and

age. J. Natl. Cancer Inst. 2008, 100, 1184–1187. [CrossRef]
9. Domper Arnal, M.J.; Ferrández Arenas, Á.; Lanas Arbeloa, Á. Esophageal cancer: Risk factors, screening and endoscopic

treatment in Western and Eastern countries. World J. Gastroenterol. 2015, 21, 7933–7943. [CrossRef]
10. Glasgow, R.; Mawhinney, M. Current treatment options for the management of esophageal cancer. Cancer Manag. Res. 2012, 4,

367–377. [CrossRef]
11. Bollschweiler, E.; Hölscher, A.H.; Schmidt, M.; Warnecke-Eberz, U. Neoadjuvant treatment for advanced esophageal cancer:

Response assessment before surgery and how to predict response to chemoradiation before starting treatment. Chin. J. Cancer Res.
2015, 27, 221–230. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cancers16183175/s1
https://www.mdpi.com/article/10.3390/cancers16183175/s1
https://doi.org/10.1111/eci.12163
https://www.ncbi.nlm.nih.gov/pubmed/24102414
https://doi.org/10.3748/wjg.v18.i45.6521
https://www.ncbi.nlm.nih.gov/pubmed/23236223
https://doi.org/10.1053/j.gastro.2015.04.053
https://www.ncbi.nlm.nih.gov/pubmed/25957861
https://doi.org/10.1056/NEJMra1314530
https://www.ncbi.nlm.nih.gov/pubmed/25539106
https://doi.org/10.3322/caac.21262
https://www.ncbi.nlm.nih.gov/pubmed/25651787
https://doi.org/10.5946/ce.2021.152
https://www.ncbi.nlm.nih.gov/pubmed/35144364
https://doi.org/10.1016/j.giec.2017.03.002
https://doi.org/10.1093/jnci/djn211
https://doi.org/10.3748/wjg.v21.i26.7933
https://doi.org/10.2147/CMAR.S27593
https://doi.org/10.3978/j.issn.1000-9604.2015.04.04
https://www.ncbi.nlm.nih.gov/pubmed/26157318


Cancers 2024, 16, 3175 16 of 18

12. Sawas, T.; Katzka, D.A. Esophageal adenocarcinoma phenotypes and risk factors. Curr. Opin. Gastroenterol. 2022, 38, 423–427.
[CrossRef] [PubMed]

13. Zhou, C.; Wang, Z.; Li, J.; Wu, X.; Fan, N.; Li, D.; Liu, F.; Plum, P.S.; Hoppe, S.; Hillmer, A.M.; et al. Aldo-Keto Reductase 1C3
Mediates Chemotherapy Resistance in Esophageal Adenocarcinoma via ROS Detoxification. Cancers 2021, 13, 2403. [CrossRef]
[PubMed]

14. Elliott, J.A.; Reynolds, J.V. Visceral Obesity, Metabolic Syndrome, and Esophageal Adenocarcinoma. Front. Oncol. 2021, 11, 627270.
[CrossRef]

15. Arcidiacono, D.; Zaramella, A.; Fabris, F.; Sánchez-Rodríguez, R.; Nucci, D.; Fassan, M.; Nardi, M.; Benna, C.; Cristofori, C.;
Morbin, T.; et al. Insulin/IGF-1 Signaling Is Downregulated in Barrett’s Esophagus Patients Undergoing a Moderate Calorie and
Protein Restriction Program: A Randomized 2-Year Trial. Nutrients 2021, 13, 3638. [CrossRef]

16. Doyle, S.L.; Donohoe, C.L.; Finn, S.P.; Howard, J.M.; E Lithander, F.; Reynolds, J.V.; Pidgeon, G.P.; Lysaght, J. IGF-1 and its
receptor in esophageal cancer: Association with adenocarcinoma and visceral obesity. Am. J. Gastroenterol. 2012, 107, 196–204.
[CrossRef] [PubMed]

17. Greer, K.B.; Kresak, A.; Bednarchik, B.; Dawson, D.; Li, L.; Chak, A.; Willis, J. Insulin/Insulin-Like Growth Factor-1 Pathway in
Barrett’s Carcinogenesis. Clin. Transl. Gastroenterol. 2013, 4, e31. [CrossRef] [PubMed]

18. Donohoe, C.L.; Doyle, S.L.; McGarrigle, S.; Cathcart, M.C.; Daly, E.E.; O’Grady, A.A.; Lysaght, J.; Pidgeon, G.P.; Reynolds, J.V.
Role of the insulin-like growth factor 1 axis and visceral adiposity in oesophageal adenocarcinoma. Br. J. Surg. 2012, 99, 387–396.
[CrossRef] [PubMed]

19. Larsson, O.; Girnita, A.; Girnita, L. Role of insulin-like growth factor 1 receptor signalling in cancer. Br. J. Cancer 2005, 92,
2097–2101. [CrossRef] [PubMed]

20. Samani, A.A.; Yakar, S.; LeRoith, D.; Brodt, P. The role of the igf system in cancer growth and metastasis: Overview and recent
insights. Endocr. Rev. 2007, 28, 20–47. [CrossRef]

21. Vigneri, R.; Goldfine, I.D.; Frittitta, L. Insulin, insulin receptors, and cancer. J. Endocrinol. Investig. 2016, 39, 1365–1376. [CrossRef]
22. Denduluri, S.K.; Idowu, O.; Wang, Z.; Liao, Z.; Yan, Z.; Mohammed, M.K.; Ye, J.; Wei, Q.; Wang, J.; Zhao, L.; et al. Insulin-like

growth factor (IGF) signaling in tumorigenesis and the development of cancer drug resistance. Genes Dis. 2015, 2, 13–25.
[CrossRef]

23. Singh, P.; Alex, J.M.; Bast, F. Insulin receptor (IR) and insulin-like growth factor receptor 1 (IGF-1R) signaling systems: Novel
treatment strategies for cancer. Med. Oncol. 2014, 31, 805. [CrossRef] [PubMed]

24. Buck, E.; Gokhale, P.C.; Koujak, S.; Brown, E.; Eyzaguirre, A.; Tao, N.; Miglarese, M.R. Compensatory insulin receptor (IR)
activation on inhibition of insulin-like growth factor-1 receptor (IGF-1R): Rationale for cotargeting IGF-1R and IR in cancer. Mol.
Cancer Ther. 2010, 9, 2652–2664. [CrossRef]

25. LeRoith, D.; Holly, J.M.; Forbes, B.E. Insulin-like growth factors: Ligands, binding proteins, and receptors. Mol. Metab. 2021, 52,
101245. [CrossRef] [PubMed]

26. Zha, J.; Lackner, M.R. Targeting the insulin-like growth factor receptor-1R pathway for cancer therapy. Clin. Cancer Res. 2010, 16,
2512–2517. [CrossRef] [PubMed]

27. Adachi, Y.; Ohashi, H.; Imsumran, A.; Yamamoto, H.; Matsunaga, Y.; Taniguchi, H.; Nosho, K.; Suzuki, H.; Sasaki, Y.; Arimura, Y.;
et al. The effect of IGF-I receptor blockade for human esophageal squamous cell carcinoma and adenocarcinoma. Tumor Biol.
2014, 35, 973–985. [CrossRef]

28. Jiang, D.M.; Sim, H.-W.; Espin-Garcia, O.; Chan, B.A.; Natori, A.; Lim, C.H.; Moignard, S.; Chen, E.X.; Liu, G.; Darling, G.; et al.
Chemoradiotherapy Using Carboplatin plus Paclitaxel versus Cisplatin plus Fluorouracil for Esophageal or Gastroesophageal
Junction Cancer. Oncology 2021, 99, 49–56. [CrossRef]

29. Keresztes, R.; Port, J.; Pasmantier, M.; Korst, R.; Altorki, N. Preoperative chemotherapy for esophageal cancer with paclitaxel and
carboplatin: Results of a phase II trial. J. Thorac. Cardiovasc. Surg. 2003, 126, 1603–1608. [CrossRef] [PubMed]

30. Gradishar, W.J. Albumin-bound paclitaxel: A next-generation taxane. Expert Opin. Pharmacother. 2006, 7, 1041–1053. [CrossRef]
[PubMed]

31. Desai, N.; Trieu, V.; Yao, Z.; Louie, L.; Ci, S.; Yang, A.; Tao, C.; De, T.; Beals, B.; Dykes, D.; et al. Increased antitumor activity,
intratumor paclitaxel concentrations, and endothelial cell transport of cremophor-free, albumin-bound paclitaxel, ABI-007,
compared with cremophor-based paclitaxel. Clin. Cancer Res. 2006, 12, 1317–1324. [CrossRef] [PubMed]

32. Hassan, M.S.; Awasthi, N.; Li, J.; Williams, F.; Schwarz, M.A.; Schwarz, R.E.; von Holzen, U. Superior Therapeutic Efficacy of
Nanoparticle Albumin Bound Paclitaxel Over Cremophor-Bound Paclitaxel in Experimental Esophageal Adenocarcinoma. Transl.
Oncol. 2018, 11, 426–435. [CrossRef] [PubMed]

33. Wittman, M.D.; Carboni, J.M.; Yang, Z.; Lee, F.Y.; Antman, M.; Attar, R.; Balimane, P.; Chang, C.; Chen, C.; Discenza, L.; et al.
Discovery of a 2,4-Disubstituted Pyrrolo[1,2-f ][1,2,4]triazine inhibitor (BMS-754807) of insulin-like growth factor receptor (IGF-1R)
kinase in clinical development. J. Med. Chem. 2009, 52, 7360–7363. [CrossRef] [PubMed]

34. King, E.R.; Wong, K.-K. Insulin-like growth factor: Current concepts and new developments in cancer therapy. Recent Patents
Anti-Cancer Drug Discov. 2012, 7, 14–30. [CrossRef] [PubMed]

35. Awasthi, N.; Zhang, C.; Ruan, W.; Schwarz, M.A.; Schwarz, R.E. BMS-754807, a small-molecule inhibitor of insulin-like growth
factor-1 receptor/insulin receptor, enhances gemcitabine response in pancreatic cancer. Mol. Cancer Ther. 2012, 11, 2644–2653.
[CrossRef] [PubMed]

https://doi.org/10.1097/mog.0000000000000844
https://www.ncbi.nlm.nih.gov/pubmed/35762703
https://doi.org/10.3390/cancers13102403
https://www.ncbi.nlm.nih.gov/pubmed/34065695
https://doi.org/10.3389/fonc.2021.627270
https://doi.org/10.3390/nu13103638
https://doi.org/10.1038/ajg.2011.417
https://www.ncbi.nlm.nih.gov/pubmed/22146489
https://doi.org/10.1038/ctg.2013.2
https://www.ncbi.nlm.nih.gov/pubmed/23466464
https://doi.org/10.1002/bjs.8658
https://www.ncbi.nlm.nih.gov/pubmed/22241325
https://doi.org/10.1038/sj.bjc.6602627
https://www.ncbi.nlm.nih.gov/pubmed/15956962
https://doi.org/10.1210/er.2006-0001
https://doi.org/10.1007/s40618-016-0508-7
https://doi.org/10.1016/j.gendis.2014.10.004
https://doi.org/10.1007/s12032-013-0805-3
https://www.ncbi.nlm.nih.gov/pubmed/24338270
https://doi.org/10.1158/1535-7163.MCT-10-0318
https://doi.org/10.1016/j.molmet.2021.101245
https://www.ncbi.nlm.nih.gov/pubmed/33962049
https://doi.org/10.1158/1078-0432.ccr-09-2232
https://www.ncbi.nlm.nih.gov/pubmed/20388853
https://doi.org/10.1007/s13277-013-1131-2
https://doi.org/10.1159/000510446
https://doi.org/10.1016/S0022-5223(03)00710-4
https://www.ncbi.nlm.nih.gov/pubmed/14666040
https://doi.org/10.1517/14656566.7.8.1041
https://www.ncbi.nlm.nih.gov/pubmed/16722814
https://doi.org/10.1158/1078-0432.ccr-05-1634
https://www.ncbi.nlm.nih.gov/pubmed/16489089
https://doi.org/10.1016/j.tranon.2018.01.022
https://www.ncbi.nlm.nih.gov/pubmed/29475139
https://doi.org/10.1021/jm900786r
https://www.ncbi.nlm.nih.gov/pubmed/19778024
https://doi.org/10.2174/157489212798357930
https://www.ncbi.nlm.nih.gov/pubmed/21875414
https://doi.org/10.1158/1535-7163.MCT-12-0447
https://www.ncbi.nlm.nih.gov/pubmed/23047891


Cancers 2024, 16, 3175 17 of 18

36. Carboni, J.M.; Wittman, M.; Yang, Z.; Lee, F.; Greer, A.; Hurlburt, W.; Gottardis, M.M. BMS-754807, a small molecule inhibitor of
insulin-like growth factor-1R/IR. Mol. Cancer Ther. 2009, 8, 3341–3349. [CrossRef]

37. Awasthi, N.; Scire, E.; Monahan, S.; Grojean, M.; Zhang, E.; Schwarz, M.A.; Schwarz, R.E. Augmentation of response to nab-
paclitaxel by inhibition of insulin-like growth factor (IGF) signaling in preclinical pancreatic cancer models. Oncotarget 2016, 7,
46988–47001. [CrossRef]

38. Huang, F.; Hurlburt, W.; Greer, A.; Reeves, K.A.; Hillerman, S.; Chang, H.; Carboni, J.M. Differential mechanisms of acquired
resistance to insulin-like growth factor-i receptor antibody therapy or to a small-molecule inhibitor, BMS-754807, in a human
rhabdomyosarcoma model. Cancer Res. 2010, 70, 7221–7231. [CrossRef]

39. Kolb, E.A.; Gorlick, R.; Lock, R.; Carol, H.; Morton, C.L.; Keir, S.T.; Reynolds, C.P.; Kang, M.H.; Maris, J.M.; Billups, C.; et al. Initial
testing (stage 1) of the IGF-1 receptor inhibitor BMS-754807 by the pediatric preclinical testing program. Pediatr. Blood Cancer
2011, 56, 595–603. [CrossRef]

40. Hassan, M.S.; Awasthi, N.; Li, J.; Schwarz, M.A.; Schwarz, R.E.; Holzen, U.V. A novel intraperitoneal metastatic xenograft mouse
model for survival outcome assessment of esophageal adenocarcinoma. PLoS ONE 2017, 12, e0171824. [CrossRef]

41. Hassan, M.S.; Cwidak, N.; Johnson, C.; Däster, S.; Eppenberger-Castori, S.; Awasthi, N.; von Holzen, U. Therapeutic Potential of
the Cyclin-Dependent Kinase Inhibitor Flavopiridol on c-Myc Overexpressing Esophageal Cancer. Front. Pharmacol. 2021, 12,
746385. [CrossRef] [PubMed]

42. Hassan, M.S.; Williams, F.; Awasthi, N.; Schwarz, M.A.; Schwarz, R.E.; Li, J.; von Holzen, U. Combination effect of lapatinib with
foretinib in HER2 and MET co-activated experimental esophageal adenocarcinoma. Sci. Rep. 2019, 9, 17608. [CrossRef] [PubMed]

43. Grada, A.; Otero-Viñas, M.; Prieto-Castrillo, F.P.; Obagi, Z.; Falanga, V. Research Techniques Made Simple: Analysis of Collective
Cell Migration Using the Wound Healing Assay. J. Investig. Dermatol. 2017, 137, e11–e16. [CrossRef]

44. Wang, P.; Gao, X.-Y.; Yang, S.-Q.; Sun, Z.-X.; Dian, L.-L.; Qasim, M.; Phyo, A.T.; Liang, Z.-S.; Sun, Y.-F. Jatrorrhizine inhibits
colorectal carcinoma proliferation and metastasis through Wnt/β-catenin signaling pathway and epithelial–mesenchymal
transition. Drug Des. Dev. Ther. 2019, 13, 2235–2247. [CrossRef] [PubMed]

45. Liu, Y.; Metzinger, M.N.; Lewellen, K.A.; Cripps, S.N.; Carey, K.D.; Harper, E.I.; Stack, M.S. Obesity Contributes to Ovarian
Cancer Metastatic Success through Increased Lipogenesis, Enhanced Vascularity, and Decreased Infiltration of M1 Macrophages.
Cancer Res. 2015, 75, 5046–5057. [CrossRef] [PubMed]

46. Zhang, Y. Epidemiology of esophageal cancer. World J. Gastroenterol. 2013, 19, 5598–5606. [CrossRef]
47. Prithviraj, G.K.; Baksh, K.; Fulp, W.; Meredith, K.; Hoffe, S.; Shridhar, R.; Almhanna, K. Carboplatin and paclitaxel as first-line

treatment of unresectable or metastatic esophageal or gastric cancer. Dis. Esophagus 2015, 28, 782–787. [CrossRef] [PubMed]
48. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2015. CA Cancer J. Clin. 2015, 65, 5–29. [CrossRef]
49. Tan, C.; Qian, X.; Guan, Z.; Yang, B.; Ge, Y.; Wang, F.; Cai, J. Potential biomarkers for esophageal cancer. SpringerPlus 2016, 5, 467.

[CrossRef]
50. Fatehi Hassanabad, A.; Chehade, R.; Breadner, D.; Raphael, J. Esophageal carcinoma: Towards targeted therapies. Cell Oncol.

2020, 43, 195–209. [CrossRef]
51. Hassan, M.S.; Makuru, V.; von Holzen, U. Targeted therapy in esophageal cancer. Dig. Med. Res. 2021, 4, 29. [CrossRef]
52. Nagaraja, V.; Shaw, N.; Morey, A.L.; Cox, M.R.; Eslick, G.D. HER2 expression in oesophageal carcinoma and Barrett’s oesophagus

associated adenocarcinoma: An Australian study. Eur. J. Surg. Oncol. 2016, 42, 140–148. [CrossRef] [PubMed]
53. Yang, Q.-S.; Jiang, L.-P.; He, C.-Y.; Tong, Y.-N.; Liu, Y.-Y. Up-Regulation of MicroRNA-133a Inhibits the MEK/ERK Signaling

Pathway to Promote Cell Apoptosis and Enhance Radio-Sensitivity by Targeting EGFR in Esophageal Cancer In Vivo and In
Vitro. J. Cell. Biochem. 2017, 118, 2625–2634. [CrossRef] [PubMed]

54. Ladeira, K.; Macedo, F.; Longatto-Filho, A.; Martins, S.F. Angiogenic factors: Role in esophageal cancer, a brief review. Esophagus
2018, 15, 53–58. [CrossRef] [PubMed]

55. Wagner, A.D.; Grabsch, H.I.; Mauer, M.; Marreaud, S.; Caballero, C.; Thuss-Patience, P.; Mueller, L.; Elme, A.; Moehler, M.H.;
Martens, U.; et al. EORTC-1203-GITCG—The “INNOVATION”-trial: Effect of chemotherapy alone versus chemotherapy plus
trastuzumab, versus chemotherapy plus trastuzumab plus pertuzumab, in the perioperative treatment of HER2 positive, gastric
and gastroesophageal junction adenocarcinoma on pathologic response rate: A randomized phase II-intergroup trial of the
EORTC-Gastrointestinal Tract Cancer Group, Korean Cancer Study Group and Dutch Upper GI-Cancer group. BMC Cancer 2019,
19, 494. [CrossRef]

56. Gerson, J.N.; Skariah, S.; Denlinger, C.S.; Astsaturov, I. Perspectives of HER2-targeting in gastric and esophageal cancer. Expert
Opin. Investig. Drugs 2017, 26, 531–540. [CrossRef] [PubMed]

57. Min, Y.; Adachi, Y.; Yamamoto, H.; Imsumran, A.; Arimura, Y.; Endo, T.; Hinoda, Y.; Lee, C.-T.; Nadaf, S.; Carbone, D.P.; et al.
Insulin-like growth factor I receptor blockade enhances chemotherapy and radiation responses and inhibits tumour growth in
human gastric cancer xenografts. Gut 2005, 54, 591–600. [CrossRef]

58. Imsumran, A.; Adachi, Y.; Yamamoto, H.; Li, R.; Wang, Y.; Min, Y.; Piao, W.; Nosho, K.; Arimura, Y.; Shinomura, Y.; et al.
Insulin-like growth factor-I receptor as a marker for prognosis and a therapeutic target in human esophageal squamous cell
carcinoma. Carcinogenesis 2007, 28, 947–956. [CrossRef]

59. Arcidiacono, D.; Dedja, A.; Giacometti, C.; Fassan, M.; Nucci, D.; Francia, S.; Fabris, F.; Zaramella, A.; Gallagher, E.J.; Cassaro, M.;
et al. Hyperinsulinemia Promotes Esophageal Cancer Development in a Surgically-Induced Duodeno-Esophageal Reflux Murine
Model. Int. J. Mol. Sci. 2018, 19, 1198. [CrossRef]

https://doi.org/10.1158/1535-7163.MCT-09-0499
https://doi.org/10.18632/oncotarget.9029
https://doi.org/10.1158/0008-5472.CAN-10-0391
https://doi.org/10.1002/pbc.22741
https://doi.org/10.1371/journal.pone.0171824
https://doi.org/10.3389/fphar.2021.746385
https://www.ncbi.nlm.nih.gov/pubmed/34621175
https://doi.org/10.1038/s41598-019-54129-7
https://www.ncbi.nlm.nih.gov/pubmed/31772236
https://doi.org/10.1016/j.jid.2016.11.020
https://doi.org/10.2147/DDDT.S207315
https://www.ncbi.nlm.nih.gov/pubmed/31371920
https://doi.org/10.1158/0008-5472.CAN-15-0706
https://www.ncbi.nlm.nih.gov/pubmed/26573796
https://doi.org/10.3748/wjg.v19.i34.5598
https://doi.org/10.1111/dote.12279
https://www.ncbi.nlm.nih.gov/pubmed/25155802
https://doi.org/10.3322/caac.21254
https://doi.org/10.1186/s40064-016-2119-3
https://doi.org/10.1007/s13402-019-00488-2
https://doi.org/10.21037/dmr-21-16
https://doi.org/10.1016/j.ejso.2015.08.159
https://www.ncbi.nlm.nih.gov/pubmed/26422587
https://doi.org/10.1002/jcb.25829
https://www.ncbi.nlm.nih.gov/pubmed/27933650
https://doi.org/10.1007/s10388-017-0597-1
https://www.ncbi.nlm.nih.gov/pubmed/29892930
https://doi.org/10.1186/s12885-019-5675-4
https://doi.org/10.1080/13543784.2017.1315406
https://www.ncbi.nlm.nih.gov/pubmed/28387541
https://doi.org/10.1136/gut.2004.048926
https://doi.org/10.1093/carcin/bgl247
https://doi.org/10.3390/ijms19041198


Cancers 2024, 16, 3175 18 of 18

60. Simpson, A.; Petnga, W.; Macaulay, V.M.; Weyer-Czernilofsky, U.; Bogenrieder, T. Insulin-Like Growth Factor (IGF) Pathway
Targeting in Cancer: Role of the IGF Axis and Opportunities for Future Combination Studies. Target. Oncol. 2017, 12, 571–597.
[CrossRef]

61. LeRoith, D.; Werner, H.; Beitner-Johnson, D. Molecular and cellular aspects of the insulin-like growth factor I receptor. Endocr.
Rev. 1995, 16, 143–163. [CrossRef]

62. Sciacca, L.; Costantino, A.; Pandini, G.; Mineo, R.; Frasca, F.; Scalia, P.; Sbraccia, P.; Goldfine, I.D.; Vigneri, R.; Belfiore, A. Insulin
receptor activation by IGF-II in breast cancers: Evidence for a new autocrine/paracrine mechanism. Oncogene 1999, 18, 2471–2479.
[CrossRef] [PubMed]

63. Abou-Alfa, G.K.; Capanu, M.; O’reilly, E.M.; Ma, J.; Chou, J.F.; Gansukh, B.; Shia, J.; Kalin, M.; Katz, S.; Abad, L.; et al. A phase II
study of cixutumumab (IMC-A12, NSC742460) in advanced hepatocellular carcinoma. J. Hepatol. 2014, 60, 319–324. [CrossRef]
[PubMed]

64. Langer, C.J.; Novello, S.; Park, K.; Krzakowski, M.; Karp, D.D.; Mok, T.; Benner, R.J.; Scranton, J.R.; Olszanski, A.J.; Jassem,
J. randomized, phase III trial of first-line figitumumab in combination with paclitaxel and carboplatin versus paclitaxel and
carboplatin alone in patients with advanced non–small-cell lung cancer. J. Clin. Oncol. 2014, 32, 2059–2066. [CrossRef]

65. Frasca, F.; Pandini, G.; Scalia, P.; Sciacca, L.; Mineo, R.; Costantino, A.; Goldfine, I.D.; Belfiore, A.; Vigneri, R. Insulin Receptor
Isoform A, a Newly Recognized, High-Affinity Insulin-Like Growth Factor II Receptor in Fetal and Cancer Cells. Mol. Cell. Biol.
1999, 19, 3278–3288. [CrossRef] [PubMed]

66. Hou, X.; Huang, F.; Macedo, L.F.; Harrington, S.C.; Reeves, K.A.; Greer, A.; Haluska, P. Dual IGF-1R/InsR inhibitor BMS-754807
synergizes with hormonal agents in treatment of estrogen-dependent breast cancer. Cancer Res. 2011, 71, 7597–7607. [CrossRef]
[PubMed]

67. Dayyani, F.; Parikh, N.U.; Varkaris, A.S.; Song, J.H.; Moorthy, S.; Chatterji, T.; Maity, S.N.; Wolfe, A.R.; Carboni, J.M.; Gottardis,
M.M.; et al. Combined inhibition of IGF-1R/IR and Src family kinases enhances antitumor effects in prostate cancer by decreasing
activated survival pathways. PLoS ONE 2012, 7, e51189. [CrossRef] [PubMed]

68. Long, L.; Rubin, R.; Brodt, P. Enhanced invasion and liver colonization by lung carcinoma cells overexpressing the type 1
Insulin-like growth factor receptor. Exp. Cell Res. 1998, 238, 116–121. [CrossRef] [PubMed]

69. Saikali, Z.; Setya, H.; Singh, G.; Persad, S. Role of IGF-1/IGF-1R in regulation of invasion in DU145 prostate cancer cells. Cancer
Cell Int. 2008, 8, 10. [CrossRef] [PubMed]

70. Hassan, M.S.; Awasthi, N.; Ponna, S.; von Holzen, U. Nab-Paclitaxel in the Treatment of Gastrointestinal Cancers-Improvements
in Clinical Efficacy and Safety. Biomedicines 2023, 11, 2000. [CrossRef] [PubMed]

71. Wiedmann, M.; Mössner, J. New and emerging combination therapies for esophageal cancer. Cancer Manag. Res. 2013, 5, 133–146.
[CrossRef] [PubMed]

72. Mokhtari, R.B.; Homayouni, T.S.; Baluch, N.; Morgatskaya, E.; Kumar, S.; Das, B.; Yeger, H. Combination therapy in combating
cancer. Oncotarget 2017, 8, 38022–38043. [CrossRef]

73. O’neill, B.T.; Lauritzen, H.P.; Hirshman, M.F.; Smyth, G.; Goodyear, L.J.; Kahn, C.R. Differential Role of Insulin/IGF-1 Receptor
Signaling in Muscle Growth and Glucose Homeostasis. Cell Rep. 2015, 11, 1220–1235. [CrossRef] [PubMed]

74. Clemmons, D.R. Role of insulin-like growth factor iin maintaining normal glucose homeostasis. Horm. Res. Paediatr. 2004, 62
(Suppl. S1), 77–82. [CrossRef]

75. Desai, J.; Solomon, B.J.; Davis, I.D.; Lipton, L.R.; Hicks, R.; Scott, A.M.; Park, J.; Clemens, P.L.; Gestone, T.A.; Finckenstein, F.G.
Phase I dose-escalation study of daily BMS-754807, an oral, dual IGF-1R/insulin receptor (IR) inhibitor in subjects with solid
tumors. J. Clin. Oncol. 2010, 28 (Suppl. S15), 3104. [CrossRef]

76. Tamura, Y.; Nokihara, H.; Yamamoto, N.; Wakui, H.; Honda, K.; Asahina, H.; Tamura, T. O1-079—Phase 1 Dose-Escalating Study
of BMS-754807 in Japanese Patients with Advanced Solid Tumors. Ann. Oncol. 2012, 23, xi111–xi112. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11523-017-0514-5
https://doi.org/10.1210/edrv-16-2-143
https://doi.org/10.1038/sj.onc.1202600
https://www.ncbi.nlm.nih.gov/pubmed/10229198
https://doi.org/10.1016/j.jhep.2013.09.008
https://www.ncbi.nlm.nih.gov/pubmed/24045151
https://doi.org/10.1200/JCO.2013.54.4932
https://doi.org/10.1128/MCB.19.5.3278
https://www.ncbi.nlm.nih.gov/pubmed/10207053
https://doi.org/10.1158/0008-5472.CAN-11-1080
https://www.ncbi.nlm.nih.gov/pubmed/22042792
https://doi.org/10.1371/journal.pone.0051189
https://www.ncbi.nlm.nih.gov/pubmed/23300537
https://doi.org/10.1006/excr.1997.3814
https://www.ncbi.nlm.nih.gov/pubmed/9457063
https://doi.org/10.1186/1475-2867-8-10
https://www.ncbi.nlm.nih.gov/pubmed/18598360
https://doi.org/10.3390/biomedicines11072000
https://www.ncbi.nlm.nih.gov/pubmed/37509639
https://doi.org/10.2147/CMAR.S32199
https://www.ncbi.nlm.nih.gov/pubmed/23869177
https://doi.org/10.18632/oncotarget.16723
https://doi.org/10.1016/j.celrep.2015.04.037
https://www.ncbi.nlm.nih.gov/pubmed/25981038
https://doi.org/10.1159/000080763
https://doi.org/10.1200/jco.2010.28.15_suppl.3104
https://doi.org/10.1016/S0923-7534(20)32301-2

	Introduction 
	Materials and Methods 
	Mice, Cell Lines, and Reagents 
	Cell Viability Assay 
	Western Blot Analysis 
	Scratch Wound Healing Assessment 
	Animal Studies 
	Immunohistochemistry (IHC) 
	Statistical Test 

	Results 
	Effects of BMS-754807 Alone and in Combination with Nab-Paclitaxel on EAC Cell Proliferation and Apoptosis 
	Effects of BMS-754807 Alone and in Combination with Nab-Paclitaxel on EAC Cell Scratch Wound Closure 
	Effects of BMS-754807 Alone and in Combination with Nab-Paclitaxel on EAC Xenograft Tumor Size 
	Effects of BMS-754807 Alone and in Combination with Nab-Paclitaxel on Proliferation and Apoptosis within the Tumor In Vivo 
	Effects of BMS-754807 Alone and in Combination with Nab-Paclitaxe on EAC Animal Survival 

	Discussion 
	Conclusions 
	References

