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Abstract

Purpose Paclitaxel-based chemoradiotherapy was proven to be efficacious in treating patients with advanced esophageal
cancer. However, the toxicity and the development of resistance limited its anticancer efficiency. The present study was to
evaluate the antitumor effects of lapatinib, a dual tyrosine inhibitor of both epidermal growth factor receptor (EGFR) and
human epidermal growth factor receptor 2 (HER2), combined with paclitaxel on the esophageal squamous cancer.
Methods MTT assays were used to evaluate the effects of the combination of lapatinib and paclitaxel on the growth of
esophageal squamous cancer cell lines (KYSE150, KYSE450, KYSES10 and TE-7). The activity of the combination of
two agents on cell invasion, migration and apoptosis was measured by wound healing assay, transwell assay and Annexin
V-FITC/PI stain assay. Western blot assay was used to analyze the effects of the two agents on the EGFR/HER?2 signaling.
The in vivo efficacy was evaluated in KYSE450 xenograft nude mouse model.

Results The combination of lapatinib and paclitaxel was highly synergistic in inhibiting cell growth with a combination index
of <1, and suppressed significantly the invasion and migration capability of esophageal squamous cancer cells. Esophageal
squamous cancer cells displayed increased rates of apoptosis after treatment with lapatinib plus paclitaxel. The phosphoryl-
ated EGFR and HER?2 as well as the activation of downstream molecules MAPKs and AKT significantly decreased when
exposed to lapatinib and paclitaxel. In vivo studies showed that the combination of two agents had greater antitumor efficacy
than either agent alone.

Conclusions The combination of lapatinib with paclitaxel showed synergistic antitumor activity, suggesting their potential
in treating patients with esophageal squamous cancer.
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Introduction

Esophageal cancer, one of the most common malignant
tumors, is the sixth leading cause of cancer-related death in the
word [1]. Esophageal squamous cell carcinoma (ESCC) and
esophageal adenocarcinoma (EAC) are the two histopatho-
logically different types of esophageal cancer. EAC mainly
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occurs in western countries, whereas the incidence of ESCC is
predominant in Asian countries and southeastern Africa with
an estimation of more than 100 cases/100,000 person-years
[2, 3]. Treatments for esophageal cancer include combinations
of surgery, radiotherapy and chemotherapy. However, many
cases of esophageal cancer were diagnosed at an inoperable
stage and complete resection was rarely performed because
esophageal cancer spreads rapidly. Therefore, 5-year survival
rates for esophageal cancer are poor, ranging from 15 to 25%
[4]. Neoadjuvant therapy with chemotherapy or radiotherapy

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00280-018-3627-3&domain=pdf

384

Cancer Chemotherapy and Pharmacology (2018) 82:383-394

has supplemented surgery as standard treatment of locally
advanced esophageal cancer. The optimal regimen of chemo-
radiotherapy has not yet been established. Standard combina-
tions consisting of cisplatin with 5-fluorouracil or paclitaxel
are widely used [5—7]. Several clinical studies revealed that
these combinations have significant therapeutic effects on
advanced ESCC [8-10]. However, the toxicity and the devel-
opment of resistance limited their anticancer efficiency. As a
result, the development of novel chemosensitizer or new drug
combination therapies against ESCC is imperative.

Epidermal growth factor receptor (EGFR) and human epi-
dermal growth factor receptor 2 (HER2/ErbB2) are members
of the HER/ErbB tyrosine kinase receptor family. Both of
them play crucial roles in cell proliferation, survival, migra-
tion, and metastasis [11]. EGFR and HER2 overexpression
have been observed in over 30% of esophageal cancer, and
their expression was correlated with increased invasion, poor
differentiated histology, and worse prognosis [12—14]. These
data provided the rationale for targeting EGFR and HER?2 in
the treatment of esophageal cancer.

Lapatinib (GW572016) is a small-molecule dual tyrosine
kinase inhibitor of both EGFR and HER2. In 2007, lapatinib
was first approved by FDA for combination with capecit-
abine in the treatment of advanced breast cancer patients
with HER?2 positive [15]. In addition to breast cancer, lapa-
tinib has proven efficacy in a range of malignancies in pre-
clinical models [16—19]; however, in clinical trials, lapat-
inib used alone resulted only in minimal activity [20-22].
Studies from our group and others revealed that lapatinib
was effective in treating esophageal, gastroesophageal junc-
tion and gastric cancers when in combination with chemo-
therapy agents [23-25]. Paclitaxel, also called taxol, is an
anti-microtubule agent that stabilizes microtubule struc-
ture within the cells, causing mitotic arrest and apoptosis
[26]. It has been used for the treatment of various types of
solid cancers, showing response rates of around 30% when
used alone and around 40% when used in combination with
cisplatin in ESCC [10, 27-29]. Moreover, paclitaxel may
increase the sensitivity of tumor cells to radiation [30].
In the present study, we evaluate the antitumor activity of
lapatinib combined with paclitaxel on esophageal squamous
cancer in vitro and in vivo. Our objective was to identify the
potential interactions between lapatinib and paclitaxel, and
provide the essential data for the next clinical trials of the
combination on patients with esophageal squamous cancer.

Materials and methods
Ethics statement

BALB/c nude mice (female, 6-8 weeks, 18-20 g) used in the
study were purchased from Vital River Laboratory Animal

@ Springer

Technology Co. Ltd. (Beijing, China), and maintained under
specific pathogen-free (SPF) conditions. All experimental
procedures were approved by the Ethics Committee of Xinx-
iang Medical University (No. XXMU-2016-050) and were
performed in accordance with international and national
guidelines.

Cell lines and culture

Human esophageal squamous carcinoma cell (ESCC) lines
KYSE150, KYSE450, KYSE510 and TE-7 were obtained
from Cell Center of Peking Union Medical College, China,
and cultured in RPMI 1640 media supplemented with 10%
fetal bovine serum (FBS, Life Technologies, CA, USA), 100
unit/ml penicillin and 100 mg/ml streptomycin (Beyotime
Biotechnology, Jiangsu, China). The cells were cultured at
37 °Cin a 5% CO, environment.

Reagents and antibodies

Lapatinib (GW572016) was purchased from MedChem
Express (MCE, USA), dissolved in dimethyl sulfoxide
(DMSO) and stored at the concentration of 10 mmol/l. Pacli-
taxel injection (5 mg/ml) was purchased from the Beijing SL
PHARM (Beijing, China), and diluted with PBS just before
use. ((3-(4, 5-Dimethyl-thiazol-2-yl)-2, 5-diphenyltetrazo-
lium bromide) (MTT) was obtained from Sigma-Aldrich
Chemical Inc. (St. Louis, MO, USA). The primary antibod-
ies [anti-EGFR, -HER2, -AKT, -p38MAPK, -ERK, -SAPK/
JNK, -B-actin and phosphorylated EGFR, -HER2, -AKT
(Ser473), -p38MAPK (Thr180/Thr182), -ERK (Thr202/
Thr204), -SAPK/INK (Thr183/Thr185)] were provided by
Cell Signaling Technology (MA, USA). Annexin V-FITC
Apoptosis Detection Kit was supplied by Beyotime Biotech-
nology (Jiangsu, China). Matrigel invasion chamber 24-well
plate 8.0 micron was purchased from Corning (NY, USA).

Cell viability assay

Cell viability was measured by MTT assays. ESCC cells
were seeded in 96-well plates for 24 h. After treatment with
lapatinib, paclitaxel alone or the combination at different
concentrations for 48 h, 20 ul MTT (5 mg/ml) was added
to each well, and incubated for 4 h at 37 °C. The superna-
tant was removed and 150 ul DMSO were added to each
well. After shaking for 5 min, the absorbance at 570 nm
was measured using an ELISA reader. Growth inhibition
was calculated as a percentage of the untreated controls.
Combination drug index (CI) of lapatinib plus paclitaxel was
calculated using the median effect principle (Talalay—Chou
method) [31]. The CI< 1, CI=1 and CI> 1 indicate the syn-
ergistic, additive and antagonistic effect, respectively.
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Wound healing assay

Cells were seeded in six-well plates at a density of 4 x 10
cells per well and cultured for 24 h to yield confluent mon-
olayers for wounding. A sterile 10-ul pipette tip was used
to gently and solely scratch the monolayer at the centre of
each well. The cell debris was removed by washing with
PBS then cells were treated with vehicle (0.5% DMSO),
lapatinib (5 umol/l), paclitaxel (5 ng/ml) alone or in combi-
nation for another 24 h. The cells were photographed using a
light microscope. Experiments were performed three times.

Transwell migration and invasion assay

Cell migration and invasion was measured using a two-
chamber transwell system (8-um pore size). For migration
assay, esophageal squamous cancer cells (2x 10%) suspended
in 200 pl of serum-free 1640-RPMI were directly planted in
the upper chambers of the transwell. For invasion assay, the
upper chambers were first coated with matrigel according
to the manufacturer’s instruction, and then the cells were
planted in the upper chambers. The vehicle (0.5% DMSO),
lapatinib (5 umol/l), paclitaxel (5 ng/ml) alone or combina-
tion of lapatinib and paclitaxel was added to the upper cham-
bers in both assays. Then 500 pl of 1640-RPMI medium
containing 10% serum was added to the lower chambers.
The transwell chambers were incubated at 37 °C in 5% CO,
for 48 h (KYSE150 cells) or 72 h (TE-7 cells). Cells that
did not migrate or invade through the filter and/or matrigel
were gently wiped with a cotton swab. Migrated or invaded
cells beneath the filter were fixed with 4% paraformalde-
hyde for 10 min and stained with crystal violet for 30 min.
The migrated or invaded cells were observed under inverted
microscope and were quantified by counting the number of
cells from five random fields of vision.

Cell apoptosis assays

The apoptotic effect of lapatinib and/or paclitaxel on esopha-
geal squamous cancer cells were tested using an Annexin
V-fluorescein isothiocyanate (FITC)/propidium iodide (PI)
staining. Cells were seeded in six-well plates and incubated
for 24 h, then treated with vehicle (0.5% DMSO), lapatinib
(5 umol/l), paclitaxel (5 ng/ml), or lapatinib combined with
paclitaxel for 48 h. According to the manufacturer’s instruc-
tion, cells were collected, washed twice with PBS, and
resuspended in 200 pl binding buffer containing Annexin
V-FITC and PI (Beyotime Biotechnology, Jiangsu, China).
Cells were incubated for 15 min in the dark. After adding
400 ul binding buffer, cells were analyzed for fluorescence
with a flow cytometer (BD Corp).

Western blot assay

Esophageal squamous cancer cells (KYSE150, KYSE450,
KYSES510 and TE-7) were plated into 100-mm dishes at the
density of 1x 10° and cultured for 24 h. Then, the cells were
incubated with vehicle (0.5% DMSO), lapatinib (5 pmol/l)
or paclitaxel (5 ng/ml) or the two drugs combination for
48 h. The cells were lysed on ice for 30 min in cell lysis
buffer (Beyotime biotechnology, Jiangsu, China) contain-
ing 1% phenylmethanesulfonyl fluoride (PMSF). For pro-
teins extracted from tumor tissues, 100 mg tumor tissues
were put in 1 ml RIPA lysis buffer (Beyotime biotechnol-
ogy, Jiangsu, China) supplemented with 1 mmol/l PMSF,
homogenized on ice, and lysed on ice for 30 min. Cell or
tissue extracts were clarified by centrifugation at 10,000g for
15 min at 4 °C, and the total protein was quantitated using
bicinchoninic acid kit (Beijing Dingguo Biotechnology, Bei-
jing, China). Each protein (30 pg) was applied on a 10%
SDS-PAGE and transferred onto polyvinylidene fluoride
(PVDF) membranes (Millipore, MA, USA). The membranes
were blocked with 5% BSA for 2 h at room temperature, and
then incubated with primary antibodies overnight at 4 °C
(diluted 1:1000, Cell Signaling Technology). After washing
with TBST buffer three times, membranes were incubated
with secondary HRP-conjugated antibodies for 1 h at room
temperature (diluted 1:4000, Cell Signaling Technology).
The bands were visualized by reacting with the Immobilon
Western Chemiluminescent HRP Substrate (Millipore) and
captured by Amersham Imager 600 system (GE Healthcare,
UT, USA).

In vivo efficacy assay

In vivo efficacy of lapatinib, paclitaxel alone or the combina-
tion was measured by KYSE450 xenograft nude mice model.
Female BALB/c nude mice were purchased from Vital River
Laboratory Animal Technology Co. Ltd., and hosted under
specific pathogen-free conditions. 1x 10’ KYSE450 cells
resuspended in 200 pl PBS were injected into right armpit of
the nude mice subcutaneously. When the average tumor vol-
ume reached 100 mm?> (about 10 days later), the mice were
randomly divided into four groups (n=28): control group,
lapatinib treatment group, paclitaxel treatment group and
lapatinib plus paclitaxel treatment group. Lapatinib was dis-
solved in 0.5% carboxymethyl cellulose and 0.1% Tween-80
vehicle and was given once daily at dosage of 100 mg/kg
by oral gavage. Paclitaxel was administered at dosage of
7.5 mg/kg every 7 days by intraperitoneal injection. The
control group received 0.5% carboxymethyl cellulose/0.1%
Tween-80 vehicle and PBS treatment at the same sched-
ule as lapatinib and paclitaxel. Tumor size and animal body
weight were measured every 3 days and tumor volume was
determined by length x width?/2. The inhibition rates were
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calculated by 1 —tumor volume (treated)/tumor volume
(control) X 100%. The mice were killed on day 35, and the
tumors were removed from the mice and weighed.

Statistical analysis

Each experiment was repeated at least three times. Results
are presented at mean + standard deviation (SD) and the data
were analyzed using the GraphPad Prism 5 software. Sta-
tistical significance was evaluated using one-way analysis
of variance (ANOVA). P <0.05 was considered statistically
significant.

Results

Effects of lapatinib in combination with paclitaxel
on the growth of esophageal squamous cancer cells

First, the EGFR and HER2 expression levels on four ESCC
cell lines and normal epithelium cells were analyzed. The
four ESCC cell lines showed EGFR and HER2 expression
in high levels (except that the KYSES10 cells have a rela-
tively low expression of EGFR). But in normal esophageal
epithelial cells, EGFR and HER?2 levels were much lower
than that of ESCC cells (Fig. 1). The cytotoxicity of lapat-
inib and paclitaxel alone in different ESCC cells is shown
in Fig. 2a and Table 1. Four ESCC cell lines (KYSE150,
KYSE450, KYSE510 and TE-7) showed similar sensitivity
to lapatinib with ICs, values about 5 pmol/l. Therefore, there
were no correlations between the ICs,, values and the EGFR
and HER2 expression levels. The sensitivity of TE-7 cells to
paclitaxel was much lower than that of the other three cells.
To determine the combination effects, cells were treated
with both agents at fixed ratios (lapatinib:paclitaxel = 100:1)
spanning the IC, of each agent. Combination treatment with
lapatinib and paclitaxel significantly decreased the growth
of cells compared to either agent alone (Fig. 2b). To deter-
mine the interactions between lapatinib and paclitaxel were

Normal KYSE150 KYSE450 KYSE510 TE-7

EOTR e g— Y - —
e L ——— —

Fig.1 The expression level of EGFR and HER2 on normal esopha-
geal epithelium cell and four esophageal squamous cancer cell lines
analyzed by western blot
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antagonistic, additive or synergistic, the Chou-Talalay
method was used to determine the combined index. Clear
synergy was noted between lapatinib and paclitaxel in the
KYSE450, KYSES510 and TE-7 cells (CI< 1). The exception
to this was KYSE150 cells treated with higher concentra-
tions of lapatinib and paclitaxel in which the effects were
additive or antagonistic (Fig. 2c).

Effects of the combination of lapatinib
with paclitaxel on the invasion and migration
of esophageal squamous cancer cells

The effects of lapatinib and paclitaxel on the migration and
invasion of esophageal squamous cancer cells were meas-
ured using wound healing assay and transwell assay. The
migration assays showed that 5 umol/l lapatinib and 5 ng/
ml paclitaxel could significantly decrease the migration of
KYSE150 cells and TE-7 cells. And combined treatment of
lapatinib with paclitaxel reduced the migration capability
more significantly than either agent alone (Fig. 3a—d). After
exposure to lapatinib and paclitaxel, the ESCC cells that
invade through the matrigel membrane decreased markedly
compared with vehicle, and lapatinib or paclitaxel treatment
alone (P <0.05, Fig. 3e, f). These indicated that combination
of the two agents synergistically inhibit the invasion and
migration of ESCC cells.

Synergistic proapoptotic activity of lapatinib
and paclitaxel on esophageal squamous cancer cells

To confirm the synergistic interaction of lapatinib with pacli-
taxel, we evaluated the induction of cell apoptosis in four
ESCC cell lines. Lapatinib or paclitaxel alone induced TE-7
cell apoptosis of 15.75 and 21.52%, respectively (P <0.001
vs vehicle). The combination of the two agents induced cell
apoptosis of 38.8%, which is significantly higher than that of
lapatinib or paclitaxel alone (P <0.001). Similar results were
also obtained from KYSE150, KYSE450 and KYSES10 cell
lines (Fig. 4a, b). As one of the main cleavage targets of cas-
pase 3, the level of cleaved PARP increased markedly after
treatment with the combination of lapatinib and paclitaxel
(Fig. 4c). This result confirmed that lapatinib combined with
paclitaxel demonstrated enhanced proapoptotic activity on
esophageal squamous cancer cells.

Effects of the combination of lapatinib
with paclitaxel on the EGFR/HER2 signaling
pathways

To discuss the mechanisms of synergistic cell growth inhibi-
tion and enhanced apoptosis after treatment with lapatinib
and paclitaxel, ESCC cells were treated with either drug
alone or the combination for 48 h followed by assessment
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of HER signaling pathways using western blot analysis. The
signaling pathways induced by activated EGFR and HER2
include the MAPK and the phosphatidylinositol 3-kinase
(PI3K)/AKT pathway, both of which play a key role in
the proliferation and cell survival responses. As shown in
Fig. 5, phosphorylation of EGFR and HER2 was activated
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at detectable levels under normal culture conditions with
serum. Downstream signaling molecules, such as AKT,
ERK, p38MAPK, and JNK, were also activated. Paclitaxel
alone shows negligible effects on the EGFR/HER?2 activation
as well as the activation of downstream molecules. Lapatinib
treatment alone significantly inhibited the EGFR and HER2
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Table 1 The IC, values of lapatinib or paclitaxel alone against four
esophageal squamous cancer cell lines

Cell lines Lapatinib (umol/l) (95% Paclitaxel (umol/l)
confidence intervals) (95% confidence
intervals)
KYSE150 4.388 (4.171-4.616) 0.015 (0.009-0.023)
KYSE450 4.106 (3.601-4.683) 0.016 (0.011-0.026)
KYSES10 4.107 (3.751-4.496) 0.018 (0.008-0.043)
TE-7 4.837 (4.614-5.070) 0.051 (0.033-0.080)

phosphorylation, and then blocked the activation of ERK,
AKT and p38MAPK. But the combination of lapatinib with
paclitaxel showed further enhanced inhibitory effects on the
EGFR/HER?2 signaling. Phosphorylation of JNK was not
affected by the lapatinib alone in the KYSE150, KYSE450
and TE-7 cells, whereas it decreased significantly in the
presence of both lapatinib and paclitaxel in four ESCC cell
lines. Lapatinib and paclitaxel alone or in combination did
not show any effects on the amount of total EGFR, HER2,
ERK, p38MAPK, JNK and AKT protein.

In vivo efficacy and mechanisms of the combination
of lapatinib with paclitaxel

The in vivo antitumor effects of lapatinib and paclitaxel in
combination were tested in a mouse xenograft model bearing
KYSE450 tumors. They administrated alone or in combina-
tion both demonstrated significant inhibition in the xenograft
growth (Fig. 6a). Single lapatinib treatment at 100 mg/kg for
24 days (from day 12 to day 35) yielded tumor growth inhi-
bition rate of 46.3% (P <0.01 vs control). Paclitaxel alone at
7.5 mg/kg in once-a-week regimen (injection i.p. at day 12,
19, 26 and 33) yielded tumor growth inhibition rate of 40.7%
(P <0.05 vs control). The combination of two agents yielded
a significantly greater inhibition in tumor growth than either
agent alone (inhibition rate of 64.2%, P <0.05 compared
with lapatinib-treated group; P <0.01 compared with pacli-
taxel-treated group). All treatments were well tolerated, and
no animals death, body weight loss, or any toxic signs were
observed during the course of the treatment (Fig. 6b).

To further investigate the in vivo mechanisms of antitu-
mor efficacy, the phosphorylation of EGFR and HER?2 as
well as the downstream molecules AKT and ERK in the
xenograft tumor tissues after treatment with lapatinib, pacli-
taxel alone or in combination were detected by western blot
analysis. The results demonstrated that phosphorylation of
EGFR, HER2, AKT and ERK decreased slightly in the sin-
gle lapatinib or paclitaxel treatment group. But their phos-
phorylation levels markedly reduced after treatment by lapa-
tinib in combination with paclitaxel. The total EGFR, HER2,
AKT and ERK protein levels also remained unchanged after
exposure to the single drug or combination (Fig. 6¢).
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Discussion

For advanced or metastatic esophageal cancer, chemotherapy
is the main stay of treatment options. Cisplatin-based regi-
men (cisplatin and fluorouracil) and taxane-based regimen
(paclitaxel and docetaxel) represented the most used chemo-
therapy backbone [8]. However, none of the clinical trials
reported a statistically significant difference in overall sur-
vival when compared with surgery alone [32, 33]. Therefore,
recent clinical trials have focused on the addition of targeted
therapies to a chemotherapy backbone, and most work has
focused on anti-vascular endothelial growth factor (VEGF)
and anti-EGFR/HER?2 therapies. Bevacizumab (Avastin), a
humanized monoclonal antibody that targets the VEGF, was
evaluated in combination with capecitabine—cisplatin in the
first-line treatment of advanced gastric cancer in a phase III
trial. The results revealed that adding bevacizumab to chem-
otherapy was associated with significant increases in pro-
gression-free survival (6.7 vs 5.3 months; P=0.0037) and
overall response rate (46.0 vs 37.4%; P=0.0315) [34]. Tras-
tuzumab (Herceptin) is a humanized monoclonal antibody
that targets the HER2. Combination with chemotherapy vs
chemotherapy alone for the treatment of HER2-positive
advanced gastric or gastrio-esophageal junction cancer was
evaluated in a phase 3, open-label, randomised controlled
trial (ToGA), and the results showed that median overall
survival was significantly increased in the trastuzumab
plus chemotherapy group [35]. However, the patients with
esophageal cancer did not benefit from the anti-EGFR agents
including the monoclonal antibodies (e.g. cetuximab) and
tyrosine kinase inhibitors (e.g. gefitinib and erlotinib) [36,
37]. This was probably due to the mutations of KRAS and
EGFR is rare in esophageal cancer [38], and the crosstalk
between EGFR and HER2 was another reason. Studies have
shown that HER2 gene amplification may have implications
in predicting response to EGFR inhibition [39]. Lapatinib is
a tyrosine kinase inhibitor (TKI) of both EGFR and HER?2,
its application in treating various cancers including esopha-
geal cancer and gastric cancer when combined with chemo-
therapies has been reported. The TRIO-013/LOGiC, a ran-
domized phase III trial showed that addition of lapatinib to
capecitabine and oxaliplatin did not increase overall survival
in patients with HER2-amplified gastroesophageal adeno-
carcinoma. For the esophageal squamous cell carcinoma,
studies from our team and other teams revealed that lapat-
inib synergistically interacts with 5-fluorouracil in inhibit-
ing the growth of ESCC cells [40, 41]. In present study, we
evaluated the therapeutic potential of lapatinib alone or in
combination with another standard chemotherapeutic drug,
paclitaxel, for the treatment of esophageal squamous cancer,
and to understand the mechanisms of action of these drugs.
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Fig.4 Effects of lapatinib,
paclitaxel alone or in combina-
tion on apoptosis of ESCC cells.
a Cells were treated with single
lapatinib (5 umol/l), paclitaxel
(5 ng/ml) or both drugs for 48 h,
and the apoptotic cells were
stained by Annexin V-FITC
and PI. The lower left quad-
rants (FITC™/PI") indicated the
viable cells, and the lower right
quadrants (FITC*/PI") indicated
the early apoptotic cells. The
upper right quadrants (FITC"/
PI*) indicated the late apoptotic
cells, and the upper left quad-
rants (FITC™/PI") indicated the
dead cells. b Apoptosis ratios
are the sum of early apoptotic
cells and late apoptotic cells.
Vehicle refers to 0.5% DMSO,
lap refers to lapatinib, and pac
refers to paclitaxel. *P <0.05

vs vehicle, **P <0.01 vs vehi-
cle, ***P <(0.001 vs vehicle.
#p <0.01 lapatinib + paclitaxel
vs lapatinib or paclitaxel alone,
###pP <0.001 lapatinib + pacli-
taxel vs lapatinib or paclitaxel.
¢ The cleaved PARP levels of
ESCC cells after exposure to
indicated drugs for 48 h were
detected by western blot analy-
sis. Actin was used as a loading
control
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The effects of lapatinib alone or in combination with  with paclitaxel, the cell growth was further inhibited, and
paclitaxel on cell viability were measured on four ESCC  the combination index (CI) values were less than 1 which
cells that express differential levels of EGFR and HER2.  indicated a synergistic effect between lapatinib and pacli-
Lapatinib showed similar cytotoxicity to ESCC cells. There  taxel. The synergy was seen when the ratio of concentra-
was no correlation between the 1Cs;, values of lapatinib and  tions of two drugs was 100:1 (lapatinib:paclitaxel). In vivo,
the EGFR and HER?2 expression level. When combined  the combination of lapatinib with paclitaxel also showed
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Fig.5 Effects of lapatinib, paclitaxel alone or in combination on the
EGFR/HER? signal pathway. KYSE150, KYSE450, KYSE510 and
TE-7 cells were incubated with lapatinib (5 umol/l), paclitaxel (5 ng/
ml) or both drugs for 48 h, the phosphorylation of EGFR, HER2,

an enhanced inhibition in the growth of esophageal squa-
mous carcinoma xenografts with no increase in toxicity.
Furthermore, the dose of paclitaxel in our experiment was
7.5 mg/kg (about 25 mg/m?) for once a week. This dos-
age was significantly lower than the clinical dose of pacli-
taxel (135175 mg/m?). These data were very meaningful
for the clinical application because the strategies based on
chemosensitisation using decreased doses of toxic agents in
combination with a low-toxic tyrosine kinase inhibitors to
complement the efficacy of the treatment are the trends of
recent studies.

Metastasis is a key biological characteristic of malignant
tumors; we also tested the effects of lapatinib combined with
paclitaxel on the invasion and migration capability of ESCC
cells. Wound healing assay and transwell assay both revealed

p42/44MAPK (ERK), p38MAPK, JNK and AKT as well as their
total expression levels were detected by western blot analysis. Actin
was used as a loading control

that lapatinib acted synergistically with paclitaxel in inhibit-
ing the metastasis of ESCC cells. In addition, the two agents
also showed synergistic proapoptotic activity on the ESCC
cells when they used together.

We found that the synergistic antitumor effects of lapat-
inib in combination with paclitaxel were probably mediated
by changes in cell signaling. As a potent pan-ErbB tyrosine
kinase inhibitor, lapatinib (5 umol/l) treatment alone exhib-
ited significant inhibiting activity on the phosphorylation
of EGFR and HER2, whereas the paclitaxel (5 ng/ml) alone
showed negligible effect on the EGFR and HER?2 activation.
However, the levels of phosphorylated EGFR and HER2
were much lower following treatment with lapatinib in com-
bination with paclitaxel. Ras/MAPK and PI3K/AKT are the
two main downstream signal pathways that are mediated by
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Fig.6 In vivo antitumor efficacy of lapatinib, paclitaxel alone or in
combination. Nude mice bearing the KYSE450 xenografts were
treated with carboxymethyl cellulose/Tween-80 vehicle, lapatinib
(100 mg/kg), paclitaxel (7.5 mg/kg), or lapatinib plus paclitaxel as
shown in Materials and Methods. The mean tumor volume (a) and
mean animal weight (b) in each group during the experiment were
shown. **P<0.01 vs vehicle, ***P<0.001 vs vehicle. #P<0.01,
lapatinib + paclitaxel vs lapatinib or paclitaxel. ¢ The inhibitory

EGFR/HER?2. Treatment with the combination of lapatinib
and paclitaxel resulted in marked decrease in the phospho-
rylation levels of MAPKs (ERK, p38MAPK and JNK) and
AKT, and this reduction was more significant than that of
treatment with either agent alone. Our data suggest that inhi-
bition of the EGFR/HER?2 signaling pathway by combining
a chemotherapeutic drug and a TKI may augment the effects
of both agents on the downstream signaling pathways.

A study from McHugh et al. [42] demonstrated that
antagonism was observed when lapatinib and chemotherapy
agents (capecitabine and cisplatin) were given together, but
the synergy was seen when lapatinib was given before and
during the chemotherapy agents. As a result, the identifica-
tion of optimal schedules is also important for the successful
clinical evaluation of cancer therapeutics, especially when
the two drugs are combined. In the present study, the syn-
ergy was obtained by lapatinib administered concomitant
with paclitaxel. Further experiments are required to test
whether lapatinib given before or after the paclitaxel have
some effects on the two drugs interaction.
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effects of lapatinib, paclitaxel alone or in combination on EGFR/
HER? signaling in xenograft tumors. Mice bearing KYSE450 xeno-
grafts were killed on day 35. The tumors were isolated from the
mice and immediately frozen in liquid nitrogen. Total proteins were
extracted from tumor tissues and the phosphorylation and total
expression of EGFR, HER2, AKT and ERK were analyzed by west-
ern blot

In summary, lapatinib combined with cytotoxic agent,
paclitaxel, have synergistic effects on inhibiting the growth
and proliferation of esophageal squamous cancer cell
both in vitro and in vivo. Their combination also showed
enhanced activity on the cell apoptosis, invasion and migra-
tion. These efficacies were achieved by inhibiting the EGFR/
HER?2 signaling pathways. Our study will provide essen-
tial data for the next clinical investigations of lapatinib plus
paclitaxel on esophageal squamous cancer.
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