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Abstract

expedite drug discovery.

warrants validation in clinical practice.

Background: No approved targeted agents are available for esophageal squamous cell carcinoma (ESCQ).
Informative genomic analysis and mouse patient-derived xenografts (PDX) also called mouse avatar can greatly

Methods: Six ESCC cell lines and 7 out of 25 PDX models derived from 188 biopsies with clear molecular features
were employed to evaluate the sensitivity of several EGFR blockers in vitro and in vivo, as well as the underlying
antitumor mechanisms of the most promising EGFR-TKI afatinib. Mechanisms involved in acquired resistance of afatinib
were explored based on established resistant cell lines and PDX models followed by an attempt to reverse resistance.

Results: Compared with other EGFR blockers, the second-generation EGFR-TKI afatinib exerted superior antitumor
effects in ESCC, and EGFR copy number gain (CNG) or overexpression was proposed to be predictive biomarkers.
Afatinib played its antitumor effects by inhibiting EGFR downstream pathways, as well as inducing apoptosis and cell
cycle arrest at G1. It was increased phosphorylation of Src family kinases (SFKs), rather than MET upregulation, that
conferred to acquired resistance of afatinib. Dual blockade of EGFR and SFKs could overcome afatinib resistance and

Conclusion: Both ESCC cell lines and PDXs with EGFR CNG or overexpression are potential candidates for afatinib, and
concomitant EGFR/SFKs inhibition could reverse afatinib-acquired resistance caused by SFKs activation in ESCC.
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Background

Different from western countries, esophageal squamous
cell carcinoma (ESCC) is the predominant histopatho-
logical type in China, which poses great threats to peo-
ple’s health [1]. A large portion of patients with ESCC
are diagnosed with advanced-stage disease and lose the
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opportunity for radical therapy, resulting in a very poor
overall survival [2]. Current treatments for patients with
unresectable advanced disease focus on chemotherapy
and chemoradiotherapy, but the efficacy is quite limited
[2, 3]. Although targeted therapies play an increasingly
important role in the treatment of many cancers, no tar-
geted agents are available in ESCC [4]. Consequently,
developing new targeted agents based on potential tar-
gets is an urgent need in ESCC.

Currently, several large-scale genomics studies on
ESCC have highlighted the roles of multiple recurrently
dysregulated pathways and genes in ESCC, including
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receptor tyrosine kinase (RTK), cell cycle, Wnt/Notch,
and Hippo pathways [5-7]. Among these altered path-
ways and genes, epidermal growth factor receptor
(EGFR) is very promising, and attempts to target EGFR
are never given up in ESCC even if no targeted agents
are approved till now. Although EGFR mutation is rare
in ESCC, frequency of EGFR amplification or copy num-
ber variation (CNV) ranges from 6 to 24.3% [5-9], sug-
gesting a potential for EGFR-targeted therapy in ESCC.

EGEFR blockers contain monoclonal antibodies (mAbs)
and small-molecule tyrosine kinase inhibitors (TKI) and
have been updated a few generations [10]. Despite the
failure of some EGFR blockers in ESCC such as EGFR
monoclonal antibodies (mAbs) cetuximab and tyrosine
kinase inhibitors (TKIs) gefitinib as confirmed by several
clinical trials [11-14], subsequent stratified analysis of
these trials suggested that patients with squamous histo-
pathological type, EGFR copy number gain (CNG), or
overexpression might benefit from EGFR-targeted ther-
apy [15-17], which motivated us greatly to initiate the
deeper exploration. Previously, we have established many
patient-derived xenografts (PDX) of advanced ESCC
using gastroscopic biopsies [18], which faithfully resem-
bled the original patients’ tumors and had been regarded
as the optimal preclinical mouse avatar [19]. Here in this
study, we utilized ESCC PDXs and cell lines to systemat-
ically identify the most promising EGFR blocker and
provide a more accurate evidence for clinical trials,
followed by its further investigations of underlying
mechanisms, predictive biomarkers, and acquired resist-
ant mechanisms together with reversing strategies.

Methods

Drugs and antibodies

Afatinib dimaleate was provided by Boehringer Ingelheim
International GmbH (Germany). Gefitinib (#S1025), osimer-
tinib (#S7297), dasatinib hydrochloride (#HY-10181A), and
crizotinib hydrochloride (#HY-50878A) were purchased from
Selleck Chemicals or MedChem Express. Cetuximab
(#205923-56-4) and nimotuzumab (#828933-51-3) were sep-
arately obtained from Merck (Germany) and Biotech Pharma
Co., Ltd. (China). Afatinib was dissolved in water, and the
other drugs were dissolved in dimethyl sulfoxide (DMSO,
#0231, Amresco) for in vitro studies. Antibodies are listed in
Additional file 1: Materials and Methods.

Cell lines and cell culture

Human ESCC cell lines EC109, KYSE450, KYSE140,
KYSE510, TE-1, and TE-10 were purchased from the cell
bank of Peking Union Medical College (Beijing, China).
Cells were cultured in RPMI 1640 medium (Gibco) supple-
mented with 10% FBS (Gibco) in a humidified incubator
with 5% CO, at 37 °C. All cell lines were confirmed by
short-tandem repeat (STR) analysis and no mycoplasma
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contamination certified by using a Mycoplasma Detection
Kit (#fM311-01, TransGen Biotech, China).

Cell proliferation assay

A total of 3000—5000 cells per well were seeded in 96-well
plates and treated with drugs. Seventy-two hours after
treatment, CCK-8 (#CK04, Dojindo, Japan) was added to
assess cell viability, and the absorbance at 450 nm was
measured on a Microplate Absorbance Reader (Bio-Rad).
The IC50 was calculated using GraphPad software. All as-
says were repeated at least three times.

Generation of afatinib-resistant cell lines

EC109 and KYSE450 cells were cultured with stepwise
escalating concentrations of afatinib, starting at 100 nM
and increasing to 2 uM (EC109) or 5 uM (KYSE450), at
which cells could proliferate. Control cells were parallel
treated with vehicle. Cell proliferation assays were con-
ducted to confirm the resistance, and parental analysis
was performed by STR genotyping.

Cell cycle and apoptosis analysis

Cells were treated with afatinib or vehicle for 48 h. Apoptosis
was measured by PE Annexin V Apoptosis Detection Kit I
(#559763, BD Pharmingen), and cell cycle distribution was
performed using PI/RNase staining buffer solution (#550825,
BD Pharmingen) according to manufacturer’s instructions.
The results were analyzed using FlowJo 7.6 software and
ModFit LT 4.0 software.

Animal experiments in mouse

All animal studies were approved by the Ethics Commit-
tee of Animal Experiments of Peking University Cancer
Hospital and were conducted in compliance with the
Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health. For cell line-derived
xenografts (CDX), five million cells were injected sub-
cutaneously into one flank of 6-week-old non-obese dia-
betic/severe combined immunodeficiency (NOD/SCID)
female mice (Beijing HFK Bioscience Co., Ltd., China).
The PDX models were established and passed serially as
described previously [18, 20, 21]. When xenografts
reached 200-300 mm?®, mice were randomly assigned to
different groups with five mice per group. Dissolution
and administration methods of all drugs were described
in Additional file 1: Materials and Methods. Tumor size
and body weight were measured every 3 days. Tumor
volume was determined using the formula volume
= (length x width?)/2, where length and width were the
long and short diameters of the tumor, respectively.
Tumor growth inhibition (TGI) rate was determined
using the formula TGI = (1-AT/AC) x 100%, where AT
is the change of tumor volume in the treatment group
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on the final day of the study and AC is the change of
tumor volume in the control group.

Generating the afatinib-resistant PDX model
Afatinib-sensitive PDX03 was chosen to establish the
afatinib-refractory PDX model. When tumor volumes
reached 200—-300 mm?®, the mice were given 15 mg/kg/day
of afatinib until the fast growth of tumor after afatinib ex-
posure for ~ 8 months containing three passages, indicat-
ing that the tumor was resistant to afatinib. Resistant PDX
was named PDXO03-R, and the parental PDX03-P was also
generated after continuous vehicle treatment.

Western blotting

The proteins of cells or xenograft tissues were extracted and
western blotting was performed as previously described
[22]. The proteins were then detected by chemilumines-
cence using Immobilon Western Chemiluminescent HRP
Substrate (#WBKLS0500, Millipore) and visualized with a
chemiluminescent detection system (GE Healthcare). Pro-
tein bands were quantified by ImageJ software. All western
blotting results shown are representative of at least three ex-
periments with independent cell lysates.

Immunohistochemistry (IHC) and hematoxylin and eosin
(H&E) staining

After the mice were sacrificed, tumors were dissected and
formalin-fixed paraffin embedded (FFPE) tissue blocks
were generated. IHC and H&E staining were performed as
described previously [23] and were interpreted by two pa-
thologists in our hospital independently. Ki-67 scoring
was in accordance with a previous report [24]. Scoring for
EGEFR, pERK, and pS6 used the following scale: 0 =no
staining, 1+ = weak or focal staining, 2+ = moderate stain-
ing, and 3+ = strong staining.

TaqMan copy number assays

Genomic DNA was extracted from cell lines or xeno-
graft tissues using an EasyPure Genomic DNA Kit
(#EE101, TransGen Biotech) following the manufac-
turer’s instructions. DNA was then subjected to EGFR
copy number analysis using TagMan Copy Number As-
says (EGFR Hs02925916_cn, #4400291, ThermoFisher)
on an ABI 7500 FAST real-time PCR system (Applied
Biosystems). RNase P (#4403326, ThermoFisher) was
used as the control gene. Copy number was then calcu-
lated by Copy Caller v 2.0 software using the compara-
tive Ct (AACt) method. Normal human control DNA
(#4312660, ThermoFisher) was used as the reference.
When the relative copy number was >3.0, the EGFR
copy number was determined to be gained.
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MET knockdown

The MET short-hairpin RNA (shRNA) virus was purchased
from Genechem, China. Cells were seeded in a six-well plate
and infected at a density of 3 x 10° per well with 10 L virus
following the manufacturer’s instructions. The shRNA
sequences are as follows: sh-Ctrl: TTCTCCGAACGTGT
CACGT; sh-MET#1: TGGCTGGTGGCACTTTACTTA;
sh-MET-#2: GAGGGACAAGGCTGACCATAT.

Next-generation panel sequencing

Next-generation panel sequencing and subsequent data
analysis were performed as by Novogene, Beijing and were
described in Additional file 1: Materials and Methods.

Transcriptome sequencing (RNA-seq)

Total mRNA was extracted using TRIzol reagent
(#15596018, Invitrogen) according to the manufacturer’s
instructions. RNA-seq and subsequent data analysis were
performed by Novogene Bioinformatics Institute (China)
and were described in Additional file 1: Materials and
Methods.

Statistical analysis

Statistical analyses were performed using SPSS 23.0 soft-
ware or Graphpad software. Differences were analyzed
using unpaired two-tailed ¢ tests (two groups) or
one-way ANOVA analysis (more than two groups). All
data are presented as means + SDs. P values < 0.05 were
considered significant for all analyses.

Results

Afatinib demonstrates greater anti-tumor activity than
other generation EGFR-TKIs or mAbs in ESCC in vitro and
in vivo

We first evaluated six ESCC cell lines and two established
ESCC PDXs for their in vitro and in vivo sensitivity to the
first-, second-, and third-generation EGFR-TKIs (namely
gefitinib, afatinib, and osimertinib, respectively) and two
EGFR-mAbs (cetuximab and nimotuzumab), respectively.
As shown in Additional file 2: Table S1 and Additional file 3:
Figure S1A, for in vitro cells, EGFR-mAbs exhibited limited
anti-proliferative activities, and EC109, KYSE450, and
KYSE140 cells were more sensitive to EGFR-TKIs than the
other three cells. Meanwhile, the second-generation
EGFR-TK]I, afatinib, exerted stronger anti-proliferative ac-
tivities than gefitinib or osimertinib in EC109, KYSE450,
and KYSE140 cells. For in vivo PDXs, afatinib also exhibited
the greatest anti-tumor effects among the EGFR blockers,
with a TGI of 100.22% for PDX03 and 82.65% for PDX06
(Additional file 3: Figure S1B).

Based on the above results, the inhibitory effects of
very promising afatinib were further validated in two
cell-derived xenografts and five another ESCC PDXs.
Figure la showed that EC109, KYSE450, and KYSE140
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Fig. 1 Afatinib demonstrates greater anti-tumor activity than other generation EGFR-TKIs or mAbs in ESCC. a Six ESCC cell lines were
treated with afatinib at the indicated concentrations (from 0 to 10 uM) for 72 h. Cell viability relative to vehicle-treated controls is shown
(means + SDs; three independent assays). b Tumor growth curves show the in vivo assessment of afatinib-sensitive KYSE450 and afatinib-
insensitive KYSE510 cells treated with vehicle control or afatinib (15 mg/kg/day, oral gavage, n=5) for 21 days. ¢ The efficacy of afatinib
was further explored in another five PDXs for 21 days treatment (15 mg/kg/day, oral gavage, n=5). Tumor growth curves and
corresponding TGl are shown here. Data are presented as means + SDs. P values were calculated using one-way ANOVA or unpaired two-
tailed t tests. **P <0.01; ***P <0.001; ****P <0.0001; ns = not significant

cells were more sensitive to afatinib than KYSE510,
TE-1, and TE-10 cells in vitro. Therefore, we selected
KYSE450 and KYSE510 cells to evaluate the sensitivity
to afatinib in vivo. Consistent with the in vitro assay, afa-
tinib significantly inhibited the growth of KYSE450 xe-
nografts (TGI, 96.1%) but had a limited inhibitory effect
on KYSE510 xenografts (TGI, 52.5%; Fig. 1b). Moreover,
four out of five PDXs showed cessation or shrinkage of
tumor growth with TGIs ranging from 99.1 to 118.4%
thereby illustrating a high sensitivity to afatinib (Fig. 1c).
However, PDX07 showed tumor increase under afatinib
treatment with a TGI of 57.8%, which illustrated a low
sensitivity to afatinib.

EGFR CNG or overexpression predicts a higher sensitivity
to afatinib

Since different ESCC cell lines and PDXs demonstrated a
wide range of sensitivity to afatinib, the potential predictive
biomarkers for EGFR-targeted therapy were investigated.
Western blotting showed EGFR was the major molecule
among the four pan-HER family members which expressed
in the six ESCC cell lines (Fig. 2a), whereas HER2, HER3,
and HER4 were hardly detected. The expression level of
EGEFR in EC109, KYSE450, and KYSE140 cells, which were
sensitive to afatinib, was higher than that in other cells
(Fig. 2). Meanwhile, these three afatinib-sensitive cell lines
had an EGFR copy number gain, with copy numbers of
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Fig. 2 EGFR CNG or overexpression predicts a higher sensitivity to afatinib. a Western blotting showed the basal protein levels of EGFR
expression in six ESCC cell lines. b The relative EGFR expression across six ESCC cell lines was calculated according to the above western
blotting after normalized to (-actin using ImageJ software. The bar chart of IC50 was drawn using the data in Additional file 2: Table ST.
EC109, KYSE450, and KYSE140 are drawn in red while KYSE510, TE-1, and TE-10 are drawn in gray according to their sensitivity to afatinib.
¢ The EGFR copy number of the six ESCC cell lines was detected using copy number assays. A copy number =3 was defined as an EGFR
copy number gain. Data are presented as means + SDs of three independent assays. CN, copy number; Ref, normal human control DNA .
d The expression of EGFR in seven ESCC PDXs was detected by IHC (x 200 magnification; scale bars=100 pM). e This bar chart
demonstrated ESCC PDXs with EGFR CNG were more sensitive to afatinib treatment.1-TGI% was calculated using the data in

Additional file 3: Figure S1B and Fig. 1c. When 1-TGl% was close to O or a negative value, the xenografts showed growth cessation or
shrinkage. When 1-TGl% was a positive value or far greater than 0, the xenografts exhibited tumor growth. Data are presented as means
+SDs of three independent assays. f The main genetic features of ESCC cell lines and PDX models were detected using next-generation

panel sequencing. Only genes in EGFR-related pathways or important tumor suppressor genes are listed. Mutations containing single
nucleotide variant (SNV) and InDel are depicted in blue whereas CNV (only copy number gain) is depicted in red

3.05, 8.10, and 4.81, respectively (Fig. 2c). A significant re-
verse correlation was found between EGFR expression or
copy number and afatinib sensitivity as indicated by IC50
(Fig. 2b and c), which was further validated in PDXs. PDXs
(PDX01-05) with cessation or shrinkage of tumor growth
after afatinib treatment showed a high EGFR expression
(IHC score of 3+ or 2+, Fig. 2d) and a copy number >3
(Fig. 2e). Also, a very good correlation was presented be-
tween EGFR copy number and inhibitory effects of afatinib
in PDXs (Fig. 2e). We further explored whether other

genomic alterations could affect the response of these
models to afatinib. Panel sequencing of these cell lines and
PDXs showed that KYSE450 harbored an activating EGFR
mutation (S7681), TE-1 harbored an activating BRAF muta-
tion at codon 326 (I1326V), and KYSE510 and PDX06 har-
bored an activating PIK3CA mutation (E545K and H1047L,
respectively), which partially provided rationale for the sen-
sitivity and resistance of these models to afatinib (Fig. 2f).
Importantly, there was high consistency in EGFR CNV be-
tween next-generation sequencing and copy number assays.
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Together, these results provided a convictive evidence for
using EGFR CNG or overexpression as a predictive bio-
marker in future clinical trial design.

Afatinib plays inhibitory effects by blocking EGFR
phosphorylation and downstream signaling pathways as
well as inducing cell cycle arrest and apoptosis

We next evaluated the biochemical effects of afatinib in these
ESCC cell lines and PDXs. EGFR phosphorylation was effect-
ively blocked by 10 nM afatinib in all cell lines (Fig. 3a). S6
and ERK phosphorylation (pS6 and pERK) were significantly
inhibited by 100 nM afatinib in the afatinib-sensitive lines
EC109, KYSE450, and KYSE140, but 100 nM afatinib did
not inhibit pS6 in KYSE510 or pERK in TE-1 cells possibly
due to the abovementioned PIK3CA and BRAF mutations,
respectively (Fig. 3a). Phosphorylated AKT (S473) was either
inhibited or activated among different cell lines (Fig. 3a),
which was possibly due to the feedback bypass activation
[25] and need to be further investigated. Similarly, afatinib ef-
fectively inhibited pS6 and pERK in PDXs tissue as detected
by IHC (Fig. 3b). Moreover, afatinib significantly decreased
the expression level of Ki-67 and further verified its
anti-proliferative activities (Fig. 3b). In addition, afatinib
could induce obvious G1 phase arrest and apoptosis in a
dose-dependent manner in afatinib-sensitive KYSE450,
KYSE140, and EC109 cells, but not in afatinib-insensitive
KYSE510 cells (Fig. 3c, d, f, and g Additional file 4:
Figure S2A, S2B, S2D, and S2E). Consistent with G1 phase
arrest evaluated by flow cytometry, levels of P21 and P27,
two negative regulators of the cell cycle, were increased,
whereas CDK4, CDK6, and CCND1 were decreased in
KYSE450, KYSE140, and EC109 cells other than KYSE510
cells after afatinib treatment (Fig. 3e and Additional file 4:
Figure S2C). Also, along with cell apoptosis, cleaved form of
caspase-8 and PARP were increased, and the anti-apoptotic
protein BCL2 was decreased in KYSE450, KYSE140, and
EC109 cells other than KYSE510 cells under afatinib treat-
ment (Fig. 3h and Additional file 4: Figure S2F).

Distinct differences are presented in afatinib-refractory

ESCC models compared with its parental sensitive models
Undergoing a long-term exposure to afatinib (Fig. 4a),
two afatinib acquired resistant cell lines and one
afatinib-acquired resistant PDX model were established
and named as KYSE450-R, EC109-R, and PDXO03-R, re-
spectively. Compared with their parental cells or PDX
named as KYSE450-P, EC109-P, and PDXO03-P, refractory
models demonstrated obvious resistance to afatinib
(Fig. 4b) indicated as significantly increased IC50 (about
20 folds) in cells and decreased TGI (decreased by
58.72%) in PDX. Besides, no obvious morphological
changes were obtained between afatinib-acquired resist-
ant models and their parental sensitive models (Fig. 4c).
In afatinib-refractory cells or PDX, phosphorylated S6
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and ERK could no longer be inhibited by afatinib in con-
trast with their sensitive counterparts (Fig. 4d), which
also verified the success of afatinib-acquired resistant
models. Transcriptome sequencing results indicated that
compared with their parental sensitive cells or PDX,
afatinib-resistant models showed distinct differential
gene profiles (Fig. 4e) which involved in many signaling
pathways (Additional file 5: Figure S3A-C). In addition,
variant analysis did not reveal any new mutations within
the EGFR kinase domain or mutations in the down-
stream effectors like PIK3CA, KRAS, or BRAF after
afatinib-acquired resistance (data not shown). However,
the transcriptome sequencing data failed to help us find
a specific gene or pathway to rationally explain the
mechanisms of acquired resistance here.

The common emergence of MET upregulation does not
confer afatinib-acquired resistance in ESCC

Previous studies suggested that the epithelial to mesenchy-
mal transition (EMT) lead to acquired resistance to EGFR
TKIs in lung cancer and ESCC [8, 10]. However, the EMT
process was proved not to play an important role in this
study (Fig. 5a). To elucidate whether a bypass signaling
pathway participated in the acquisition of resistance, the
expression of some RTKs was examined, and MET upreg-
ulation was observed in all three resistant models (Fig. 5b),
which suggested the possible role of MET in afatinib-ac-
quired resistance. Crizotinib, a MET inhibitor, was added
to afatinib-resistant KYSE450-R and EC109-R cells, but no
any difference was found compared with afatinib mono-
therapy (Fig. 5¢). An alternative strategy was employed by
MET knockdown, and results also confirmed that MET
downregulation could not re-sensitize the resistant cells to
afatinib (Fig. 5d). Deep-going analysis demonstrated that
neither combining crizotinib with afatinib nor MET
knockdown had effects on phosphorylated S6 and ERK
(Fig. 5e and f), which provided a solid evidence that target-
ing MET was not a strategy for overcoming acquired re-
sistance to afatinib in ESCC.

Increased phosphorylation of Src family kinases leads to
acquired afatinib resistance in ESCC

We then turned to Src family kinases (SFKs), as SFKs
are well-known upstream regulators of PI3K and MAPK
pathways [26]. Western blotting showed increased SFKs
phosphorylation at Tyr-416 in the KYSE450-R and
PDXO03-R models but not in EC109-R (Fig. 6a). However,
no obvious upregulation in total SFKs levels was ob-
served. Therefore, we explored whether increased pSFKs
levels lead to the acquired resistance. The SFKs inhibitor,
dasatinib, could re-sensitize KYSE450-R and EC109-R
cells to afatinib treatment (Fig. 6b), which was validated
by results that dasatinib combined with afatinib could
significantly inhibit phosphorylated S6 and ERK (Fig. 6¢),



Liu et al. Journal of Hematology & Oncology (2018) 11:109

Page 7 of 13

A

EGFR (B o (e o) (e o o]
PEGFR [
ERK

AKT

S6

EC109

KYSE450

KYSE140

KYSES510

) B
Afatinib  00.010.11 00.010.11 00.010.11 00.010.11 00.010.11 00.010.11 (M)

TE1

= ]

[ e e e s e )
[ — T — .|
(][ -] - -] - - ] - - ) - - -]
PAKT [ ] [ o ] [ s o o] [ i o ] [ = = =) [ ]
e T e T L e T

on4 PDX05 PDXOG PDX07
| 1 2+

=

[ T —( e T — Ki-67
B-actin [ ——] ——] (- ————] o ——] ————] - ———] v‘
c G1/G065.2% G160 76.7% i G160 83.7% 1 61160 84.3% D KYSE450 KYSE140 KYSE552M
S 224% S 155% S 101% s 103% — oMy
3 G2MM 12.4% GaM  7.8% GaM 62% ' GaM 53% — 1000M
bl " I | —1000nM
UJ‘ o
4
X
s B —— e
OonM 10nM 100nM 1000nM
1 G1/G0 60.3% G1G073.7% ; G1/G0 95.4% G1/G0 95.4%
o, i s 28.3% S 17.4% s 29% 2.4% M
I G2M 11.4% G2M  89% G2M 18% G2M  2.1%
wy jr it E KYSE450 KYSE140 KYSE510
< el
A - U - L Afat;nzi: 0001 01 1 000101 1 0001 01 1 (uM)
o o st v =
G1/G075.2% G1/G074.1% 1, G1/G0 75.9% G1/G0 76.0% P27 - u‘ =
S 175% S 181% 1] s 16.6% s 161% E == e
E_ G2M 7.3% G2M  7.8% G2M  7.5% G2M  7.9% R S
e | Y CDK6 [Mmmmee o] [ | [
4 conp [N [
TR TN T rTETTrT T B-actin [RE— [S—  [—
F OnM 10nM 100nM 1000nM G
4 a = N @ KYSE450 KYSE140 KYSE510
A =l o15% 0209 o8k
olg” S o Sl e Eend ey
$ b o P 210%] ¥ i 35% - '%M
~o 7 S S10% L4%
R il 2 g g
T T 5w - - 8% &% <%
OonM 10nM 100nM 1000nM 0% 0% 0%
0101001000 0101001000 0101001000
A on " Afatinib Conc. (nM) Afatinib Conc. (nM) Afatinib Conc. (nM)
s pe g
|.IJ’, o
u el 3
§ ~ KYSE450 KYSE140 KYSES510
: : e — el el
T T TS T Afatinib 0001 01 1 0001041 1 000101 1 (uM)
onM 10nM 100nM 1000nM PARP [ | [ o o] [ ——]
, = = o C-pare [
o BoL. [ [———]
i ~ . ol i o BAX [ —  [E——
g‘ 4 | | Caspases [ER—— [ |
; L L A o e
,,,,,,,,,, : Pactin [E— [ — [ —
OnM 100nM 1000nM
A -
Annexin V-PE

Fig. 3 The anti-tumor mechanisms of afatinib in ESCC cell lines and PDXs. a Six ESCC cell lines were treated with 0, 10 nM, 100 nM, and 1 uM
afatinib and harvested after 48 h. Immunoblots show the response of EGFR downstream signaling molecules to afatinib. b IHC staining for pERK,
pS6, and Ki-67 in seven PDXs tumors after 21 days treatment. Representative images and interpretation (by two independent pathologists) are
shown (x 200 magnification; scale bars =100 pM). c~=h KYSE450, KYSE140, and KYSE510 cells were treated with 0, 10 nM, 100 nM, and 1 pM
afatinib after serum-starvation for 12 h. After 48 h of treatment, the cells were harvested and assayed as described below. The effects of afatinib
on cell cycle distribution were assessed using flow cytometry after PI/RNase staining (c). The distribution of cells in the cell cycle is depicted (d).
G1 phase-associated proteins (P21, P27, CDK4, CDK6, and CCND1) were assessed using western blotting (e). Flow cytometry showed the
apoptosis induced by afatinib treatment using PE-annexin V and 7-AAD staining (f). The percentage of cells in early apoptosis (Q3) and late
apoptosis (Q2) was calculated as the total apoptosis ratio (g). Apoptosis-related proteins (c-PARP, c-caspase8, BCL2, and BAX) were measured by
western blotting after afatinib treatment (h). Data are presented as means + SDs of three independent assays. P values were calculated using one-

way ANOVA or unpaired two-tailed t tests.*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns = not significant

although no obvious increase of pSFKs was observed in
EC109-R. These data were further confirmed in vivo xe-
nografts. As shown in Fig. 6d and e, compared with any
single drug or afatinib combined with crizotinib, a com-
bination of afatinib with dasatinib could greatly inhibit
the growth of xenografts derived from KYSE450-R and
PDX03-R, with TGIs of 96.47% and 102.10%, respect-
ively. Further analysis also verified the in vivo results in-
dicated as the inactivation of phosphorylated S6 and

ERK after afatinib combined with dasatinib treatment
(Fig. 6f and g). Based on our results, the molecular mecha-
nisms that afatinib works or not followed by the subse-
quential strategies are depicted schematically in Fig. 6h.

Discussion

The present study demonstrated that afatinib exerted
greater anti-tumor effects on ESCC cell lines and PDXs
than other-generation EGFR-TKIs or mAbs in vitro and
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Fig. 4 Distinct differences are presented in afatinib-refractory ESCC models compared with its parental sensitive models. a The cartoon depicts
the process of generating two afatinib-resistant ESCC cell lines in vitro (a1) and one afatinib-resistant ESCC PDX in vivo (a2). b Dose-response
curves were generated to confirm the resistant phenotype of KYSE450-R and EC109-R after 72 h of afatinib treatment. Data are presented as
means + SDs of three independent assays. In vivo xenograft experiments were conducted to confirm the resistant phenotype of PDX03-R. PDX03-
P and PDX03-R were treated with afatinib for 21 days by oral gavage at a dose of 15 mg/kg/day (n =5). Data are presented as means + SDs. ¢
Representative images of resistant and parental cells or PDX (x 100 magnification for cells; x 200 magnification for PDX; scale bars =100 uM). The
morphology of the resistant PDX model was detected by H&E staining. d Responses of the EGFR downstream signaling to afatinib treatment in
parental and resistant cells or PDX. Cells were harvested after 200 nM afatinib treatment for 48 h. Tissue lysates were extracted from PDX03-R and
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cell carcinoma (LUSC) [29] or methotrexate in head and
neck squamous cell carcinoma (HNSCC) [30], illustrating
afatinib’s outstanding clinical efficacy in tumors with

in vivo. Previous in vitro kinase assays revealed that afati-
nib had a higher affinity for wild-type EGER than gefitinib
or osimertinib [27, 28], which were consistent with the

current findings that afatinib exhibited better efficacy than
other EGFR blockers in ESCC because of its higher po-
tency for wild-type EGFR and broader irreversible ErbB
blockade compared with inhibitors that block EGFR alone.
Two clinical trials uncovered that afatinib achieved better
clinical improvements than erlotinib in lung squamous

wild-type EGFR. Given the similar genomic landscape
among ESCC, HNSCC, and LUSC [5], we speculate that
afatinib will have promising performance in select ESCC
patients. The current study provided encouraging evi-
dence for evaluating afatinib in the clinical trials for ESCC
patients.
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Fig. 5 The common emergence of MET upregulation does not confer afatinib-acquired resistance in ESCC. a The levels of the EMT markers
(E-cadherin and vimentin) between resistant and parental models. b MET expression was upregulated in all three afatinib-resistant models. Cells
were harvested after treatment with 200 nM afatinib for 48 h. The PDX lysates used were the same as those described in Fig. 4d. All assays were
repeated three times independently. ¢ KYSE450-R and EC109-R cells were treated with increasing concentrations of afatinib in the presence or
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Previous clinical trials of gefitinib (the COG study) [14, 15]
and icotinib (first-generation EGFR-TKIs) [31] demonstrated
that EGFR-TKIs exhibited favorable efficacy in ESCC pa-
tients with EGFR amplification as detected by fluorescence
in situ hybridization (FISH) method. Despite with different
detection methods for EGFR copy number, we showed that
EGFR CNG, as detected by copy number assays, was proved
to be the predictor for afatinib efficacy, which further verified
the role of EGFR as a potential target in ESCC and was
consistent with what we have found in gastric cancer [21].
However, TE-1 cells with EGFR CNG were not sensitive to
afatinib. Further genomic analysis showed that in addition to
EGFR CNG, TE-1 harbored a BRAF mutation at codon 326

(I326V), which had been reported to result in primary resist-
ance to panitumumab [32]. Besides, KYSE510 harbored a
non-activating EGFR mutation (A702D) in the juxtamem-
brane region and showed no correlations with sensitivity to
EGFR-TKIs according to previous studies [33]; KYSE450
harbored an activating EGFR mutation (S768I) in tyrosine
kinase domain, and this mutation was reported to be sensi-
tive to afatinib [34]. Since afatinib is a pan-HER inhibitor, we
also examined the expression levels and genetic alterations
of HER2, HER3, and HER4 in these ESCC cell lines and
PDX models, but all these three molecules were hardly de-
tected by western blotting or IHC, and no genetic alterations
were found to be correlated with the afatinib sensitivity (data
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not shown). Above all, EGFR CNG or amplification may be
a promising predictive biomarker for EGFR-targeted therapy
in ESCC patients, but patients with mutations in EGFR
downstream effectors such as PIK3CA or BRAF may exhibit
de novo resistance to afatinib.

Despite the initial response of most targeted agents,
resistance inevitably emerges. Previous studies revealed
several mechanisms of acquired resistance to EGFR in-
hibitors in lung cancer such as EGFR T790 M mutation,
MET amplification, IGF-1R upregulation, AXL upregula-
tion, or histologic changes like transformation to
small-cell lung cancer or EMT [35].However, the mecha-
nisms of acquired resistance to EGFR-targeted therapy
in an ESCC setting, where EGFR is wild-type, are poorly
understood. Zhou et al. [8] showed that EMT mediated
the acquired resistance to erlotinib in ESCC cell lines.
However, EMT did not play a key role in the acquisition
of resistance in our resistant models. After excluding the
emergence of mutations in EGFR and downstream effec-
tors such as PIK3CA, KRAS, and BRAF, we speculated
that bypass signaling pathways might result in the resist-
ance. We first focused on MET for its upregulation in all
three resistant models, but it was finally proved to be ir-
relevant to the resistance in vitro and in vivo. Others
[36] also found that MET upregulation without amplifi-
cation was not associated with acquired resistance to
EGFR-TKIs in lung cancer, but instead only enhanced
migratory and invasive abilities, which was consistent
with the current findings.

SFKs are a group of non-receptor tyrosine kinases
containing nine members and are well-known upstream
regulators of PI3K and MAPK pathways, which play an
important role in cell proliferation, survival, adhesion,
and invasion during tumor development [37]. Takeshi et
al. [38] and Eiki et al. [25] revealed that SFKs activation
could mediate resistance to EGFR-TKIs and suggested
that concomitant inhibition of SFKs and EGFR could
overcome this resistance in lung cancer. Here, we
showed that SFKs phosphorylation at Tyr-416 was in-
creased in the afatinib-refractory ESCC models without
upregulation of total SFKs levels. Dual EGFR and SFKs
blockade could abolish the downstream phosphorylation
of S6 and ERK and therefore overcome the resistance. In
Eiki’s study, they found that increased pSFKs levels were
caused by amplification of YESI, one member of the
SFKs, and further led to EGFR-TKIs resistance [25].
However, since the total protein levels of SFKs or the
transcriptional levels of the nine SFKs members as indi-
cated by RNA-seq (data not shown) were unchanged, we
did not further explore which member of the nine SFKs
lead to such resistance. Future studies need to elucidate
the reasons for the increased pSFKs levels in our resist-
ant models, and explore whether dual EGFR/SFKs block-
ade could delay the emergence of resistance.
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Conclusions

In conclusion, our work is the first attempt to compare
the efficacy of different EGFR blockers using ESCC pre-
clinical models in vitro and in vivo. We found that afatinib
was a better choice for ESCC, and EGFR CNG or overex-
pression was recommended as a predictive biomarker for
EGFR-targeted therapy in ESCC patients. Afatinib can in-
hibit EGFR downstream pathways as well as inducing
apoptosis and G1 phase arrest in ESCC preclinical models.
In addition, activated SFKs could mediate acquired resist-
ance to afatinib and dual EGFR/SFKs blockade can over-
come this resistance in an ESCC setting, which need to be
further validated in clinical practice.
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