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Abstract

Background The epidermal growth factor receptor (EGFR) is
a member of the HER family of growth factors that activates
several intracellular signaling pathways promoting prolifera-
tion and survival. EGFR over-expression is frequently associ-
ated with gene mutation or amplification, thereby constituting
a major target for molecular therapies. Recently, a new gener-
ation of EGFR inhibitors has been developed with pan-HER
properties and irreversible actions. Allitinib® (AST1306) is an
orally active, highly selective irreversible inhibitor of the HER
family of receptor tyrosine kinases with promising efficacies.
In the present study we aimed to investigate the cytotoxicity of
allitinib in a large panel of human cancer-derived cell lines and
to correlate its efficacy to the mutational status of the EGFR,
KRAS, BRAF, PI3KCA and PTEN genes. In addition, we
aimed to evaluate the functional role of KRAS mutations in
the response to this new inhibitor.
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Results In total 76 different cancer-derived cell lines,
representing 11 distinct histological types, were analyzed
and classified into three groups: highly sensitive (HS), mod-
erately sensitive (MS) and resistant (R). We found that 28
(36.8 %) cancer-derived cell lines exhibited a HS phenotype,
19 (25.0 %) a MS phenotype and 29 (38.1 %) a R phenotype.
Allitinib showed a stronger cytotoxicity in head and neck,
esophageal, melanoma and lung cancer-derived cell lines.
We found that KRAS mutations were significantly associated
with the R phenotype. To substantiate these results, an
allitinib-sensitive lung cancer-derived cell line (H292) was
transfected with plasmids carrying the two most common ac-
tivating KRAS mutations (p.G12D and p.G12S). We found
that both mutations reverted the allitinib-sensitive phenotype
in these cells.

Conclusions The current study represents the largest in vitro
assessment of allitinib cytotoxicity performed to date.
Through this study, we identified cancer types that could
potentially benefit from this drug. Additionally, our findings
suggest that prevalent KR4S mutations constitute potential
predictive biomarkers for allitinib response.

Keywords EGFR inhibitor - Allitinib - /n vitro screening -
KRAS mutation

1 Introduction

EGFR is a receptor tyrosine kinase (RTK) belonging to
the HER family of growth factor receptors, which encom-
passes four representative members: EGFR (ErbB1/
HER1), HER2 (ErbB2/neu), HER3 (ErbB3) and HER4
(ErbB4) [1]. These RTKs bind distinct ligands, such as
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EGF (epidermal growth factor), amphiregulin,
betacellulin, epiregulin, neuregulin, heparin-binding EGF
and transforming growth factor alpha (TGF-x) [1, 2].
Under normal conditions, when RTKs are stimulated by
their ligands, receptor dimerization and autophosphoryla-
tion take place, leading to downstream activation of intra-
cellular signaling pathways, mainly the RAS/RAF/MEK/
ERK and PI3KCA/AKT pathways, promoting among
others cellular proliferation and survival [3, 4].

EGFR over-expression occurs in most solid tumors, includ-
ing colorectal cancer [5], lung cancer [6], head and neck squa-
mous cell carcinoma [7], pancreatic cancer [8], breast cancer
[9] and glioma [10, 11]. In tumor cells, anomalous EGFR
activation may occur through several mechanisms, including
EGFR gene amplifications [12, 13], the occurrence of activat-
ing mutations in the extracellular or tyrosine kinase domains
[14-16] or by autocrine/paracrine signaling mechanisms [13].
Anomalous EGFR activation may have an impact on tumor
cell behavior and, as such, be implicated in metastatic disease
and a poor prognosis [17].

Due to its paramount relevance to cancer, several ther-
apeutic strategies targeting the EGFR have been devel-
oped during the past decade [18, 19]. The two main
anti-EGFR options currently used in clinical practice are
small molecule tyrosine kinase inhibitors (TKIs) and
monoclonal antibodies [20]. TKIs such as gefitinib
(Iressa®) or erlotinib (Tarceva®) are being used in the
treatment of patients with non-small cell lung cancer
(NSCLC) and metastatic head and neck cancer [21].
Both inhibitors are employed as first-line therapy in
EGFR mutated NSCLCs [14]. Second-generation TKIs
consist of small molecules with irreversible actions in tar-
get tyrosine kinase domains. In addition, some of these
molecules, such as afatinib (Gilotrif®, Boehringer
Ingelheim Pharmaceuticals), a recently US FDA approved
agent for the treatment of patients with NSCLC refractory
to gefitinib or erlotinib, and which can target wild-type
EGFR, mutant EGFR (L858R)(L858R/T790M) and
HER?2, have the ability to inhibit various molecular targets
[22, 23]. The US FDA approval of afatinib was based on
the observed increase in progression-free survival (PFS)
in a multi-center, international clinical trial performed
with NSCLC patients, which confirmed the activity of
afatinib as first-line therapy in EGFR mutated patients
[24]. Afatinib has been included in several clinical trials
for other solid tumors, such as head and neck squamous
cell carcinomas and breast cancers [25].

Allitinib (Shanghai Allist Pharmaceuticals, China), also
known as AST1306, is similar to afatinib a potent irreversible
EGFR inhibitor [26]. Allitinib is an anilino-quinazoline com-
pound that has been reported to inhibit EGFR and other mem-
bers of the HER family, such as HER2 and HER4 [26]. A
recent phase I clinic trial has assessed the safety,

@ Springer

pharmacologic tolerance and anti-tumor effects of allitinib in
patients with breast and lung cancer [27].

Several studies have intended to identify potential pre-
dictive biomarkers for anti-EGFR responses [28]. The ma-
jority of mutations arising in the tyrosine kinase domain
of the EGFR are associated with positive responses to
erlotinib- and gefitinib-based therapies [29]. However, it
has been reported that secondary EGFR mutations, mainly
T790M, may elicit acquired resistance to EGFR tyrosine
kinase inhibitors in NSCLC [30]. In other tumors, such as
metastatic colorectal carcinoma, KRAS mutations serve as
main predictive biomarkers of resistance to anti-EGFR
monoclonal antibodies, such as cetuximab and
panitumumab [31]. Moreover, mutations in the BRAF,
NRAS and PIK3CA (exon 20) genes have been associated
with low response rates to these therapies [32].
Mechanisms of de novo resistance were also identified
in vitro by secondary activation of the interleukin-6 recep-
tor (IL-6R)/JAK1/STAT3 signaling pathway via autocrine
IL-6 secretion [33]. Ongoing trials continue to investigate
anti-EGFR therapies in various treatment settings but, due
to sensitivity and resistance complexities, the underlying
mechanisms have remained unclear.

In the current study, we investigated the efficacy of
allitinib in a large panel of 76 cancer-derived cell lines,
and correlated drug response rates with the mutational
statuses of the EGFR, KRAS, BRAF, PI3KCA and PTEN
genes. In addition we assessed the role of KRAS mutations
(G12D and G12S) as putative predictive biomarkers for
the response to allitinib.

2 Methods
2.1 Cell culture and reagents

In total 76 different human cancer-derived cell lines were
included, representing 11 solid tumor types, i.e., 7 head
and neck, 4 esophageal, 9 melanoma, 12 glioma, 8 colon,
4 pancreatic, 6 breast, 3 prostate, 4 bladder, 15 lung and 4
cervical cancer-derived cell lines. The cell lines were
maintained in RPMI-1640 or DMEM (GIBCO) medium
supplemented with 10 % fetal bovine serum (FBS,
GIBCO) and 1 % penicillin and streptomycin (SIGMA)
at 37 °C in a humidified 5 % CO, atmosphere. Further
details on the culture conditions and the origins of the cell
lines are provided in Supplementary Table 1 [34—41].
A 10 mM stock of the EGFR-specific tyrosine kinase
inhibitor (TKI) allitinib (Selleck Chemical, Houston, TX,
USA) was prepared and stored at —20 °C. Next, the drug
was diluted in dimethyl sulfoxide (DMSO) at various in-
termediate concentrations and stored at —20 °C until use.
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2.2 Cell viability (MTS) assay

The cytotoxic effects of the EGFR inhibitor allitinib were
determined using a Cell Titer 96 Aqueous cell prolifera-
tion assay (MTS assay, PROMEGA, Madison, WI, USA).
To this end, the cells were plated in 96 well plates (max-
imum 5x10°/well) and allowed to adhere overnight. The
seeding density of each cell line varied (Supplementary
Table 1 and [42-49]) in order to assure that cells did not
reach confluence during the drug treatment and to allow a
uniform MTS measurement. A representation of the dis-
tinct proliferation and survival kinetics of the cell lines
tested is depicted in Supplementary Fig. 1.
Subsequently, the cells were treated with increasing con-
centrations of allitinib in culture medium (serum-free) for
72 hours. In order to assess the cytotoxicity of allitinib,
the treated cells were incubated with MTS reagent after
which the absorbance was measured using an automatic
microplate reader (Varioskan, Thermo) at 490 nm. The
results were expressed as percentages relative to control
(DMSO treated) cells. The ICsy concentrations were cal-
culated through nonlinear regression analyses using
GraphPad Prism software version 5. To uniformly classify
the cell lines, growth inhibition (GI) values were deter-
mined. Mean GI values were established at a fixed dose of
1000 nM (100 % - percentage of viable cells at this dose),
and the cell lines were scored as highly sensitive (HS) if
GI>60 %, moderately sensitive (MS) if GI 40—60 % and
resistant (R) if GI<40 %, as previously described using
the formula: living cells (%) at 1000 nM - 100 (%) [50].
All the assays were performed in triplicate and repeated at
least three times.

2.3 Gene mutation analyses

Mutation analyses of the EGFR hotspots (exons 18, 19,
20 and 21), the KRAS codons 12/13 and 61 and the NRAS
codons 12/13 and 61, were performed by direct targeted
sequencing as previously described [9, 51, 52]. Briefly,
PCR was carried out in a final volume of 15 ul containing
50 ng DNA, 10 uM forward and reverse primers and 7,
5 ul HotStar master mix (Qiagen, Hilden, Germany) fol-
lowing the protocol proposed by the manufacturer. The
cycling parameters used were: denaturation at 96 °C for
15 minutes, followed by 40 cycles of 96 °C for 45 seconds
and 58 °C for 45 seconds for EGFR, 55.5 °C for 45 sec-
onds for KRAS, 72 °C for 45 seconds for NRAS and, in all
cases, a final extension at 72 °C for 10 minutes using a
Veriti® 96-Well Thermal Cycler (Applied Biosystems,
Carlsbad, USA). The resulting PCR products were puri-
fied using EXOSAP-IT (Affymetrix, USB) and subjected
to direct sequencing using an ABI PRISM BigDye
XTerminator in conjunction with a BigDye XTerminator

purification kit (Applied Biosystems). The analyses were
performed using the Genetic Analyzer ABI PRISM 3500
and SeqScape version 2.7 software packages (Applied
Biosystems). To retrieve additional mutation profiles we
used information from the Roche Cancer Genome
Database (Mutome, DB) [53] for the BRAF, PIK3CA
and PTEN genes.

2.4 Authentication of the cell lines

Authentication of all cell lines was performed by short tandem
repeat (STR) DNA typing according to the International
Reference Standard for Authentication of Human Cell Lines
using a panel of 8 STR loci (D5S818, D13S317, D7S820,
D16S539, vWA, THO1, TPOX and CSF1PO0) plus gender de-
termination (AMEL) using fluorescent labeling primers as
reported by Dirks et al. [54]. Briefly, 50 ng DNA was ampli-
fied by a multiplex PCR reaction in a total volume of 10 ul
using a Qiagen multiplex kit (Qiagen) comprising 0.5 uM of
all fluorescent primer pairs plus 1 uM of THOI primer rein-
forcement, using a Veriti® 96-Well Thermal Cycler. The cy-
cling parameters used were: denaturation at 95 °C for 15 min,
followed by 30 cycles of 95 °C for 30 seconds, 55 °C for
1 minute and 30 seconds, 72 °C for 1 second and a final
extension at 72 °C for 30 minutes. The resulting PCR products
were diluted 1:100 in nuclease-free water ultrapure (USB,
Cleveland, USA) supplemented with 0.3 ul internal size stan-
dard SO0ROX (Applied Biosystems, Foster City, CA, USA) in
8.7 ul formamide and loaded automatically for capillary elec-
trophoresis using a Genetic Analyzer ABI PRISM 3500
(Applied Biosystems). The analyses were performed using
GeneMapper software version 4.1 (Applied Biosystems).
The genotyping confirmed the identity of all cell lines, with
the exception of U373 and SNB19, which were found to be
sub-clones of the U251 cell line.

2.5 Generation of stable KRAS mutant cell lines

The lung cancer-derived cell line H292 was used to gener-
ate KRAS (p.G12D and p.G12S) mutant cell lines through
transfection of EGFP-KRAS fusion constructs. Briefly,
plasmids pEGFP.C1.KRAS wt, pEGFP.C1.KRAS G12D
(GAT) and pEGFP.C1.KRAS G12S (AGT) (Reniguard
Life Sciences Inc.) were transfected in sub-confluent
6-well plates (2.5x10° cells) using Fugene HD
(PROMEGA, Madison, WI, USA) according to the manu-
facturer‘s recommendations. Twenty-four hours after
transfection, positive cell lines were selected in culture
medium containing neomycin (250 pg/ml) during 2 weeks.
After this selection, transfected cells (EGFP-positive) were
enriched by flow cytometry using BD FACSAria 11 (BD
Biosciences, Bedford, MA, USA). Next, the cells were
expanded in culture flasks. KRAS mutations were
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Table 1  Efficacy of allitinib and mutation status of the cancer-derived cell line panel

Tumor Cell line  Mean ICso+SD Mean GI' at GI Gene mutation status
type (nM)* 1000 nM score
KRAS  EGFR NRAS  PIK3CA PTEN BRAF
Bladder 5637 221.23+9.17 844415 HS WT WT WT NR NR NR
MCR 923.21+1.45 57.2+2.5 MS WT WT WT NR NR NR
HT1376  533.73+11.07 66.7+1.5 HS WT WT WT NR NR NR
T24 >1000 74+1.5 R WT WT WT NR NR NR
Breast MDA- 710.40+4.5 542+8.6 MS p.GI3D WT WT WT WT p.G464V
MB
231
MDA- 723.43+4.0 57.3+£3.8 MS WT WT WT p.E545A p.L70fs*7  WT
MB
468
BT20 934.62+6.5 40.0+6.3 MS WT WT WT p-PS39R, WT WT
p.-H1047R
T47-D >1000 41.7£33 MS WT WT WT p.-H1047R WT WT
MCF7 >1000 47.4+3.7 MS p.GI2R WT WT p.E542K WT WT
HS578T  >1000 29.0+£1.0 R WT WT WT WT NR WT
Cervical Caski 24.01+2.41 98.4+£0.43 HS WT WT WT p-E545K WT WT
C33A 101.13+£9.87  75.5+19 HS WT WT WT p-R88Q p.R130%, WT
p-R233*
HeLa >1000 37+1.7 R WT WT WT WT WT WT
SiHa >1000 9.7+4.6 R WT WT WT WT WT WT
Colon LOVO 100.98+9.9 70.5+£6.3 HS p.GI3D WT WT WT WT p.G70G
CACO-2 488.54+133 52.9+23 MS WT WT WT WT WT NR
SK-CO10 906.00+4.4 54.4+3.7 MS p.GI3D WT WT NR NR NR
SW480 >1000 37.7£2.0 R p.GI2V WT WT NR NR WT
COl115 >1000 445+6.3 MS WT WT WT WT WT p.V60OE
SW620 >1000 74£2.0 R p-GI12V WT WT WT WT WT
DLDI1 >1000 4.0+6.5 R p-GI13D WT WT NR NR NR
HCTI15 >1000 9.1+3.6 R p.G13D WT WT p-E545K, WT WT
p.D549N
Esophageal Kyse 30  386.97+3.5 83.0+8.5 HS WT WT WT WT NR NR
Kyse 70 418.21+2.7 67.7+1.8 HS WT WT WT WT WT NR
Kyse 270  469.67+14.5 65.0+21 HS WT WT WT WT WT NR
Kyse 410 472.58+7.4 65.0+3.0 HS p.Gl2C WT WT WT WT NR
Glioma Res259 335.89+4.8 70.2+6.3 HS WT WT WT NR NR NR
SF188 419.44+7.8 75.7+5.6 HS WT WT WT NR WT NR
GAMG  763.38+9.16 51.0+7.5 MS WT WT WT WT WT NR
SNB19 864.95+12.3  557+4.7 MS WT WT WT WT p.E242fs*15 WT
Uw479  931.02+3.7 48.7+3.7 MS WT WT WT NR NR NR
SWI1088  963.66+11.9  59.4+4.1 MS WT WT WT WT p.R55fs*1  NR
SW1783  983.25+6.18  50.4+6.0 MS WT WT WT WT p.R233* NR
Res186 >1000 20.7+8.2 R WT WT WT NR NR NR
U251 >1000 84+6.0 R WT WT WT WT p.E242fs*15 NR
U87MG  >1000 1.0£3.2 R WT WT WT WT p.V54£s*29 NR
U373 >1000 4.0+1.7 R WT WT WT NR p.E242fs*15 WT
KNS42 >1000 13.5+4.0 R WT WT WT NR NR NR
Head and  SCC-25 207.29+11.6 75.0+5.1 HS WT WT WT WT WT NR
neck SCC-4 217.68+16.1  884+1.1 HS WT WT WT WT WT NR
FADU 384.07+19.0  60.7+4.9 HS WT WT WT WT WT NR
JHU13 388.94+154  70.0+£5.2 HS WT WT WT WT WT NR
JHU28 >1000 13.7+1.1 R p.GI12S WT WT WT WT NR
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Table 1 (continued)

Tumor Cell line  Mean ICso+SD Mean GI' at Gl Gene mutation status
type (nM)* 1000 nM score
KRAS  EGFR NRAS  PIK3CA PTEN BRAF
JHU12 >1000 17.7+6.1 R WT WT WT WT WT NR
HN13 >1000 28.0+5.2 R WT p-H773Y WT WT WT NR
Lung NCI- 215.01+12.51 81.9+1.54 HS WT L858R+T790M WT p-G118D NR WT
H1975
NCI- 310.00+£0.70 89.9+0.79 HS WT del 19 WT WT WT WT
H827
PC9 290.00+0.03 86.6+0.38 HS WT del 19 WT WT WT WT
SK-MES- 960.13+10.45 40.0£3.5 MS WT WT WT WT WT NR
1
H292 732.02+2.41 70.3+£1.56 HS WT WT WT WT WT NR
LUDLU- 737.5+1.26 84.0+£4.35 HS WT WT WT WT WT NR
1
COR- 980.21+0.16  77.3+1.15 HS WT WT WT WT WT NR
L105
NCI- 958.00+0.23 70.5£2.12 HS WT WT WT WT WT NR
H2228
SK-LU-1 <1000 33.7+4.1 R p.GI12D WT WT NR NR NR
A549 >1000 9.7+£6.8 R p.G12S WT WT WT WT NR
COR-L23 >1000 20.0+2.56 R p-GI12V WT WT WT WT NR
NCI- >1000 38.3£3.05 R WT WT WT WT WT NR
H322
NCI- >1000 56.6+4.50 MS p.GI12C WT WT WT WT NR
H358
NCI- >1000 33.3+3.78 R p-GI12V WT WT WT WT NR
H727
Calu-3 >1000 45.1+2.81 MS WT WT WT WT WT NR
Melanoma WM9 105.35+10.8 69.4+3.4 HS WT WT WT NR NR NR
A375 488.46+9.9 67.7£3.5 HS WT WT WT NR NR p.-V60OE
WMS852  551.48+14.3 69.5+£6.5 HS WT WT p-Q61IR WT NR NR
WM793  583.37+8.5 68.9+8.0 HS WT WT WT WT NR p-V60OE
WMI1617 649.07+6.8 69.2+4.9 HS WT WT WT NR NR NR
Colo858  902.48+6.6 47.5+2.1 MS WT WT p-Q61H NR NR NR
Colo679  >1000 34.7+4.1 R WT WT WT WT WT p.-V600OE
SK- >1000 149493 R WT WT WT WT WT p-V60OE
MEL37
GRM >1000 10.4+6.0 R p-GI2R WT WT NR NR WT
Pancreatic BXPC-3  164.08+9.2 89.0+3.6 HS WT WT WT WT WT p.V487
P492> A
PSN1 >1000 24.0+3.4 R p-GI2R WT NR NR NR NR
PANCI1 >1000 344+1.5 R p.-GI12D WT NR NR NR NR
MiaPaCa2 >1000 20.0+6.0 R p.-G12C WT WT WT WT WT
Prostate PNT2 754.45+6.5 53.0+4.8 MS WT WT WT NR NR NR
LNCap >1000 36.5+2.8 R p.-GI12V WT WT NR p-Ko6fs*4 NR
PC3 >1000 322472 R WT WT WT NR NR NR

*Mean + standard deviation from three independent experiments done in triplicate. ' Sensitivity status was determined by the values of growth inhibition
(GI) at 1000 nM and defined as HS: highly sensitive if GI>60 %; MS: Moderate Sensitive if GI 40-60 % and R: Resistant if GI <40 %; NR: non-
reported; Mutation status determined in the present study; Mutation status determined by consulting the RCGDB-The Roche Cancer Genome Database
Mutations; normal characters

confirmed by direct sequencing using the primers  approach was chosen in order to directly compare the
hCMV _F: AGCAGAGCTGGTTTAGTGAAC and  effect of allitinib treatment on wild-type KRAS
KRAS R: CCAAGAGACAGGTTTCTCCATCA. This and p.G12D and p.G12S mutant KRAS cells. For this
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reason, and as previously reported [55], empty vector con-
trols were not included in these assays.

2.6 Viability and cytotoxicity analyses of KRAS mutant cell
lines

To evaluate the effect of KRAS mutations on the sensitivity of
H292 cells to allitinib, MTS assays were performed on the
wild-type and p.G12D and p.G12S mutant cell lines (see
above). To this end, the respective cell lines were seeded in
96-well plates (maximum 5x10°/well) and allowed to adhere
overnight. Subsequently, the cells were treated with increasing
concentrations of allitinib diluted in DMEM (serum-free) for
72 hours to allow ICsq determination. Finally, the viability and
cytotoxicity changes were assessed using an ApoTox-Glo as-
say (PROMEGA, Madison, WI, USA) at fixed doses of
allitinib (1 uM and 6 uM) after 72 hours.

2.7 Statistical analyses

Statistical analyses were performed using SPSS software
(Statistical Package for Social Sciences; SPSS, Chicago, IlI.,
USA), version 19. Associations between response rates to
allitinib and mutation status of the cell lines were performed
using a x* test. When the x? test assumptions were not met
Fisher’s exact test was used. Single comparisons between mu-
tant KRAS H292 cell lines were performed using Student’s ¢
test, and differences between groups were tested using two-
way analysis of variance (ANOVA). The analyses were per-
formed using GraphPad Prism version 5 and significance
levels were set at p<0.05.

3 Results and discussion

In order to evaluate the therapeutic efficacy of the tyrosine
kinase inhibitor (TKI) allitinib on different solid tumors, we
determined its cytotoxicity by MTS assay after exposing a
panel of 76 human cancer-derived cell lines to increasing con-
centrations of this drug (maximum dose 1000 nM) (Table 1).
By doing so, we observed ICs values in the nanomolar (nM)
range, varying from 24.01+2.41 nM to 980.21+0.16 nM
(Table 1). In 32 cell lines the ICs, values could not be calcu-
lated since they did not reach a 50 % cell viability reduction at
the maximum dose applied (ICso>1000 nM). We observed a
wide variation between the ICs, values for each individual
tumor type, hampering clear-cut comparisons among them.
In order to uniformly classify the cell lines according to their
responses to allitinib, we determined growth inhibition (GI)
scores, as depicted in Table 1. According to this classification
we found that 38.1 % (29/76) of the cell lines was resistant,
25.0 % (19/76) was moderately sensitive and 36.8 % (28/76)
was highly sensitive (Table 2 and Fig. 1). The tumor types that
showed high percentages of highly sensitive cell lines were
esophageal cancer (100 %), head and neck cancer (57.1 %),
melanoma (55.6 %), bladder cancer (50 %) and lung cancer
(46.6 %). When considering resistant versus sensitive
(highly +moderate) cell lines, we found that the lung, breast,
melanoma and glioma-derived cell lines were the most
sensitive ones, with lower percentages of cell lines considered
as being resistant. In contrast, we found that pancreatic and
prostate cancer-derived cell lines showed the least effective
responses to the drug (Table 2 and Fig. 1). A representation
of'the distinct proliferation and survival curves of the cell lines
is depicted in Supplementary Fig. 1.

Table 2 Summary of the

sensitivity status of the cancer- Tumor type N Sensitivity status
derived cell line panel to allitinib
Highly Moderately Resistant-R
sensitive-HS Sensitive-MS N (%)
N (%) N (%)
Bladder 4 2 (50.0) 1 (25.0) 1 (25.0)
Breast 6 0(0.0) 5(83.3) 1(16.7)
Cervical 4 2 (50.0) 0(0.0) 2 (50.0)
Colon 8 1(12.5) 3(37.5) 4 (50.0)
Esophageal 4 4 (100.0) 0(0.0) 0(0.0)
Glioma 12 2 (16.7) 5(41.7) 5(41.7)
Head and Neck 7 4(57.1) 0 (0.0) 3(42.9)
Lung 15 7 (46.6) 3 (20.0) 5(33.3)
Melanoma 9 5(55.6) 1(11.1) 3(33.3)
Pancreatic 1(25.0) 0(0.0) 3(75.0)
Prostate 3 0 (0.0) 1(33.3) 2 (66.7)
Total 76 28 (36.8) 19 (25.0) 29 (38.1)
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Fig. 1 Cytotoxicity profile of 76 cancer-derived cell lines, exposed to the irreversible EGFR inhibitor allitinib. Bars represent cell viability at 1000 nM.
Bar colors represent the GI score classification. Green (HS, Highly Sensitive). Orange (MS, Moderately Sensitive) and Red (R, Resistant)

To identify potential biomarkers for allitinib response, we
assessed the mutation status of 3 major genes involved in the
primary responses to anti-EGFR therapy in solid tumors, i.e.,
EGFR, KRAS and NRAS (Table 1). We found that only 4 of the
cell lines tested (HN13, H1975, PC9 and NCI-H827) harbored
mutations in the EGFR gene (H773Y, L858R+T790M and
dell9). Targeted KRAS sequencing revealed 20 mutations in
codon 12/13, across distinct tumor types, with high frequen-
cies in colorectal (6/8 cases), lung (5/10 cases) and pancreatic
(3/4 cases) cancers (Table 1). We also identified 2 melanoma
cell lines (Colo858 and WMS852) with NRAS mutations. The
mutation statuses of other important genes (i.e., BRAF, PTEN
and PIK3CA), as deduced from literature data, are summa-
rized in Table 1.

Our statistical analysis revealed that the mutation status of
the KRAS gene was significantly (p=0.001) associated with
allitinib resistance (Table 3), i.e., the majority of the KRAS
mutant cell lines was classified as allitinib resistant (70 %),
whereas 70.9 % (39/76) of the KRAS wild-type cell lines was
classified as allitinib sensitive (p=0.001; Table 3). No addi-
tional significant associations were found for the other remain-
ing genes (EGFR, NRAS, BRAF, PTEN and PIK3CA)
(Table 3).

In order to substantiate the abovementioned associa-
tion, we stably transfected a KRAS wild-type cell line,
H292, with two plasmids carrying the most prevalent
KRAS mutations (p.G12D and p.G12S) and a control
wild-type plasmid. The mutation status of the resulting
cell lines was confirmed by sequence analysis (Fig. 2a).
As expected, we observed ICsq values of 0.95+0.17 uM
for H292 wild-type (WT), a six times increase of ICsq
(6.56+£0.23 uM) in the H292-KRAS-G12D (GAT) and
an eight times increase of ICsy (8.47+0.15 uM) in the
H292-KRAS-G12S (AGT) cells (Fig. 2b). Using a fluo-
rescent assay we found that after 72 hours H292-WT cells
showed a significant decrease in viability at both allitinib

concentrations used (1 uM and 6 uM) compared to the
H292-KRAS-G12D and H292-KRAS-G12S cells
(»p=0.03 and p=0.003) (Fig. 2c). In addition, we ob-
served by cytotoxicity fluorescent analyses inverse pro-
portional relations with the viability profiles, i.e., both
mutant KRAS cell lines exhibited a significantly lower
cytotoxicity compared to the H292-WT cells when ex-
posed to 1 uM and 6 uM allitinib (p=0.005 and
p=0.006, respectively) (Fig. 2d).

Table 3  Correlations between the mutation statuses of the cancer-
derived cell lines and the sensitivity to allitinib

Mutation status N Sensitive Resistant P
HS +MS (%) R (%)

KRAS
WT 55 39 (70.9) 16 (29.1) 0.001
Mutant 20 6 (30) 14 (70)

NRAS
WT 73 43 (58.9) 30 (41.1) 0.218
Mutant 2 2 (100) 0(0)

EGFR
WT 72 43 (59.7) 29 (40.3) 0.543
Mutant 4 3(75) 1(25)

PIK3CA
WT 44 27 (61.4) 17 (38.6) 0.448
Mutant 8 7 (87.5) 1(12.5)

PTEN
WT 30 19 (63.3) 11 (36.7) 0.674
Mutant 9 5 (55.6) 4 (44.4)

BRAF
WT 25 9(36) 16 (64) 0.095
Mutant 7 5(71.4) 2 (28.6)

N number of cell lines, p x* value, WTwild-type
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Fig. 2 Viability and cytotoxicity analyses of KRAS transfected cell lines
(H292-KRAS-wt; H292-KRAS-G12D and H292-KRAS-G12S). (a).
Electropherogram of KRAS mutant H292 cell lines; (b). Sensitive

Initial preclinical trials have shown that allitinib preferentially
inhibits EGFR and HER2, including the erlotinib/gefitinib resis-
tant EGFR T790M mutant form. The ICs, values obtained in
these trials were equivalent to those of the recently US FDA
approved cancer drug afatinib [26, 56]. Yet, these promising
results were obtained in a limited number of cancer-derived cell
lines [26]. Here, we extended these initial studies to 76 cancer-
derived cell lines corresponding to 11 distinct tumor types. We
found that 29 of the cancer-derived cell lines exhibited a high
rate of resistance to allitinib, independent of the tumor type.
These results thus indicate that the allitinib response is not tumor
type dependent, but rather driven by (anomalous) cellular sig-
naling and genetic mutation profiles. Notably, we observed that
the KRAS mutation status was significantly associated with the
allitinib response. This observation was substantiated through sta-
ble transfection of the KRAS and EGFR wild-type lung cancer-
derived cell line H292 with plasmids carrying two common KRAS
mutations (p.G12D and p.G12S), i.e., we found a significant in-
creased resistance to allitinib in both mutant KRAS cell lines.

Interestingly, KRAS mutations are currently the better
surrogate markers for resistance to anti-EGFR monoclonal
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antibody therapies, i.e., cetuximab and panitumumab [28,
57]. KRAS mutation leads to a constitutive active form of
the protein resulting in constant stimulation of down-
stream signaling pathways, such as the MAPK and AKT
pathways, which contribute to cellular proliferation, sur-
vival, neoplastic transformation, migration and metastasis
[58]. The role of mutant KRAS in a cell’s response to
tyrosine kinase inhibitors, such as gefitinib and erlotinib,
is less clear, and its predictive value has been questioned
[59]. For these drugs, the most important biomarkers for
response are mutations in the tyrosine kinase domain of
EGFR, specifically in exons 18, 19, 20 and 21, which
frequently occur in primary lung adenocarcinomas [60].
Among the cell lines studied, we found that four lines
harbored £GFR mutations. The HN13 head and neck
cancer-derived cell line was found to carry a p.H773Y
mutation. This mutation is not known as a hotspot muta-
tion associated with the response of lung cancer cells to
gefitinib/erlotinib. We found that the cell line showed re-
sistance to allitinib. The lung cancer-derived cell lines
PC9 and NCI-H827 both harbor a hotspot in-frame deletion
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of'exon 19 and, accordingly, they showed a sensitive response
to allitinib. In Asian and Northern American populations de-
letions in exon 19 account for 45-50 % of the patients with
non-small cell lung cancer (NSCLC), and they have been
found to be associated with clinical responsiveness to gefitinib
[61]. A recent clinical trial (LUX-Lung 3,6) revealed an ad-
vantage of afatinib over chemotherapy in NSCLC patients
with EGFR exon 19 deletions [62]. Finally, we found that
the lung cancer-derived cell line NCI-H1975 carries a double
p.L858R/p. T790M EGFR mutation. The p.T790M EGFR
mutation is a well-know acquired EGFR mutation associated
with erlotinib/gefitinib resistance [63]. We found that allitinib
exhibited a high efficacy in this cell line. Similar findings were
reported by Xie et al. [26] using NIH3T3 cells engineered to
express the double p.L858R/p. T790M EGFR mutation [26].
These authors also suggested that cell lines exhibiting higher
HER?2 levels were more sensitive to allitinib.

Allitinib has been entered in a clinical phase I trial for solid
tumors and the results of this trial have recently been pub-
lished [27]. A partial response of patients with breast, lung
and gastric cancer was observed, raising high expectations
[27]. Based on the present work we believe that other cancers,
such as head and neck cancer, melanoma and esophageal can-
cer, may serve as potential candidates for new allitinib-based
clinical trials [64, 65].

In conclusion, the current study represents the largest in
vitro assessment of allitinib cytotoxicity to date. We identified
tumor types that could potentially benefit from this drug and,
importantly, suggest that KR4S mutations constitute a poten-
tial predictive biomarker for allitinib response, thereby consti-
tuting a step forward in the selection of patients that will ben-
efit most from allitinib therapy.
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