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The Combination of Afatinib With Dasatinib or Miransertib
Results in Synergistic Growth Inhibition of Stomach
Cancer Cells
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Abstract

Background: Of various human epidermal growth factor receptor
(HER) inhibitors, only the anti-HER2 monoclonal antibody (mAb)
Herceptin/trastuzumab and the antibody-drug conjugate trastuzumab
deruxtecan (T-Dxd) has been approved for the treatment of patients
with stomach cancer. However, the duration of response may be short
in many patients, with tumor heterogeneity being one contributing
factor.

Methods: We investigated the effect of various types of targeted
agents on growth in vitro and migration of a panel of human stomach
cancer cells (HSCCLs) and the impact of cell proliferation rate on the
anti-tumor activities of these agents. We also investigated the associa-
tion between the cell surface expression of the HER family members,
hepatocyte growth factor receptor (c-Met), anaplastic lymphoma ki-
nase (ALK)7 and cancer stem cell markers CD44 and CD133, and the
response to the targeted agents.

Results: Of the 18 agents examined, the cyclin dependent kinase
(CDK) 1/2/5/9 inhibitor dinaciclib was the most effective and inhib-
ited the growth of all human HSCCLs at 50% inhibitory concentra-
tion (ICy) values between 9 nM to 23 nM. Of various HER inhibitors,
the irreversible pan-HER family inhibitors (e.g., afatinib) were more
effective than the reversible dual epidermal growth factor receptor
(EGFR)/HER?2 tyrosine kinase inhibitor (TKI) lapatinib and the EG-
FR-specific TKI erlotinib in inhibiting the growth of HSCCLs. Of
agents targeting different downstream cell signaling molecules, da-
satinib targeting Ab1/Src/C-Kit, trametinib targeting MERK1/2 and
miransertib targeting AKT1/2/3 inhibited growth of majority of HSC-
CLs, with the IC, values ranging from 2 nM to 7 uM. Many of these
agents were more effective in inhibiting the growth of HSCCLs when

Manuscript submitted November 18, 2023, accepted January 17, 2024
Published online March 21, 2024

#Pharmacy and Chemistry, School of Life Science, Kingston University Lon-
don, London, UK

PRoyal Surrey County Hospital, St Luke’s Cancer Centre, Guildford, UK
¢Corresponding Author: Helmout Modjtahedi, Pharmacy and Chemistry,
School of Life Science, Kingston University London, Kingston-upon-Thames,
Surrey KT1 2EE, UK. Email: H.Modjtahedi@Kingston.ac.uk

doi: https://doi.org/10.14740/wjon1769

they were proliferating at a slower rate. Treatment with neratinib,
afatinib, dinaciclib, dasatinib, stattic, miransertib and paclitaxel sig-
nificantly inhibited migration of stomach cancer cells. Interestingly,
treatment with a combination of afatinib and dasatinib or afatinib and
miransertib resulted in synergistic and additive growth inhibition of
stomach cancer cells.

Conclusions: These results suggest that treatment with a combination
of these agents may be of therapeutic value in stomach cancer and
warrants further investigations.

Keywords: Stomach cancer; EGFR; HER2; Cancer stem cell mark-
ers; Afatinib; Dasatinib; Stattic; Miransertib

Introduction

Stomach cancer is the fifth most commonly diagnosed can-
cer, with 1,089,103 new cases, and the fourth leading cause of
cancer death, with 768,793 deaths in 2020 worldwide [1]. To
date, surgery remains the only curative option for patients with
localized stomach cancer, however the majority of patients
are diagnosed at an advanced stage of disease. Despite the ad-
vances in preventive measures, diagnosis and therapeutic ap-
proaches, the 5-year survival rate for stomach cancer patients
is 20% [2]. A contributing factor could be the complex and het-
erogeneous nature of stomach cancer which results in primary
and secondary resistance to current therapeutics and ultimately
lower survival rate. Therefore, it is important to discover novel
therapeutics targets and investigate the therapeutic application
of various targeted agents when used alone or in combinations
in stomach cancer.

In the past few decades, the aberrant expression and acti-
vation of the human epidermal growth factor receptor (HER)
family has been reported in a wide range of human cancers and
associated with poor prognosis. Of these, epidermal growth
factor receptor (EGFR) and HER2 are important therapeutic
targets in cancer [3-6]. The HER family consists of four recep-
tors of tyrosine kinase: EGFR (ErbB1), HER2 (ErbB2), HER3
(ErbB3) and HER4 (ErbB4). These growth factor receptors
are found on different genes, but all share a common structure
including an extracellular domain, lipophilic transmembrane
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region, intracellular domain containing tyrosine kinase, and
carboxy-terminal region [7, 8]. Many clinical trials have been
conducted that targets EGFR and HER2 and of these, only an-
ti-HER2 monoclonal antibody (mAb) trastuzumab (Herceptin)
and the antibody-drug conjugate trastuzumab deruxtecan have
gained Food and Drug Administration (FDA) approval for
the treatment of patients with locally advanced or metastatic
HER2-positive stomach cancer or gastroesophageal adeno-
carcinoma. Treatment with these agents has improved overall
survival by 2.7 months and 4 months, respectively [9, 10]. De-
spite the approval of these targeted agents, many patients do
not respond or have a response of short duration to treatment
with these drugs [11, 12], highlighting the urgent need for the
development of more effective and less toxic therapeutic inter-
ventions for such patients.

Therefore, in this study, we investigated the sensitivity
of a large panel of human stomach cancer cell lines (HSC-
CLs) to treatment with various forms of HER tyrosine ki-
nase inhibitors (TKIs) including reversible EGFR-specific,
reversible dual EGFR/HER? irreversible and pan-HER fam-
ily TKIs. In addition, due to heterogeneous nature of stom-
ach cancer [13] and for the first time, we investigated the
effect of other inhibitors including dinaciclib (CDK 1/2/5/9
inhibitor) dasatinib (v-abl/Src/c-KIT inhibitor), stattic (signal
transducer and activator of transcription 3 (STAT3) inhibi-
tor), miransertib (AKT 1/2/3 inhibitor) and cytotoxic agents
(paclitaxel, docetaxel) on the growth and migration of stom-
ach cancer cells. Furthermore, we investigated the effect of
these drugs on the cell cycle distribution and their effects on
the growth of such cancer cells when used in combination.
Finally, we determined whether there was any association
between the expression of various biomarkers such as cancer
stem cell (CSC) markers (e.g., CD44 and CD133), c-Met and
HER family members and their responses to treatment with
these agents.

Materials and Methods

Tumor cell lines

A panel of six HSCCLs were used in this study. Of the six
HSCCLs examined in this study FU97, MKN74 and MKNI1
were purchased from Japanese Collection of Research Biore-
sources Cell Bank (Osaka, Japan); AGS, HGC-27 and NCI-
N87 were purchased from Culture Collections (Public Health
England, Porton Down, UK). MKN1, MKN74 and NCI-N8&7
were cultured with Roswell Park Memorial Institute-1640
medium (RPMI-1640) (Sigma, UK), AGS was cultured in
F12-HAM (Sigma, UK), HGC-27 was cultured in Eagle’s
minimum essential medium (EMEM) (Sigma, UK), and FU97
was cultured in Dulbecco’s modified Eagle medium (DMEM)
(Sigma, UK). All media were supplemented with 10% fetal
bovine serum (FBS) and the antibiotics, penicillin (50 U/mL),
streptomycin (0.05 mg/mL) and neomycin (0.1 mg/mL, Sigma,
UK). RPMI-1640 and EMEM were also supplemented with
glutamine (Sigma, UK), whereas DMEM was supplemented
with insulin (Sigma, UK).
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TKIs, antibodies, and other reagents

Erlotinib, lapatinib, neratinib, afatinib, palbociclib, dinaciclib,
ribociclib, dasatinib, stattic, ponatinib, entrectinib, AZD4547,
trametinib, selumetinib, miransertib, lorlatinib, paclitaxel and
docetaxel were purchased from Selleckhem (Suffolk, UK).
Primary antibodies used for flow cytometry included anti-
EGFR (HM43.16B) and anti-HER2 (HM50.67A), which were
raised in-house against the external domain of these receptors
[14]. Whereas the mouse monoclonal antibodies anti-HER3
(MAB3481), anti-HER4 (MABI11311), ALK (MAB77491)
and c-Met (MAB3582) were purchased from R&D systems
(Oxford, UK), CD44 (555476) was purchased from Becton
Dickinson (Oxford, UK), and CD133 (130-090-422) was pur-
chased from Miltenyi Biotec (Surrey, UK). The anti-mouse
immunoglobulin G (IgG) fluorescein isothiocyanate (FITC)-
conjugated STAR9B was purchased from Serotec Ltd. (Ox-
ford, UK). Antibodies used for Western blot analysis including
mouse anti-EGFR monoclonal antibody (clone F4) (E3138-
2ml) and phosphor-Tyr-100 (9411) were purchased from Mer-
ck (Dorset, UK) and Cell Signaling Technology Inc. (Hitchin,
UK), respectively. The rabbit anti-phospho EGFR (3777),
HER2 (2242), phospho-HER2 (Tyr1221/1222) (2243), phos-
pho-HER3 (Tyr 1289) (4791), phospho-HER4 (Tyr 1284)/
EGFR (Tyr1173) (4757), phospho-mitogen-activated protein
kinase (MAPK) (Tyr202/Tyr204) (4370), phospho-Akt (S473)
(4060), phospho-STAT3 (Y705) (9145) phospho-Src (Y416)
(6943) and B-actin (4970) were all purchased from Cell Sign-
aling Technology Inc. (Hitchin, UK). Both the goat anti-mouse
IgG IRDye 800CW and donkey anti-rabbit [gG IRDye 680RD
were purchased from LI-COR Ltd. (Cambridge, UK).

Flow cytometry

The cell surface expression of various growth factor recep-
tors in HSCCLs were assessed using flow cytometry. Ap-
proximately 0.5 x 10 cells, suspended in 10% FBS medium,
were added to 1.5 mL Eppendorf tube, centrifuged (254 x g
for 3 min), washed once with cold phosphate-buffered sa-
line (PBS) and incubated with or without primary antibody
by rotation at 4 °C for 1 h. Following that, the cells were
washed three times with 1 mL of cold PBS by centrifuga-
tion (254 x g for 3 min) and incubated with secondary an-
tibody STAR9B (1:200 dilution) by rotation at 4 °C for 1
h. Finally, the cells were washed three times with cold PBS
by centrifugation and re-suspended with 1 mL PBS. Flow
cytometry analysis was carried out using Guava EasyCyte™
flow cytometry (Luminex Corp), where 10,000 events were
measured through excitation of argon laser using Green-B
fluorescence (525/30 nm) and analyzed using Incyte™ soft
3.3 (Luminex Corp.).

Growth response studies

To determine the effect of various agents on the proliferation
of HSCCLs, sulforhodamine B (SRB; Sigma-Aldrich; Merck
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KGaA) colorimetric assay was used as described in our previ-
ous studies [15, 16]. Around 5 x 103 cells/well were seeded in
100 uL of growth medium supplemented with 2% FBS in a
96-well plate and incubated at 37 °C (in a humidified atmos-
phere in 5% CO,). Following a 4 h incubation, “time zero”
plate (representing the number of cells prior to treatment) was
fixed with 10% trichloroacetic acid (Fisher Scientific, Lough-
borough, UK) for 1 h at room temperature, washed three times
with tap water and left to air dry overnight. For other plates,
100 pL of doubling dilutions of agents was added to each well
in triplicates and incubated at 37 °C until control (medium
only) wells became confluent (i.e., 5 - 7 and 7 - 10 days for
cells grown in medium containing 10% and 2%, respective-
ly). These plates were fixed and washed as mentioned above,
stained with 0.04% (w/v) SRB in 1% acetic acid, washed thor-
oughly with 1% acetic acid and left to air dry overnight. The
stained cells were solubilized with 100 pL/well of 10 mM Tris-
base, and the absorbance of each well was measured at 565 nm
using an Epoch plate reader (Thermo Fisher Scientific, Inc.).
Growth as percentage of control was determined using the fol-
lowing formula:

X-Y
% Cell growth =

x100

where X is the absorbance of the drug-treated well at 565 nm,
Y is the absorbance prior to treatment at 565 nm, and Z is the
absorbance of the untreated cells at 565 nm.

The 50% inhibitory concentration (IC;) of each agent
was calculated using the non-linear least squares curve fitting
(four-parameter analysis, log (inhibitor) vs. response, variable
slope) using Gen5 software (BioTeck, UK). As increased cell
proliferation is a hallmark of human cancers, we wanted to
investigate the effect of cell proliferation rate on the anti-tumor
activity of various agents. Therefore, the HSCCLs were also
treated with doubling dilutions of drugs as mentioned above,
but in medium containing a higher concentration of serum
(i.e., 10% FBS instead of 2% FBS)

Cell cycle distribution analysis

The effect of selected agents including inhibitor of HER
family members, CDK, SRC, STAT3 and cytotoxic agent on
the cell cycle distribution of HSCCLs was investigated us-
ing flow cytometry, as described previously [17]. Around 0.5
x 100 cells/well were seeded in 5 mL of 10% FBS medium
with or without drugs at IC,, and incubated at 37 °C until
control wells (no drugs) were near confluency. Following
that, the cells were harvested by trypsinization and pooled
with their respective supernatant, washed once with ice-cold
PBS by centrifugation (264 x g for 4 min) and fixed with
70% ice-cold ethanol for minimum of 3 h at -20 °C. The cells
were collected by centrifugation (450 x g for 5 min), washed
three times with cold PBS and stained with Guava cell cy-
cle reagent (Luminex). Cells were then run through Guava
EasyCyte™ flow cytometry (Luminex Corp), where 10,000
events were measured through excitation of argon laser us-
ing Yellow-B fluorescence (583/26 nm) and analyzed using
Incyte™ soft 3.3. (Luminex Corp.)
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Determination of the combination index

The effect of selected agents on the growth of HSCCLs, when
used in combination, was assessed by measuring the com-
bination index using the method described by Chou et al, as
described previously [16-19]. Briefly, for each combination,
two agents (TKIs or cytotoxic agent) were mixed at their re-
spective 4 x IC, value (determined previously as single agent)
followed by eight doubling dilutions. Data analysis was per-
formed using Calcusyn software (Biosoft, UK) and interpreted
as follow: < 0.9 = synergistic effect, 0.9 - 1.1 = additive effect,
> 1.1 = antagonistic effect.

Western blot analysis

The effect of various agents on downstream signaling mol-
ecules of MKN1 and NCI-N87 cells was investigated using
Western blot analysis, as described in our previous studies
[16, 17, 20]. Approximately, 0.5 x 10° cells/well were grown
in 5 mL of 10% FBS RPMI-1640 medium in six-well plate
to near confluency. Cells were washed once with 5 mL 0.5%
FBS RPMI-1640 medium and incubated at 37 °C with the de-
sired drug at a final concentration of 400 nM (or no inhibitor/
medium only as negative control) in 5 mL of fresh 0.5% FBS
RPMI-1640 medium for 1 h. After that, the cancer cells were
incubated for a further 15 min with 30 nM of EGF, HB-EGF or
no ligand. The cells were then washed once with PBS and ly-
sed with 400 pL of preheated lysis buffer (Invitrogen; Thermo
Fisher Scientific, Inc.) containing protease inhibitor cocktail
(Sigma-Aldrich; Merck KGaA) and homogenized using 25 x
5/8-inch gauge needles to reduce viscosity. Protein sample (25
ng) were separated on 4-12% Bis-Tris gel (Invitrogen; Thermo
Fisher Scientific, Inc.) using the XCell II Surelock Mini-Cell
system (Invitrogen; Thermo Fisher Scientific, Inc.) and trans-
ferred onto Immobilon-FL. PVDF membranes (Merck) using
XCell I Mini-Cell Blot Module Kit (Invitrogen; Thermo Fish-
er Scientific, Inc.). The PVDF membranes were probed with
various antibodies at the manufacturer’s recommended dilu-
tions and visualized using the LI-COR Image Studio software
(Version 1.x - 2.x).

Migration assay

The cell migration assay was conducted using the IncuCyte
Clear View 96-well cell migration plate according to the man-
ufacturer’s instructions (Essen Bioscience Ltd. Hertfordshire,
UK), as described previously [16, 21]. Approximately, 1 x 103
tumor cells plus treatment in total volume of 60 uL 0.5% FBS
medium were added into Clear View 96-well insert. Each cell
plate was then left to settle at room temperature for 15 min
followed by incubation for a further 30 min at 37 °C. Then
200 pL of medium containing 10% FBS (chemoattractant) was
added to the lower chamber. The cell plate was then placed
onto the IncuCyte Zoom® instrument and left for 15 min at
37 °C to settle. After careful removal of any condensation on
the lid or bottom of the reservoir, each plate was returned into
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Table 1. The Cell Surface Expression of HER Family Members, c-MET, ALK7 and Cancer Stem Cell Markers Measured by FACS

Analysis in Human Stomach Cancer Cell Lines

Mean fluorescence intensity (MFI)

Control EGFR HER-2 HER-3 HER-4 c-Met ALK7  CD44 CD133

Cell line

HGC-27 (lymph node metastasis) 3.1 12.5 14.3 33 34 3.7 3.2 67.1 2.2

AGS (primary tumor) 33 72.3 14.2 5.6 3.8 6.8 5.8 15.8 32

FU97 (primary tumor 3.8 52 7.6 6.6 4.3 43 4.2 32 3.1

MKNI1 (lymph node metastasis) 2.9 80.5 9.1 3.7 3.0 4.5 8.0 2281.8 4.8

MKN74 (liver metastasis) 3.6 104.7 15.3 9.5 4.2 5.6 6.5 5.1 3.8

NCI-N87 (liver metastasis) 32 46.6 595.9 7.9 3.1 13.2 4.8 18.5 2.6
Controls

HNS 3.1 641.3 N/A N/A N/A N/A N/A N/A N/A

SKBR3 4.0 N/A 226 N/A N/A N/A N/A N/A N/A

Caco-2 22 N/A N/A N/A N/A N/A N/A 473 88.2

The data are presented as MFI. HN5, SKBR3 and CaCo2 were used as positive controls. c-MET: hepatocyte growth factor receptor; EGFR: epider-
mal growth factor receptor; HER: human epidermal growth factor receptor; ALK: anaplastic lymphoma kinase; N/A: not available.

IncuCyte Zoom instrument with a 10 X objective using the In-
cuCyte™ chemotaxis system. Chamber wells were analyzed
every 3 h using the IncuCyte chemotaxis software.

Statistical analysis

The statistical analysis was carried out using SPSS software
(IBM®, SPSS statistics version 26) as described previously
[21]. Linear regression analysis was used to assess the rela-
tionship between the expression of HER family members
and response to treatment with various TKIs, CDK inhibitor,
STAT3 inhibitor and cytotoxic agent. The effect of selected
agents on the migration of stomach cancer cell lines were
tested by paired #-test analysis. A P value of < 0.05 was statis-
tically significant and an R? value closer to 1 showed the reli-
ability of the association between the 1Cs, value of each drug
and expression level of each marker.

As the study was in vitro and did not involve human/ani-
mal subjects, there was no need for the ethical compliance and
Institutional Review Board approval.

Results

Cell surface expression of various growth factor receptors
and putative CSC biomarkers in stomach cancer cell lines

Using flow cytometry, we determined the expression levels
of various membrane bound growth factor receptors includ-
ing all members of the HER family, c-Met, ALK7, CD44 and
CD133 in a panel of six stomach cancer cell lines, results are
presented in Table 1 and Figure 1. Most cell lines were found
to have expression of EGFR, which ranged from low in FU97
cells (mean fluorescence intensity (MFI) = 5.2) to the high-
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est in MKN74 cells (MFI = 104.7) compared to the positive
control EGFR-overexpressing head and neck cell line HNS
(MFI = 641.3). In comparison to the HER2-overexpressing
breast cancer cell line SKBR3 (MFI = 226.0), the expression
of HER2 in our panel of HSCCLs ranged from low in FU97
with MFI value of 7.6 to high in NCI-N87 cells with MFI
value of 596, respectively (Table 1). In contrast, the expres-
sion of HER3, HER4, c-Met and ALK7 was undetectable to
low in most of these cancer cell lines. Finally, of the putative
stem cancer cell biomarkers, the majority of stomach cancer
cells were CD44 positive but CD133 negative, with the high-
est level of CD44 expression in MKN1 cells (MFI = 2,282)
(Table 1, Fig. 1).

The anti-tumor activity of pan-HER inhibitors, CDK in-
hibitor and downstream signaling pathways inhibitors
were highly effective at inhibiting proliferation of stomach
cancer cell lines

The effect of various agents on the growth of HSCCLs was
determined in medium containing 2% serum using SRB as-
say, and the results are presented in Figure 2. The 1C;,, value
of each drug has also been summarized in Tables 2, 3. Out
of the HER family inhibitors, the irreversible pan-HER in-
hibitors afatinib and neratinib were more effective than the
reversible EGFR-specific erlotinib and dual EGFR/HER2 in-
hibitor lapatinib by inhibiting the growth in all stomach can-
cer cell lines (Table 2, Fig. 2a). Of all agents tested including
different types of the CDK inhibitors, the CDK1/2/5/9 in-
hibitor dinaciclib was the most effective agent by inhibiting
growth in all six stomach cancer cell lines with IC; values
ranging from 1 nM to 23 nM. Of the two CDK4/6 inhibi-
tors, unlike palbociclib, ribociclib was ineffective as it had
an 1C,, value which was higher than 10 uM in all six HSC-
Cls (Table 2, Fig. 2a). Of the other drugs used in this study,
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Figure 1. The membrane bound expression level of various growth factor receptors determined by flow cytometry in human
stomach cancer cell lines and represented as histograms. EGFR: epidermal growth factor receptor; HER: human epidermal
growth factor receptor; c-MET: mesenchymal-epithelial transition factor; ALK: anaplastic lymphoma kinase; CD44: cluster dif-
ferentiation 44; CD133: cluster differentiation 133; FITC: fluorescein isothiocyanate.

the Src/Abl/c-Kit inhibitor dasatinib inhibited the growth of
HSCCls with IC, values that ranged from 2 nM (FU97) to
8.34 uM (MKN74), and the STAT3 inhibitor stattic with IC,,
value of between 0.38 uM (FU97) to 1.24 uM (MKN74) (Ta-
ble 2, Fig. 2b). In contrast, the c-Met inhibitor capmatinib
was ineffective with IC; values above 10 uM in all HSCCLs
studied (Table 2). The effect of other targeted agents on the
growth of HSCCLs were also compared with those explained
above and the two cytotoxic drugs docetaxel and paclitaxel,
which inhibited the growth of all HSCCLs with IC,,, values
of <9 nM and < 150 nM, respectively (Table 3). Of these,
the Abl/platelet-derived growth factor receptor (PDGFR)a/
vascular endothelial growth factor receptor (VEGFR)2/fi-
broblast growth factor receptor (FGFR)1 inhibitor ponatinib
inhibited the growth of HSCCLs with an IC,, value which
ranged from15 nM (FU97) to 1.02 uM (MKN74), entrectinib
with ICy, values of 60 nM (FU97) to 1.24 uM, miransertib
with IC, values of 20 nM (FU97) to 3.51 uM (MKN74); and
trametinib with IC, values ranging from 3 nM (NCI-N87)
to 8.13 uM (HGC-27). Treatment with the MEK/ERK/ERK2
inhibitor selumetinib and the FGFR 1/2/3 inhibitor AZD4547
had moderate effect on all cell lines (Table 3, Fig. 2b). How-
ever, treatment with the ALK/Ros1 inhibitor lorlatinib was
less effective as the IC,; value for this agent was higher than
10 uM in four of the six HSCCLs examined.

Next, we investigated the effect of tumor cell proliferation
rate on the anti-tumor activities of these agents by conducting
the same experiment with these agents but at a higher con-
centration of the serum (i.e., 10% FBS instead of 2% FBS de-
scribed above). Interestingly, the majority of drugs had a higher
IC,, value when tumor cells were proliferating in medium con-
taining 10% FBS. The only exception was dinaciclib, docetaxel
and paclitaxel which had similar IC,, when tumors were grow-
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ing in both low and high concentrations of serum (Tables 2, 3).
Cell cycle distribution analysis

The effect of various agents on the cell cycle distribution of
six HSCCLs was investigated using flow cytometry and the
results are summarized in Table 4. Treatment with afatinib, da-
satinib and stattic was accompanied by accumulation of cells
in sub G1 and cell cycle arrest at GO/G1. The treatment with
dinaciclib increased cells in sub G1 in all stomach cancer cell
lines, and accumulation of cells in the S phase of cell cycle was
only seen in HGC-27 and MKNI1. In addition, treatment with
paclitaxel resulted in accumulation of cells in sub G1 in all
stomach cancer cell lines and G2/M phase arrest in HGC-27,
FU97 and MKNI1 (Table 4).

Afatinib and miransertib blocks the phosphorylation of
EGFR and Akt respectively

We investigated the effects of treatment with afatinib, dinaci-
clib, dasatinib, stattic and miransertib on the phosphorylation
of growth factor receptors and downstream signaling molecules
in MKNT1 and NCI-N87 cells. There was undetectable level of
pHER?2 and pHER3 in MKN1 cells and undetectable level of to-
tal EGFR and pSTAT3 in NCI-N87 cells (Fig. 3). However, both
cells showed undetectable levels of pHER4 and pSRC (data not
shown). Treatment with afatinib suppressed the EGF/HB-EGF
induced phosphorylation of EGFR at position 1,068, pMAPK
and pAkt in both MKNT1 and NCI-N87 (Fig. 3a, b). Treatment
with miransertib also blocked the phosphorylation of Akt in the
absence and presence of EGF or HB-EGF in both MKNI1 and
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Figure 2. Effect of doubling dilutions of TKIs on the growth inhibition of stomach cancer cell lines. (a) Effect of doubling dilutions
of TKI targeting HER family members and CDK inhibitors. (b) Effect of doubling dilutions of TKI targeting downstream signaling
pathway inhibitors and cytotoxic agent. Cells were grown in 2% FBS growth medium with or without drugs until control cells (only
medium) were confluent. Each point represents the mean + SD of the triplicate sample. FBS: fetal bovine serum; TKI: tyrosine
kinase inhibitor; CDK: cyclin dependent kinase; SD: standard deviation.
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Table 4. Effect of Various Agents on the Cell Cycle Distribution of Human Stomach Cancer Cell Lines

Cell line/treatment Sub G1 G0/G1 S G2/M
HGC-27
Control 0.17 £0.05 65.49 £2.24 10.50 +£4.31 18.87 +6.49
Afatinib 1.71 £ 1.84 4586 +12.56 1432 +2.84 35.53 +£16.45
Dinaciclib 3436 +9.44 25.12+2.98 30.05 +10.77 5.33+0.15
Dasatinib 0.37+0.20 58.19 +8.75 10.13 +0.88 29.02 +8.82
Stattic 0.70 £ 0.70 46.01 £0.98 12.77 £ 0.78 36.58 £ 1.99
Paclitaxel 31.20+15.22 24.62 +1.21 16.47 +£3.59 23.18+10.97
AGS
Control 3.77+£0.28 49.68 £ 1.33 16.90 +0.42 23.89+£0.25
Afatinib 18.65 +6.12 51.16 +5.66 10.22 +£2.73 16.97 £3.42
Dinaciclib 36.70 + 1.02 28.18 +£0.50 16.21 +£0.01 16.47 +0.93
Dasatinib 33.98 + 6.68 30.27 +3.59 11.87 +£1.59 14.79 £2.02
Stattic 31.62+1.41 35.20+4.85 15.27 +£2.27 15.09 + 0.68
Paclitaxel 53.82+3.24 20.95+£9.72 12.94 + 4.62 17.49 +£0.45
FU97
Control 1.79 £0.67 80.85 + 4.69 6.64 £2.09 9.38 £2.90
Afatinib 331+243 82.15+4.90 7.30+£3.27 5.87+3.68
Dinaciclib 53.01 £2.88 35.57 +3.56 6.03 +£0.11 3.27+0.14
Dasatinib 6.29 £4.44 84.68 +£3.34 2.07£0.51 5.03 £0.06
Stattic 5.62+4.13 81.35+1.13 479 +£2.78 6.43 +£1.50
Paclitaxel 55.28 +0.69 17.79 £ 0.99 438 +0.81 21.13+1.25
MKN1
Control 1.51 £0.68 72.33 £6.87 841 +£1.22 14.65 +3.56
Afatinib 1.82 £0.49 78.58 +1.47 7.76 £1.53 8.63 +0.52
Dinaciclib 18.12+2.73 5.19+2.57 71.36 +4.97 4.11£0.06
Dasatinib 2.33+£0.37 75.78 £ 0.75 8.01 £1.28 10.23 £ 1.43
Stattic 2.29+0.04 83.23+1.26 6.03+£0.24 6.40 £0.18
Paclitaxel 10.32 +£0.34 52.10+2.15 13.67 £ 0.20 21.73 £1.59
MKN74
Control 4.99 £ 0.69 53.79 £2.41 13.88 +3.04 25.20+0.54
Afatinib 8.54+1.78 63.30+1.29 11.16 £ 1.75 15.88 £ 0.86
Dinaciclib 26.75 £ 4.00 47.79 £ 3.20 7.85+£2.74 15.11 £ 2.60
Dasatinib 4.52£0.04 64.39 £ 4.00 13.56 £ 0.47 15.43 £3.83
Stattic 16.56 £ 1.61 52.37 +£1.30 11.94 +0.53 16.83 £2.67
Paclitaxel 50.35+1.63 13.35+0.05 13.31+1.87 18.07 +1.24
NCI-N87
Control 2.09+0.16 56.23 £2.75 15.71 £3.40 22.41+1.63
Afatinib 8.15+1.97 56.54 +3.95 10.66 + 3.81 18.63 +0.11
Dinaciclib 52.70 £4.74 37.20 +£2.65 2.72+0.13 4.35+0.70
Dasatinib 8.10+3.78 62.53 +4.48 7.28 £0.86 1491 +£1.27
Stattic 11.95+5.08 55.87+7.33 10.33 +£5.08 17.04 + 8.41
Paclitaxel 39.35+7.01 21.15+7.60 13.28 £ 3.00 17.64 +£9.47

Each value is expressed as mean + SD. SD: standard deviation.
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NCI-N87 cells. Interestingly, dasatinib blocked both the EGF
and HB-EGF induced phosphorylation of STAT3 and the phos-
phorylation of MAPK and Akt in the absence of ligands but only
in MKNI1 cells (Fig. 3) (Supplementary Material 1, www.wjon.

org).

Synergistic effects of afatinib and dasatinib/miransertib in
MKN1, NCI-N87 and AGS

We examined the anti-tumor activities of some of these drugs
when used in combination, and the results are summarized in Ta-
ble 5. Of these, only treatment with afatinib in combination with
dasatinib or miransertib had synergistic effects on the growth of
MKN1, AGS and NCI-N87, when tumors were grown in me-
dium containing both low (i.e., 2%) and high concentration (i.e.,
10%) of serum (Table 5). In addition, when afatinib was used
in combination with dinaciclib, it had also produced additive or
synergistic growth inhibition in AGS and MKNI1 cells when cul-
tured in medium containing both 2% FBS and 10% FBS. How-
ever, the same combination was antagonistic in NCI-N87 cells
(Table 5). In contrast, combination of afatinib with AZD4547
was mainly antagonistic in the three stomach cancer cell lines
when grown in medium containing 10% FBS and synergistic
only in MKN1 cells when grown in medium containing 2% FBS
(Table 5). Finally, with the exception of afatinib in combination
with paclitaxel, the combination of afatinib with all the other
drugs resulted in synergistic growth inhibition of MKNT cells
but only in medium containing 2%FBS (Table 5).

The expression of CD44, HER2 and EGFR is associated
with response to some of the targeted agents

The association between the expression level of the growth
factors EGFR, HER2 and the CSC marker CD44 and their re-
sponse to treatment with the various TKIs as well as cytotoxic
drugs was assessed using SPSS software (Table 6). However,
HER3, HER4, ALK7 and CD133 was not tested due to very low
or negative expression in all HSCCLs (Table 1). There was a
statistically significance difference between the expression level
of EGFR and response to treatment with the CDK4/6 inhibitor
palbociclib (R? = 0.737, P = 0.029); HER2 expression and re-
sponse to treatment to the cytotoxic drug docetaxel (R? = 0.980,
P < 0.001); CD44 expression and response to treatment with
CDK1/2/5/9 inhibitor dinaciclib (R?> = 0.877, P = 0.006) when
HSCCLs were grown in medium containing 2% FBS. Interest-
ingly, there was only an association between HER2 expression
and response to treatment with the Akt 1/2/3 inhibitor miran-
sertib (R?=10.722, P=0.032); in cells grown in 10% FBS media.

Treatment with afatinib, dinaciclib, dasatinib, stattic, mi-
ransertib and paclitaxel inhibit the migration of stomach
cancer cells

We investigated the ability of all six HSCCLs to migrate and
found that only HGC-27 was migratory. Therefore, we deter-

Articles © The authors | Journal compilation © World ] Oncol and Elmer Press Inc™

mined the effect of selected agents on the migration of HGC-
27 using chemotaxis, the results are summarized in Figure 4.
For example, at 48 h, of the HER family inhibitors, only the
irreversible pan-HER inhibitors afatinib (P = 0.049) and ner-
atinib (P = 0.038), effectively inhibited migration. In addition,
treatment with dinaciclib (P = 0.021), dasatinib (P = 0.020),
stattic (P = 0.023), miransertib (P = 0.017) and paclitaxel (P =
0.023) inhibited migration of HGC-27 cells. In contrast, treat-
ment with ponatinib, entrectinib and AZD4547 was found to be
accompanied by increased migration in HGC-27 cells (Fig. 4).

Discussion

In the past few decades, the incidence of stomach cancer has
decreased as a result of several factors including improvement
in food preservation, nutrition and Helicobacter pylori (H.
pylori) eradication. However, despite advances in these areas
and treatment, stomach cancer still ranks as fourth for cause
of death worldwide [1, 2, 22]. Most stomach cancer patients
are diagnosed at advanced stages and the 5-year survival rate
decreases with increased staging. Indeed, the 5-year relative
survival rate for patients diagnosed with localized, regional
or metastatic stomach cancer are 74.7%, 34.6% and 6.6% re-
spectively [23]. Since the early 1980s, high expression and
activation of the HER family members, in particular EGFR
and HER2, have been reported in a wide range of human can-
cers, and these receptors are also important therapeutic targets
in patients with a wide range of epithelial tumors. As men-
tioned earlier, only the anti-HER2 mAbD trastuzumab and the
antibody-drug conjugate trastuzumab deruxtecan are approved
for the treatment of patients with stomach cancer. However,
many patients do not respond or may acquire resistance fol-
lowing treatment with HER2 inhibitors [9, 10]. The hetero-
geneous nature of stomach cancer, loss of HER2 expression,
expression and mutation of other growth factor receptors, and
the activation of alternative pathways or mutations in down-
stream cell signaling pathways genes such as KRAS or PTEN
may be some of the factors contributing to no, or poor response
to the treatment with HER2 inhibitors in patients with stomach
cancer [12, 24-26].

To our knowledge, this is the first study, in which we ex-
amined the growth response of a panel of HSCCLs to treat-
ment with various types of targeted agents including the re-
versible EGFR-specific TKI erlotinib, reversible dual-EGFR/
HER?2 TKI lapatinib, pan-HER inhibitors neratinib and afatin-
ib, as well as drugs targeting different types of CDKs, other
growth factor receptors (e.g., PDGFR, ROS/ALK, FGFR) and
downstream cell signaling molecules (MEK, ERK, AKT, SRC,
STAT3), compared to cytotoxic agents. We also examined the
association between the expression of HER family members,
stem cell markers CD44 and CD133, other growth factor re-
ceptors and the response to treatment with such agents. We
found that the treatment with the irreversible pan-HER inhibi-
tors neratinib and afatinib effectively inhibited the growth of
all stomach cancer cell lines compared to the reversible EGFR-
specific erlotinib and the reversible dual-HER inhibitor lapa-
tinib (Tables 2, 3). In another study, the pan-HER inhibitors
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Figure 3. Effect of afatinib, dinaciclib, dasatinib, stattic and miransertib with or without ligands (EGF, HB-EGF) on the phos-
phorylation of EGFR and downstream cell signaling molecules including MAPK, AKT, STAT3, SRC in MKN1 (a) and NCI-N87
(b) cells. The cells were cultured in 10% FBS RPMI-1640 medium to near confluency. Cells were washed once with 0.5% FBS
RPMI-1640 medium and incubated with selected agents (400 nM) for 1 h and then stimulated with 30 nM ligands (EGF, HB-EGF
and IGF-II) for 15 min. Cells were then lysed, separated using SDS-PAGE, transferred onto PDVF membranes, probed with the
antibody of interest and visualized using LI-COR software. FBS: FBS: fetal bovine serum; RPMI-1640: Roswell Park Memorial
Institute-1640 medium; EGF: epidermal growth factor; HB-EGF: heparin-binding EGF-like growth factor; IGF: insulin-like growth
factor; EGFR: epidermal growth factor receptor; MAPK: mitogen-activated protein kinase; AKT: protein kinase B or PKB; STAT3:

signal transducer and activator of transcription 3; SRC: proto-oncogene tyrosine kinase SRC; SDS-PAGE: sodium dodecyl
sulphate-polyacrylamide gel electrophoresis.
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Table 5. Combination Index Values of Afatinib When Combined With Palbociclib, Dinaciclib, Capmatinib, Dasatinib, Stattic, Ponatin-
ib, AZD4547, Trametinib, Miransertib, Paclitaxel in Human Stomach Cancer Cell Lines

Combination index (CI)
AGS MKN1 NCI-N87

TKI combination FBS 2% FBS 10% FBS 2% FBS 10% FBS 2% FBS 10%
Afatinib + palbociclib 0.36 1.02 0.38 1.89 1.07 1.31
Afatinib + dinaciclib 0.95 1.08 0.42 0.53 1.58 2.23
Afatinib + capmatinib 0.62 0.85 0.24 0.48 1.55 1.28
Afatinib+ dasatinib 0.48 0.46 0.37 0.23 1.02 0.90
Afatinib + stattic 0.87 0.86 0.87 0.68 1.06 2.60
Afatinib+ ponatinib 2.51 1.23 0.45 0.43 2.63 1.19
Afatinib + AZD4547 1.32 1.60 0.20 1.14 1.69 1.14
Afatinib+ trametinib 0.37 1.11 0.40 1.16 1.22 0.8
Afatinib + miransertib 0.60 0.82 0.26 0.16 0.76 0.71
Afatinib + paclitaxel 0.07 1.20 1.33 0.41 1.64 2.04

TKI: tyrosine kinase inhibitor; FBS: fetal bovine serum.

were found to be highly effective in inhibiting growth of a dif-
ferent panel of stomach cancer cell lines including NCI-N87
[27]. However, we did not find any association between the
expression of EGFR and HER2 and the response to treatment
with afatinib and neratinib (Table 6). Interestingly, while the
expression of EGFR, HER2 and HER4 was low in the major-
ity of the cell lines investigated here (Table 1), afatinib and

neratinib were still able to inhibit growth, suggesting that such
cancer cells are dependent on signaling via these receptors
for the proliferation and may benefit from therapy with HER
inhibitors. Indeed, it has been reported that the treatment of
patients with low HER2- metastatic breast cancer with anti-
HER2 antibody-drug conjugate (T-Dxd), resulted in signifi-
cant improvements in progression-free survival and overall

Table 6. Linear Regression Analysis of the Expression of Various Receptors Against the Sensitivity of Human Stomach Cancer Cell
Lines to Treatment With Various TKls, CDK Inhibitors, STAT3 Inhibitor and a Cytotoxic Agent

Drugs/cell 2% 10%

surface EGFR HER2 CD44 EGFR HER2 CD44
markers R? (P value) R? (P value) R? (P value) R? (P value) R2? (P value) R? (P value)
Erlotinib 0.013 (0.830) 0.173 (0.412) 0258 (0.303)  0.089 (0.566) 0.448 (0.146)  0.050 (0.671)
Lapatinib 0.015 (0.929) 0.099 (0.544) 0.90 (0.564)  0.052 (0.663) 0.436 (0.153)  0.041 (0.701)
Neratinib 0.003 (0.916) 0.142 (0.461) 0.130 (0.483)  0.074 (0.602) 0.206 (0.366) 0.170 (0.417)
Afatinib 0.028 (0.753) 0.157 (0.537) 0.154 (0.442)  0.166 (0.422) 0308 (0.253)  0.115(0.511)
Palbociclib 0.737 (0.029) 0.004 (0.905) 0311(0.250)  0.330 (0.233) 0.048 (0.678)  0.255 (0.307)
Dinaciclib 0347 (0.218) 0.038 (0.710) 0.877 (0.006)  0.098 (0.545) 0.355 (0.212) 0.161 (0.431)
Dasatinib 0399 (0.179) 0.019 (0.797) 0.051 (0.667)  0.143 (0.460) 0.076 (0.596)  0.092 (0.558)
Stattic 0.234 (0.331) 0.050 (0.671) 0.092 (0.560)  0.631 (0.059) 0.068 (0.618)  0.001 (0.943)
Ponatinib 0.384 (0.190) 0.001 (0.952) 0.153 (0.443) 0.490 (0.121) 0.003 (0.918) 0.028 (0.752)
Entrectinib 0.585 (0.076) 0.101 (0.540) 0.004 (0.900) 0.448 (0.146) 0.010 (0.850) 0.495 (0.119)
AZDA4547 0.661 (0.066) 0.057 (0.649) 0307 (0.254)  0.413 (0.169) 0.004 (0.901)  0.072 (0.607)
Trametinib 0.259 (0.302) 0.038 (0.710) 0.031(0.737)  0.185 (0.394) 0.050 (0.671)  0.043 (0.693)
Selumetinib 0.006 (0.883) 0.093 (0.557) 0.86 (0.574)  0.032(0.734) 0.135 (0.473)  0.042 (0.697)
Miransertib 0.490 (0.121) 0.027 (0.754) 0.056 (0.651)  0.001 (0.966) 0722 (0.032) 0231 (0.335)
Docetaxel 0.008 (0.965) 0.980 (< 0.001) 0.16 (0.812)  0.182(0.399) 0.549 (0.092)  0.007 (0.915)
Paclitaxel 0.014 (0.821) 0.182 (0.399) 0.219 (0.349) 0.000 (0.995) 0.333 (0.230) 0.266 (0.295)

TKI: tyrosine kinase inhibitor; EGFR: epidermal growth factor receptor; CDK: cyclin dependent kinase; HER: human epidermal growth factor receptor;
STAT3: signal transducer and activator of transcription 3.
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Figure 4. Effect of selected agents on the migration of human stomach cancer cell lines at different time intervals. P < 0.05 was

considered significant. NS: not significant.

survival in such patients, which lead to its FDA approval in
August 2022 [28]. Moreover, in another preliminary study, the
treatment with T-Dxd has shown to have clinical activity in pa-
tients pre-treated low HER2 gastric adenocarcinoma, support-
ing that the treatment with HER inhibitors may be of therapeu-
tic value in stomach cancer with low expression of HER2 [29].

In several studies, aberrant activation of different types of
CDKs have been associated with cell-cycle progression and tu-
mor cell proliferation, which is one of the important hallmarks
of human cancers [30-33]. Several drugs targeting CDK4/6 have
been approved for the treatment of patients with breast cancer,
such as palbociclib, ribociclib and abemaciclib, and treatment
with these agents improved progression-free survival by 10.1
months, 16.1 months and 7.1 months, respectively [34-36].
However, none of these agents have been yet approved for stom-
ach cancer. Therefore, in this study, we investigated the effect of
three different CDK inhibitors on the growth of HSCCLs. We
found that treatment with the CDK 1/2/5/9 inhibitor dinaciclib
not only inhibited growth in all stomach cancer cell lines with
IC,, value of < 23 nM, but also the migration of the HGC-27
cells (Tables 2, 3, Fig. 4). In general, treatment with dinaciclib
was accompanied by upregulation of cells in Sub G1 and re-
duction of cells in the G2/M phase of the cell cycle. In another
study, Parry et al found that treatment with dinaciclib inhibited
growth and induced cell cycle arrest in a wide range of tumor
cell lines including prostate, breast and pancreatic cancer [37].
Interestingly, in this study, we found a significant association
between the expression levels of CD44 and the response to treat-
ment with dinaciclib when tumor cells were proliferating at a
slower rate (i.e., in 2% FBS medium, P = 0.006). However, there
was no significant association when tumor cells were proliferat-
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ing at a higher rate (Table 6). In another study, Tsao et al found
that treatment with dinaciclib decreased the expression levels
of CD44 by targeting the stemness regulatory transcriptional
factors FoxMi and GLII in breast cancer cell lines MCF-7 and
MDA-MB-231 [38]. In stomach cancer, Qi et al demonstrated
that the expression of GLI1 correlated with the expression of
stemness-related genes such as CD44 in stomach cancer tissues
[39]. This suggests that dinaciclib may serve as a therapeutic op-
tion not only for breast cancer but also stomach cancer and war-
rants for further investigations. Next, the anti-tumor activity of
dinaciclib was investigated in combination with afatinib, and it
was found that treatment with this combination was antagonistic
in two of the three stomach cancer cell lines (Table 5). In another
study, Khan et al investigated the effect of treatment with the
same combination of afatinib and dinaciclib on the growth of a
panel of human pancreatic cancer cell lines and found that treat-
ment with such combination was also antagonistic in pancreatic
cancer cells [17]. To date, dinaciclib is not approved for any
cancers. However, our studies suggest that dinaciclib might be
sufficient as monotherapy in stomach cancer. It also highlights
the importance of identifying reliable predictive biomarkers for
the response for therapy when dinaciclib is used in combination
with other agents in stomach cancer.

Out of the two CDK4/6 inhibitors used in this study, only
palbociclib effectively inhibited the growth of all stomach can-
cer cell lines and especially when they were proliferating at
a slower rate (Tables 2, 3). Min et al showed treatment with
palbociclib resulted in inhibition of two of the cell lines AGS
and NCI-N87 [40]. In our study, there was also a significant
association between response to the treatment with palbociclib
and the expression level of EGFR in stomach cancer. Wang
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et al reported that palbociclib-induced inhibition of stomach
cancer cells may be mediated via modulation of the cell cycle
by reducing the levels of cyclin D1, inhibiting Wnt/B-catenin
signaling, and downregulation of Akt, but upregulation of
p53 and p27 [41]. We found that treatment with a combina-
tion of afatinib and palbociclib resulted in synergistic growth
inhibition of two HSCCLs when cultured in low concentra-
tion of serum. Interestingly, when proliferating at a higher
rate, the same combination resulted in the synergistic growth
inhibition of only AGS cells but was antagonistic in MKNI1
and NCI-N87 cells (Table 5). Nie et al also investigated the
effect of afatinib in combination with palbociclib on growth
of non-small cell lung cancer. They found that treatment with
palbociclib overcome the acquired resistance to afatinib and
that the combination of palbociclib and afatinib could serve as
a novel strategy in reducing acquired resistance to afatinib in
non-small cell lung cancer [42]. In another study, Mulliqi and
colleagues investigated the effect of treatment with a combina-
tion of neratinib with palbociclib on the growth of human brain
cancer cell lines. They found treatment with such combination
resulted in the synergistic growth inhibition of all three brain
tumor cells (Mulligi and Modjtahedi et al, submitted). Taken
together, our results suggest that treatment with a combina-
tion of the previously approved palbociclib and the pan-HER
inhibitors such as afatinib and neratinib may be of therapeutic
benefit in patients with stomach cancer by drug repurposing,
however, it warrants further investigations [43].

The effect of the pan-HER inhibitor afatinib was examined
on the constitutive phosphorylation of HER family members
and downstream signaling molecules. We found that afatinib
inhibited the phosphorylation of EGFR, HER2, MAPK and Akt
in stomach cancer cells. Yoshioka et al also demonstrated that
the treatment with afatinib downregulated the phosphorylation
of EGFR, HER2 and Akt in NCI-N8&7 cells [27]. In addition,
afatinib induced G1 phase arrest and apoptosis in all stomach
cancer cell lines, this has also been demonstrated in previous
studies including those on ovarian, breast and pancreatic can-
cer cells [16, 17, 21, 44-46]. Stomach cell lines were in general
more sensitive to the treatment when growing at slower rate
(i.e., in medium containing 2% compared to 10% serum) except
for the CDK inhibitor dinaciclib and the cytotoxic agents doc-
etaxel and paclitaxel that exhibited similar anti-tumor activity in
both FBS concentrations (Tables 2, 3). In addition to increased
proliferation, increased migration is another hallmark of human
cancers. In this study, we found that of the HER family inhibi-
tors, only treatment with neratinib and afatinib was effective
at inhibiting the migration of HGC-27, followed by dinaciclib,
dasatinib, stattic, miransertib and paclitaxel. This suggests that
these agents are capable of not only inhibiting growth but also
migration of stomach cancer cells. As mentioned earlier, many
patients with stomach cancer may not respond to or acquire re-
sistance to the treatment with anti-HER?2 targeted therapies, and
the heterogeneous nature of human cancers could be an impor-
tant contributing factor. Therefore, in this study, we examined
the effect of treatment with a combination of afatinib with other
agents targeting downstream signaling molecules and the cyto-
toxic agent paclitaxel. Interestingly, we found that only the com-
bination of afatinib with the Abl/Src/c-Kit inhibitor dasatinib, or
the Akt 1/2/3 inhibitor miransertib resulted in synergistic growth
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inhibition of all three stomach cancer cell lines (Table 5). In oth-
er studies, increased expression and activation of SRC, MET,
AXL, IGF-IR, and STAT3 have been associated with resistance
to afatinib in a wide range of tumor types including stomach
cancer [47, 48]. In addition, Yoshioka et al [48] found that the
combination of afatinib and dasatinib was synergistic and was
capable of overcoming resistance to afatinib in the afatinib re-
sistant SNU216 stomach cancer cells, and that these effects were
mediated by downregulating pHER2, pSRC, pAkt and pERK.
Dasatinib has already been approved for the treatment of patients
with Philadelphia chromosome-positive chronic myeloid leuke-
mia and acute lymphoblastic leukemia who are resistant or intol-
erant to imatinib. Treatment with dasatinib improved cytogenic
response in these patients by 11% and 8%, respectively. Some of
the common adverse events experienced by patients following
treatment with dasatinib included neutropenia, anemia, nausea
and vomiting [49, 50]. Furthermore, afatinib has already been
approved for the treatment of patients with non-small cell lung
cancer by improving progression-free survival by 4.2 months. In
some patients, adverse events following treatment with afatinib
included diarrhea and skin rash [51]. Therefore, our results sug-
gest repurposing of such drugs when used in combination may
be of therapeutic value in patients with stomach cancer and war-
rant further validation in vivo and future clinical trials.

Genetic mutations in several genes (e.g. EGFR, HER?,
KRAS) have been associated with a poor response to therapy
with various agents targeting agents. However, KRAS muta-
tions are more common in patients with pancreatic cancer
(about 85%), colorectal cancer (about 45%) and lung cancer
(about 30%) compared to stomach cancer (5-8%) [52-54].
Moreover, in this study, we found that treatment with a com-
bination of afatinib with dasatinib or miransertib resulted in
synergistic or additive growth inhibition of all three stomach
cancer cell lines (AGS, MKN1 and NCI-N87) (Table 5). Inter-
estingly, of these, only AGS cells harbor KRAS mutation sug-
gesting that the anti-tumor activity of such combinations and
response of stomach cancer cells to chemotherapy (Tables 2, 3)
may be independent of KRAS status [55].

In conclusion, as human cancers are heterogeneous in na-
ture and stomach cancer is no exception to this general rule, it
is important to understand the underlying biology contributing
to the aggressive nature of such tumors so that more effec-
tive and less toxic therapeutic interventions can be developed.
At present, only two HER2-specific inhibitors have been ap-
proved by the FDA for the treatment of patients with stomach
cancer, with their primary resistance and secondary resistance
contributing to no, or poor response in many patients. In this
study of the various agents investigated, the CDK inhibitor di-
naciclib, the irreversible pan-HER TKI afatinib, SRC targeting
TKI dasatinib, the STAT3 inhibitor stattic and the Akt 1/2/3 in-
hibitor miransertib were highly effective in inhibiting the pro-
liferation and migration of HSCCLs. Interestingly, we found
that treatment with a combination of afatinib with dasatinib or
afatinib with miransertib resulted in the synergistic growth in-
hibition of all HSCCLs used in our study. Taken together, our
results suggest repurposing such drugs in combinations may
be of therapeutic value and warrants for further investigations
in vivo and in clinical trials in patients with stomach cancer.
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