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1  | INTRODUC TION

Ovarian cancer shows a wide variety of pathological characteristics, 
due to the diversity of gene profiles and mechanism of carcinogene-
sis.1 Based on recent studies, ovarian cancer is histologically catego-
rized into 2 broad subtypes, type 1 and 2.2-4 Type 1 cancer, including 
low-grade serous adenocarcinoma, endometrioid adenocarcinoma, 
mucinous adenocarcinoma, and clear cell carcinoma, is thought 
to evolve in a stepwise fashion from benign ovarian cystic lesions 

through a precancerous condition referred to as a borderline malig-
nant tumor, as the consequence of the accumulation of gene muta-
tions. KRAS mutation is the most common, especially in low-grade 
serous and mucinous adenocarcinoma. Frequency of KRAS muta-
tion in these type 1 cancers varies among reports, approximately 
30%-50% in low-grade serous,5,6 50%-60% in mucinous,7,8 10% in 
endometrioid,7,8 and 4%-20% in clear cell carcinoma.8,9 High-grade 
serous adenocarcinoma, classified as type 2, is thought to emerge de 
novo from normal epithelial cells of the fallopian tube due to genome 
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Abstract
KRAS mutation is frequently seen in a subtype of ovarian cancer categorized as type 
1. The KRAS-MAPK pathway, which is closely involved in type 1 cancer progression, 
is under the regulation of receptor tyrosine kinases (RTKs). AXL, one of the RTKs, 
has been reported to be overexpressed in ovarian cancer and contributes to the poor 
prognosis. However, there is no useful target-based agent against such gene profiles. 
We examined the combined effect of the dual RAF/MEK inhibitor CH5126766 and 
AXL inhibitor R428 on the growth of ovarian cancer HEY-T30 and OVCAR-5 cell lines, 
both of which bear KRAS mutation and express AXL at a high level, using the WST-8 
assay and the colony formation assay. The synergistic effect of the combination was 
evaluated by the combination index. The apoptotic cells were analyzed by flow cy-
tometry. The expression of apoptotic proteins and the phosphorylation of MAPK 
and AKT pathway proteins were investigated by western blotting. We found that 
CH5126766 and R428 suppressed the phosphorylation of ERK and AKT, respectively, 
and their combination synergistically inhibited the growth of both cell lines with en-
hancement of apoptosis accompanied by the Bim upregulation. Combined treatment 
with CH5126766 and R428 is expected as the novel therapeutic option for KRAS-
mutated ovarian cancer with high expression of AXL.
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instability caused by p53 mutation, and rarely bear KRAS mutation.10 
As the sensitivity to conventional chemotherapy is rather poor in 
type 1 compared with that in type 2,11 a novel therapeutic strategy 
that is effective against type 1 cancer is needed. However, current 
conventional chemotherapy does not provide different methods that 
consider the histological types based on differences in gene profiles.

The RAS-RAF-MEK-ERK pathway, a part of the MAPK signaling 
cascades, plays a pivotal role in cell growth, and aberrant regula-
tion of this pathway is closely involved in cancer progression. KRAS 
mutation is the most common among members of this pathway and 
regarded as the driver oncogene in some cancers. As type 1 ovarian 
cancer bears KRAS mutation at a high frequency, the RAS-MAPK 
pathway would be a key factor in the development of ovarian cancer 
and so an essential therapeutic target. To date, some clinical studies 
on low-grade serous ovarian cancer using MEK inhibitors have been 
carried out.6,12

The MAPK pathways, and many other pathways regulating cell 
growth and cancer development, are under the control of receptor 
tyrosine kinases (RTKs). Receptor tyrosine kinases are transmem-
brane receptors that transfer extracellular signals into cells. In hu-
mans, 58 RTKs classified into 20 families have been identified.13 
Aberrant regulation of RTKs causes excessive activation of their 
downstream signal cascades, resulting in uncontrolled cell growth. 
In addition, RTK signaling mediates chemosensitivity and drug resis-
tance in anticancer treatment through interaction with other RTKs.14 
Treatment strategies targeting some RTKs such as epidermal growth 
factor receptor (EGFR), vascular endothelial growth factor recep-
tor (VEGFR), human epidermal growth factor receptor 2 (ErbB2/
HER2), and Kit have been developed and are already widely applied 
in clinical settings. AXL, originally cloned from patients with chronic 
myelogenous leukemia, is one of the mammalian RTKs and belongs 
to the TAM receptor family. AXL is expressed in a wide range of 
human cells and tissues and regulates cell survival and growth, cell 
adhesion and migration, and inflammatory cytokine release.15 AXL 
overexpression has been reported in various malignancies including 
ovarian cancer,16 and a correlation with poor prognosis has also been 
reported.17-19 AXL also dimerizes with other RTKs, such as EGFR, 
and activates its downstream pathway through reciprocal phos-
phorylation, resulting in further cancer progression and therapeutic 
resistance.20,21

In one of the latest epidemiologic studies by Köbel et al,22 the 
incidence of low-grade serous, mucinous, endometrioid, and clear 
cell carcinoma was reported to be 3.4%, 3.4%, 11.3%, and 12.2%, 
respectively. Combined with the percentage of KRAS mutation 
described above, and the report that over 70% of ovarian cancer 
patients show AXL overexpression,16 it is inferred that there is a cer-
tain percentage of patients bearing KRAS mutation with high AXL 
expression.

Both the RAS-MAPK pathway and AXL are crucial factors in 
ovarian cancer development, and thus we examined the combined 
effect of the inhibitors focusing on KRAS mutation and high AXL 
expression. CH5126766 was developed by our group as a dual in-
hibitor of both RAF and MEK.23 By inhibiting both RAF and MEK, 

CH5126766 was confirmed to suppress the RAS-MAPK pathway 
more strongly than a conventional MEK inhibitor.23-25 R428, which 
is also named BGB324 and bemcentinib, is a selective small mole-
cule inhibitor of AXL.26 The antigrowth effect of this drug on var-
ious hematological or solid cancers has been reported, and some 
clinical trials have already been undertaken.21,27 The present paper 
provides several lines of evidence that combined treatment with 
CH5126766 and R428 exerts a synergistic antitumor effect against 
KRAS-mutated ovarian cancer cells with high AXL expression.

2  | MATERIAL S AND METHODS

2.1 | Cell lines

Human ovarian cancer HEY-T30 and TOV-21G cells were purchased 
from the ATCC. MCAS cells were purchased from the Japanese 
Collection of Research Bioresources Cell Bank. OVCAR-5, SKOV3, 
IGROV-1, and OVCAR-3 cells were obtained as cell lines of NCI-
60 from the NCI Developmental Therapeutics Program. HEY-T30, 
SKOV3, IGROV-1, and OVCAR-3 cells were maintained in RPMI-
1640 (Nissui Pharmaceuticals) containing 10% FBS, 2 mmol/L glu-
tamine, 50  units/mL streptomycin, and 100  µg/mL penicillin G at 
37°C in 5% CO2. OVCAR-5, MCAS, and TOV-21G cells were main-
tained in DMEM (Nissui Pharmaceuticals) containing 10% FBS and 
4 mM glutamine.

2.2 | Reagents and antibodies

AXL inhibitor R428, ERK inhibitor SCH772984, and AKT inhibitor 
MK2206 were purchased from Selleck Chemicals. The dual RAF/MEK 
inhibitor CH5126766 was a kind gift from Chugai Pharmaceutical. 
Inhibitors were dissolved in DMSO. These agents and DMSO were 
diluted 1:1000 in culture medium.

Primary Abs were as follows: anti-AXL (#8661), anti-AKT (#9272), 
anti-phosphorylated (p)-AKT (Ser473, #4060), anti-ERK (#9102), an-
ti-p-ERK (Tyr202/Tyr204, #9101), anti-MEK (#9122), anti-p-MEK 
(Ser217/221, #9121), anti-Bim (#2933), and anti-Bcl-xL (#2762) were 
purchased from Cell Signaling Technology. Anti Bcl-2 (#sc-7382) was 
purchased from Santa Cruz Biotechnology. Anti-GAPDH (#5G4) was 
purchased from HyTest. Anti-β-actin (A5441) was purchased from 
Sigma-Aldrich. Human phospho-RTK array kit (#ARY001B) was pur-
chased from R&D Systems.

2.3 | Cell growth assay

Cells were seeded in 96-well plates (HEY-T30, 250  cells/well; 
OVCAR-5 and OVCAR-3, 2000 cells/well; SKOV3, 1000 cells/well). 
Twenty-four hours after seeding, the culture medium was replaced 
with fresh medium and indicated concentrations of anticancer 
agents. Cells were then incubated for 72  hours and cell viabilities 
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were measured using the CCK-8 assay (Dojindo Laboratories) ac-
cording to the manufacturer’s instructions.

2.4 | Cytotoxicity assay

Cells were seeded in 96-well plates (HEY-T30, 3000  cells/well; 
OVCAR-5 and OVCAR-3, 4000 cells/well). Twenty-four hours after 
seeding, the culture medium was replaced by that with indicated 
concentrations of anticancer agents. Cells were then incubated for 
24 hours and cytotoxicity indicated by LDH elimination were meas-
ured using a Cytotoxicity LDH Assay Kit (Dojindo Laboratories) ac-
cording to the manufacturer’s instructions.

2.5 | Colony formation assay

Cells were seeded in 6-well plates (HEY-T30, 200 cells/well; OVCAR-
5, 1000 cells/well). Twenty-four hours after seeding, the culture me-
dium was replaced with fresh medium and indicated concentrations 
of anticancer agents. After 72 hours of incubation, the medium was 
washed out. Cells were then incubated with growth medium until 
visible colonies were formed (HEY-T30, 5  days; OVCAR-5, 7  days 
after the washout). Colonies were fixed with 10% formaldehyde and 
then stained with 0.1% crystal violet, and the colony number was 
counted. The area occupied by colonies on the digital images was 
measured using ImageJ software.28

2.6 | Combination index

The combination index (CI) values were calculated using the 
CalcuSyn software program (Biosoft). In accordance with software 
criteria, synergism is defined as more than the expected additive ef-
fect with a CI less than 1.0.

2.7 | Detection of apoptosis

HEY-T30 cells were seeded at 5 × 103 cells/well, and OVCAR-5 cells 
were seeded at 4  ×  104  cells/well, incubated in 6-well plates for 
24 hours, and treated with CH5126766 and/or R428 at the indicated 
concentrations. After 24 or 72 hours of incubation, the analysis of 
DNA content was undertaken with FACSCaliber (Becton Dickinson). 
The hypodiploid population (sub-G1) was quantified using the 
CellQuest software program (Becton Dickinson) to detect apoptosis.

2.8 | Western blot assays

Cells treated with agents were lysed with RIPA buffer supplemented 
with protease inhibitors (#25955; Nacalai Tesque) and phosphatase 
inhibitors (#07574; Nacalai Tesque). An equal amount of protein was 

electrophoresed on a Mini-PROTEAN TGX gel (Bio-Rad Laboratories) 
and then transferred onto a PVDF membrane (Immobilon-P trans-
fer membrane; Merck-Millipore). Membranes were incubated with 
specific primary Ab overnight at 4°C. Anti-rabbit or anti-mouse IgG 
and HRP-linked Ab (GE Healthcare) were used to detect primary Ab 
binding. The binding was visualized by ECL chemiluminescent de-
tection reagent (Chemi-Lumi One; Nacalai Tesque, or Immobilon 
Western Chemiluminescent HRP Substrate; Merck-Millipore), and 
imaged and quantified by the ChemiDoc Imaging System (Bio-Rad). 
All immunoblots are representative of a minimum of 3 independent 
experiments.

3  | RESULTS

3.1 | Combined treatment with CH5126766 and 
R428 synergistically reduces the growth of ovarian 
cancer cell lines bearing KRAS mutation with high AXL 
expression

First, to identify RTKs that markedly influence ovarian cancer pro-
gression, we screened the RTK activity of KRAS-mutated ovarian 
cancer cell line HEY-T30 cells by phospho-RTK array and found that 
AXL, EGFR, and ROR-2 were highly phosphorylated (Figure 1A). In 
addition, a number of reports have shown that high AXL expression 
is detected in most malignant tumors, including ovarian cancer.16 
As mentioned above, AXL activity causes resistance to inhibitors 
of other RTKs, including EGFR,29-31 and we focused on AXL for fur-
ther investigation. We then examined AXL expression levels of 4 
ovarian cancer cell lines harboring KRAS mutation, and 3 cell lines 
without KRAS mutation, according to the COSMIC database, for 
comparison (Figure 1B). In KRAS-mutated cells, HEY-T30 showed 
excessively high AXL expression. Three other cell lines with KRAS 
mutation also showed AXL expression, and OVCAR-5 showed 
higher expression among them; HEY-T30 and OVCAR-5 were se-
lected for further investigation. In the cells without KRAS mutation, 
excessively high AXL expression in SKOV3 and no detectable AXL 
expression was seen in 2 other cell lines, consistent with a previous 
report.32

The individual or combined effects of inhibition of RAS-MAPK 
and AXL in these cell lines were examined by cell growth assay. Each 
single treatment with the dual RAF/MEK inhibitor CH5126766 and 
AXL kinase inhibitor R428 suppressed the growth of both HEY-T30 
and OVCAR-5 cells in a dose-dependent manner, although the dose 
dependency of single treatment by R428 in OVCAR-5 cells was lower 
than in HEY-T30 cells (Figure 2A). Next, we assessed the effects of 
combined inhibition of MAPK and AXL on cell growth. The concen-
tration of each drug was set within the range in which each drug 
alone may exert moderate growth suppression. The cytotoxicity in 
this concentration range was not observed by LDH assay (Figure S1). 
More growth suppression with the combination compared with each 
single treatment was confirmed in both cell lines (Figure 2B). The CI 
calculated by CalcuSyn at indicated drug concentrations was lower 
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than 1 (0.78 in HEY-T30 cells and 0.67 in OVCAR-5 cells), indicating 
the synergistic effect of this combination (Figure  2B). In addition, 
this combination also significantly suppressed growth of the colo-
nies in terms of both the number and area compared with each single 
treatment (Figure 3).

In addition, to confirm whether the combination effect was spe-
cific in the cells with KRAS mutation and high AXL expression, we 
tested the single or combined effect of CH5126766 and R428 in the 
cell lines without KRAS mutation (Figure  2C,D). In SKOV3 (KRAS 
wt/AXL high) cells, single treatment with CH5126766 exerted a 
marginal inhibitory effect that did not show dose-dependency, 

reflecting KRAS wt. In contrast, R428 inhibited the growth of 
SKOV3 cells, reflecting high expression of AXL. Furthermore, no 
synergistic suppression was shown. In OVCAR-3 (KRAS wt/AXL 
low) cells, CH5126766 showed a marginal inhibitory effect as well 
as in SKOV3, reflecting KRAS wt. R428 exerted growth inhibition 
in OVCAR-3 cells, with less dose-dependency than in SKOV3 or 
HEY-T30 (excessively high AXL expression). Significant synergistic 
growth suppression in combination treatment was not shown. From 
these results, the combination effect of these 2 drugs was consid-
ered as a specific event in cell lines with KRAS mutation and high 
AXL expression.

F I G U R E  1   AXL is expressed in 
KRAS-mutated ovarian cancer cell lines. 
A, Phospho-receptor tyrosine kinase 
array. KRAS-mutated ovarian cancer cell 
line HEY-T30 cells were evaluated by 
array analysis. Data are representative 
of 2 independent experiments. EGFR, 
epidermal growth factor receptor; ROR2, 
receptor tyrosine kinase-like orphan 
receptor 2. B, Expression levels of AXL 
were compared among 4 KRAS-mutated 
(mt) ovarian cancer cell lines and 3 cell 
lines without KRAS mutation (wt) by 
western blot analysis. Cells at 80%-90% 
confluency were lysed for analysis. 
Equal amounts of lysed protein were 
applied for electrophoresis, and the 
chemiluminescence signal was quantified. 
The densitometric analysis data were 
expressed as relative values compared 
with loading control (β-actin) being 1

F I G U R E  2   Combined treatment with CH5126766 and R428 synergistically inhibits the growth of both HEY-T30 and OVCAR-5 cells. A, 
HEY-T30 and OVCAR-5 cells were treated with CH5126766 or R428 at indicated concentrations. 0 nM indicates the control treated with 
0.1% DMSO. B, HEY-T30 and OVCAR-5 cells were treated with 0.1% DMSO or CH5126766 and/or R428 for 72 hours. The concentrations 
of agents applied to each cell line were as follows, and all the following experiments were carried out at the same concentrations: HEY-T30, 
200 nmol/L CH5126766 and/or 500 nmol/L R428; OVCAR-5 200 nmol/L CH5126766 and/or 1000 nmol/L R428. CI, combination index. C, 
SKOV3 and OVCAR-3 cells were treated with CH5126766 or R428 at indicated concentrations. 0 nM indicates the control treated with 0.1% 
DMSO. D, Evaluation of the combined treatment with 250 nmol/L CH5126766 and/or 500 nmol/L R428. Data represent the mean ± SD of 3 
determinations. *P < .05, **P < .01 (vs. control). The cell growth rate of the 0.1% DMSO-treated cells was regarded as 1. This experiment was 
carried out at least 3 times for each cell line. n.s., not significant
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3.2 | Combined treatment with 
CH5126766 and R428 enhances apoptosis with 
induction of proapoptotic protein Bim

We then searched for the mechanism of the combined treatment re-
ducing cell growth in HEY-T30 cells, by flow cytometry. At 24 hours, 
each single treatment did not cause detectable apoptosis, as shown 
in the sub-G1 population; however, a minor level of apoptosis was 
induced by combination treatment with statistical significance. 
However, in a later phase (72  hours after treatment), each single 
drug caused a mild level of apoptosis and the apoptotic change was 
more potent when CH5126766 and R428 were combined. The in-
duction of apoptosis at 72  hours was also seen in OVCAR-5 cells 
(Figure 4).

Western blot analysis showed that the proapoptotic protein Bim 
was upregulated by combined treatment at approximately 24 hours 
(OVCAR-5) and 72  hours (HEY-T30) after treatment (Figure  5). 
CH5126766 treatment alone weakly induced Bim, and it was mark-
edly enhanced by the combination in both cell lines. Other apopto-
sis-related proteins, including Bcl-xL and Bcl-2, did not show clear 

changes with either single or combined treatment in any cell line at 
72 hours (Figure 5).

3.3 | Combined inhibition of AXL by R428 and 
RAF/MEK by CH5126766 cooperatively suppresses 
phosphorylation of AKT and ERK

We evaluated the phosphorylation status of ERK and AKT, which in-
dicates the activity of MAPK and PI3K-AKT pathways, respectively, 
both of which are major upstream regulators of Bim. At 6  hours 
after treatment, CH5126766 downregulated the phosphorylation 
of ERK accompanied by the suppression of phosphorylated MEK, 
and R428 downregulated the phosphorylation of AKT in both cell 
lines (Figure 6). CH5126766 alone did not affect the AKT status but 
the downregulation of p-AKT was augmented by the combination 
(Figure  6). Combined treatment augmented the downregulation 
of p-ERK in OVCAR-5 cells, whereas in HEY-T30 cells CH5126766 
alone strongly suppressed p-ERK and the additional effect by R428 
was not confirmed in combination.

F I G U R E  3   Colony formation assay. HEY-T30 and OVCAR-5 cells were treated with 0.1% DMSO or CH5126766 and/or R428 at the 
indicated concentrations for 72 h. Cells were washed out and incubated with growth medium for 5 (HEY-T30) or 7 (OVCAR-5) additional 
days. Data on the colony area are presented as the percentage compared with the control (DMSO). This experiment was carried out at least 
3 times for each cell line. *P < .05, **P < .01
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4  | DISCUSSION

This is the first report verifying the synergistic effect of the dual 
RAF/MEK inhibitor CH5126766 and AXL kinase inhibitor R428 in 
ovarian cancer cell lines bearing both KRAS mutation and high AXL 
expression. We found that R428 exerts a significant growth inhibi-
tory effect in ovarian cancer cells with high AXL expression, and 
CH5126766 exerts a significant growth inhibitory effect in ovarian 
cancer cells with KRAS mutation. From this result, it is considered 
that the efficacy of the combined treatment might be determined 
by the expression level of AXL and KRAS status; thus, synergistic 
growth suppression effect was the specific feature of the cell lines 
that combine KRAS mutation and high AXL expression.

Our results showed that CH5126766 and R428 clearly down-
regulated p-ERK and p-AKT, respectively, followed by the induction 
of apoptosis accompanied by the Bim upregulation. As we showed 
in Figure  5, no significant change in Bim expression by the single 
treatment of R428 was shown; however, the combination treatment 
enhanced the Bim induction compared to the single treatment of 
CH5126766. In addition, we showed in Figure 3 that R428 treatment, 
with further long time course, strongly suppress cancer cell growth. 
According to previous report,33,34 AKT and ERK regulate the func-
tion of Bim through different mechanisms. Active ERK facilitates 
the ubiquitination and subsequent degradation of Bim, whereas ac-
tive AKT inhibits Bim, exerting its apoptotic function by promoting 
14-3-3 proteins to bind Bim and suppress its activity. Based on the 
theory above, we hypothesized the following mechanism of reaction 
sequence: suppression of AKT phosphorylation by R428 might not 
cause significant quantitative change of Bim. At the early stage of the 

combined treatment (less than 72 hours), Bim degradation was sup-
pressed by CH5126766, then the apoptotic function was enhanced 
by R428, followed by cell growth suppression gradually exerted at 
a later stage. The quantitative change in Bim protein by R428 was 
too subtle to be detected by the western blot but, with a longer time 
course, it was able to suppress colony formation. Both PI3K-AKT and 
RAF-MEK-ERK pathways are the main regulators of the downstream 
proapoptotic factor Bim;33,34 the simultaneous inhibition of both 
pathways can efficiently induce Bim expression, through different 
modes of action.

In melanoma with BRAF mutation, AXL overexpression has been 
reported to attenuate the sensitivity to inhibitors of BRAF/MEK, and 
cooperative antitumor effects with AXL inhibition were indicated in 
vitro and in vivo.35,36 Indeed, a clinical trial evaluating the efficacy 
of R428 combined with the MEK inhibitor trametinib and BRAF in-
hibitor dabrafenib is already underway (NCT02872259). There are 
marked expectations for this combined strategy for clinical use in 
ovarian cancer patients who bear KRAS mutation and high AXL 
expression.

In this study, we showed one model of combined molecular-tar-
geting treatment based on the genetic profile. It is also speculated 
that the inhibitors of other molecules in intracellular signaling path-
ways could also show such effects. We examined the efficacy of 
ERK inhibitor SCH772984 and AKT inhibitor MK2206 in HEY-T30 
cells and observed that SCH772984 exerted significant growth in-
hibition, whereas the efficacy of MK2206 was limited (Figure S2). 
These data suggest that RAF/MEK inhibitor could be replaced by 
ERK inhibitor, but AXL inhibitor could not be replaced by AKT inhib-
itor. As RTK signals are known to be divided in multiple intracellular 

F I G U R E  4   Combined treatment with 
CH5126766 and R428 enhances apoptosis 
compared with each treatment alone. 
HEY-T30 and OVCAR-5 cells were treated 
with 0.1% DMSO or CH5126766 and/
or R428 at the indicated concentrations 
for 24 or 72 h, and the level of apoptosis 
(sub-G1 population) was analyzed. 
Data represent the mean ± SD of 3 
determinations. *P < .05, **P < .01. n.s., 
not significant
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F I G U R E  5   Combined treatment with CH5126766 and R428 induces apoptosis accompanied by Bim induction in both HEY-T30 and 
OVCAR-5 cells. Western blotting of Bim, Bcl-xL, and Bcl-2 was undertaken with the lysate treated for 6, 12, 24, and 72 h with or without 
CH5126766 and/or R428 at the indicated concentrations. GAPDH is shown as a loading control. In cases where a single loading control is 
shown, a single membrane was run, stripped, and reprobed for the second and further proteins
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pathways, it could not be completely inhibited by inhibiting a single 
downstream molecule.

Though the group of ovarian cancer patients bearing KRAS mu-
tation and high AXL expression is small in size, the group should not 
be ignored because of urgent need for novel treatment. The com-
bined inhibition of the RAS-MAPK pathway and AXL could be a 
promising treatment strategy for this group of patients.

As it is widely accepted, ovarian cancer shows wide variety in 
activity of genes due to thier mutation and/or functional disruption 
of thier upstream regulator, which is one of the reasons why conven-
tional chemotherapy has shown limited effect. Therefore, applying 
specific combinations of molecular targeting drugs according to in-
dividual gene profile could improve the prognosis of patients with 
ovarian cancer.
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