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Targeting isoforms of RON kinase (MST1R) drives antitumor
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Recepteur d’origine nantais (RON, MST1R) is a single-span transmembrane receptor tyrosine kinase (RTK) aberrantly expressed in
numerous cancers, including various solid tumors. How naturally occurring splicing isoforms of RON, especially those which are
constitutively activated, affect tumorigenesis and therapeutic response, is largely unknown. Here, we identified that presence of
activated RON could be a possible factor for the development of resistance against anti-EGFR (cetuximab) therapy in colorectal
cancer patient tissues. Also, we elucidated the roles of three splicing variants of RON, RON Δ155, Δ160, and Δ165 as tumor drivers in
cancer cell lines. Subsequently, we designed an inhibitor of RON, WM-S1-030, to suppress phosphorylation thereby inhibiting the
activation of the three RON variants as well as the wild type. Specifically, WM-S1-030 treatment led to potent regression of tumor
growth in solid tumors expressing the RON variants Δ155, Δ160, and Δ165. Two mechanisms for the RON oncogenic activity
depending on KRAS genotype was evaluated in our study which include activation of EGFR and Src, in a trimeric complex, and
stabilization of the beta-catenin. In terms of the immunotherapy, WM-S1-030 elicited notable antitumor immunity in anti-PD-1
resistant cell derived mouse model, likely via repression of M1/M2 polarization of macrophages. These findings suggest that WM-
S1-030 could be developed as a new treatment option for cancer patients expressing these three RON variants.
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INTRODUCTION
In 2020, 1.93 million new colorectal cancer (CRC) cases were
diagnosed worldwide, representing 10% of total global cancer
incidence [1]. Although the National Cancer Comparison Network®
(NCCN) guidelines (version 3.2021) offer insightful treatment
options for CRC, it is crucial to acknowledge that these therapies
do not cover all patients’ needs. One such treatment is cetuximab
(Erbitux®), a monoclonal antibody targeting the epidermal growth
factor receptor (EGFR), which has shown efficacy in metastatic CRC
patients with wild-type KRAS (KRAS wt) tumors [2]. Nevertheless, a
considerable number of patients (50–60%) fail to initially respond
to cetuximab [3]. Moreover, a troubling 80% of patients who
initially respond to cetuximab treatments develop drug resistance
within 3 to 12 months [4, 5]. Cetuximab resistance is attributed to
various factors, including gene mutations in KRAS, BRAF, and EGFR
and gene amplification of KRAS, HER2, and MET [2]. These findings
underscore the urgent need to identify novel druggable targets
for colon cancer treatment, particularly those that can overcome
the current limitations of conventional anti-EGFR therapies.
Recepteur d’origine nantais (RON, MST1R) is a member of the

MET receptor tyrosine kinase family that is highly expressed in
numerous cancers. However, despite its prevalence in cancer,
the exact role and function of RON remains uncertain [6–8].

Previous research conducted on various primary cancer tissues
and established cell lines revealed that aberrant activation of
RON signaling can arise either through overexpression of RON
wild-type (RON WT) or the direct generation of its constitutively
active isoforms generated by alternative splicing of RON(RON
variants), such as RONΔ160 [9]. Aberrant expression and
activation of RON has also been found to be a significant
prognostic factor impacting patient survival in several cancer
types [10–14]. Interestingly, different variants of RON, including
RONΔ160 (exon 5,6 deletion), RONΔ165 (exon 11 deletion), and
RONΔ155 (exon 5,6,11 deletion), are thought to be naturally
occurring tumorigenic RON variants [15]. RON variants are
predominantly found in cancer tissues, and numerous reports
have demonstrated their association with increased tumor
growth [14–17].
In particular, altered expression of RON variants has been

implicated in progression of colorectal cancer [18, 19]. The pattern
of RON expression has also been found predictive of colorectal
cancer patient outcomes [14]. RON expression has also been
associated with various clinicopathological factors, including
tumor size, lymphovascular invasion, depth of invasion, lymph
node metastasis, distant metastasis, tumor state, and poor
survival, in colon cancer patients [20]. Recent research has shown
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that activation of MET and RON are linked to colon cancer
resistance to cetuximab [21, 22].
These significant findings have sparked numerous investiga-

tions into the potential of RON as a therapeutic target for cancer
treatment, resulting in the development of several small molecule
RON inhibitors (primarily targeting RON wild type rather than its
variants), with some now in clinical trials. Notably, these
compounds have demonstrated potent (low nanomolar range)
inhibition of RON enzymatic activity, and high antitumor activity,
in various tumor xenograft models. These RON inhibitors include
AMG-458 (Amgen) [23], LCRF-0004 (MethylGene) [24], and
BMS777607 (Bristol-Myers Squibb) [25]. There have been attempts
to suppress RON activity by blocking interaction with its ligand,
MSP, using antibody-based approaches, early clinical studies of
these strategies were discontinued due to a lack of efficacy [26].
As of now, no drugs specifically targeting the three constitutively
active splicing variants of RON (RONΔ155, RONΔ160, RONΔ165)
have been developed [15, 27].
In the present study, we reveal the tumorigenic potential of the

three RON variants and also demonstrate that our novel
compound, WM-S1-030, induces cell death and effectively
suppresses tumor growth in RON variant-positive solid tumors.
These compelling results suggest that RON variants represent
promising therapeutic targets for solid tumors, and WM-S1-030
could be an attractive therapeutic option for potential treatment
strategies in cancer therapy.

RESULTS
Development of WM-S1-030, a specific inhibitor of RON
variants, as an anticancer agent
To identify cetuximab resistance factors in colorectal cancer, we
obtained six tumor specimens from colorectal cancer (CRC) patients
treated with cetuximab plus chemotherapy, and divided them into
cetuximab responders and non-responders according to the
primary response criteria for cetuximab treatment [4]. Next, we
performed a receptor tyrosine kinase (RTK) array using tumor
tissues and found out that phosphorylated RON(p-RON) was
upregulated in the cetuximab non-responder group (Supplemen-
tary Fig. S1). According to a previous report, RON activity induces
resistance to cetuximab, which can be overcome with RON-
targeting drugs [21]. Consequently, we investigated whether
activated RON could contribute to the responsiveness to cetuximab
responsiveness using cetuximab-resistant (KM12C) and -sensitive
(LIM1215) cell lines. We first generated a RON knock-out cell line in
RONΔ160-positive, cetuximab resistant KM12C cell line and
conducted (Supplementary Fig. S2A, B, Supplementary Table S1)
xenograft mouse model experiment. As a result, RON knockout
facilitated tumor suppression by cetuximab in these cell lines
(Supplementary Fig. S2C). On the other hand, cetuximab resistance
was induced when RONΔ155 or RONΔ160 was ectopically
expressed in wild type RON expressing, and cetuximab-sensitive
LIM1215 cells (Supplementary Fig. S2D, E). Therefore, these results
raised the possibility of RON variants being an important factor in
determining the response to cetuximab, and their therapeutic
targeting could be a possible means of overcoming such resistance.
As the first step, we explored the structure of RON variants in public
repositories, for the purpose of developing small molecule
inhibitors against RON variants. Unfortunately, there were no
reports of a DFG-out (i.e., Asp oriented away from the ATP binding
pocket) conformation structure, or the crystal structure of RON
variants, in the Protein Data Bank (PDB). Therefore, we used a
structure-based drug design approach via chemical modification
and limited scaffold hopping to generate compounds that could
inhibit the enzymatic activity of RON. We then performed in vitro
cell-based screening of these compounds to screen selective
compounds against RON variants showing significant anticancer
effect against RON variant-positive cancer cells. Based on these

findings, and through our structure-based studies, we finally
developed a novel RON inhibitor specifically designed to target
phosphorylated forms of RON, including the three RON variants as
well as the activated RON by its ligand, macrophage -stimulating
protein (MSP). The structure of this inhibitor, WM-S1-030, was based
on a conformationally constrained 2-pyridone structure (Fig. 1A). A
docking study was performed using a homology model established
by ORCHESTRAR of Sybyl X-2.1.1 (Tripos, Inc.), using the crystal
structure of c-MET (PDB code: 3F82), with 62% sequence homology
with RON, as a template. The docking simulation of WM-S1-030
complexed with the RON kinase domain showed WM-S1-030 to
occupy an ATP-binding site within the activation loop in an inactive
conformation, with the Asp-Phe-Gly (DFG) motif (a well-known
kinase domain) pointed outward from the complex. Here, WM-S1-
030 was stabilized through four key hydrogen bonding interactions
with Lys1114, Met1164, Gln1171 and Asp1226. The oxygen of
ethoxy group and carbonyl group in 2-pyridone core interact with
side chain NH of Lys1114 and backbone NH of Asp1226. The
nitrogen on thieno[3,2-b]pyridine ring located in hinge region
forms hydrogen bonding interaction with the backbone NH of
Met1164. In particular, WM-S1-030 is further stabilized by the
formation of additional hydrogen bond between the nitrogen of
terminal morpholine ring, which occupied the solvent-exposed
region and the side chain NH of Gln1171 (Fig. 1B) [28]. WM-S1-030
strongly suppressed (IC50= 0.39 nM) the enzymatic activity of RON
in in vitro enzyme activity (Fig. 1C) [28]. In addition, kinase profiling
assay to measure the IC50 value of WM-S1-030 against a panel of
kinases was performed, and kinase selectivity of WM-S1-030 was
analyzed. WM-S1-030 inhibited the activity of Met family members
and a few tyrosine kinases (TKs) (Axl, Flt4, Mer, and TRKC), with IC50
values < 10 nM. On the other hands, WM-S1-030 was > 100-fold
selective for the TKs DDR2, Flt3, IGF1R, and ROS, and > 1000-fold
selective for all other kinases in the panel, except Fms, KDR and
TrkA (Fig. 1D and Supplementary Fig. S3A,B) [28]. To assess the
efficacy of WM-S1-030 against RON variants, we analyzed the
relative activation of RON in RONΔ160, RONΔ155, and RONΔ165
overexpressing Colo320HSR cells(RON negative cell line), following
treatment with WM-S1-030 or BMS777607, a RON inhibitor (IC50 (wt
RON)= 2.55 nM) [25] as the reference drug. WM-S1-030 showed
strong potency against colo320HSR cells, with IC50 values of
27.41 nM, 98.7 nM, and 137.2 nM, in cell lines expressing RONΔ160,
RONΔ155, and RONΔ165, respectively. BMS777607 showed rela-
tively weak inhibition against RONΔ160 and RONΔ155 and RON
Δ165, with IC50 values of 458.3 nM, 1406 nM, and 1366 nM,
respectively (Fig. 1E). To investigate the cell death effect of WM-
S1-030 on RON variants, we treated WM-S1-030 in Colo320HSR cells
transfected with RONΔ155, RONΔ160 and RONΔ165. In these cell
lines, dose-dependent cell death was caused by WM-S1-030, but
not by BMS777607 (Fig. 1F and Supplementary Fig. S3C).
Next, we assessed the frequency of RON variants in Caucasian

and Korean colon cancer patient and normal tissues. For the
analysis of specific RON variants in colon cancer patient samples
and the cancer cell lines, we performed real-time PCR (Supple-
mentary Fig. 4A, left lower panel) or RT-PCR & Sanger sequencing
(Supplementary Fig. S4, right lower panel). Among 232 Caucasian
patient samples, 84 (36.2%) expressed any of the three RON
variants, with 20 expressing RONΔ155, 35 expressing RONΔ160,
and 29 expressing RONΔ165. Similarly, out of 401 Korean patient
samples, 228 (56.9%) had at least one of the three RON variants,
with 28 expressing RONΔ155, 164 expressing RONΔ160, and 36
expressing RONΔ165 (Fig. 1G) [28]. In addition, we investigated
the presence of RON variant transcripts in multiple cancers, by
analyzing TCGA data. Only data for RONΔ165 (ENST00000344206)
expression levels was available, showing significant elevation in
various cancers including the colon adenocarcinoma (COAD),
rectum adenocarcinoma (READ), lung adenocarcinoma (LUAD),
cholangiocarcinoma (CHOL) and pancreatic adenocarcinoma
(PAAD) tissues, when compared to normal tissues (Supplementary
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Fig. S4B). Tumorigenic RON variant expression appears to be
indifferent of genotypic factors related to geography and ethnicity
(e.g., Korean and Caucasian) suggesting that RON variants could
be a potentially serve as predictive biomarkers for WM-S1-030
efficacy/response in various cancer patients.

Oncogenic function of RON variants and characterization of
WM-S1-030 as its selective inhibitor
To examine the oncogenic function of RON variants, we
transfected shRNA targeting RON variants in RONΔ160-,
RONΔ155-, and RONΔ165-positive colon cancer cell lines to
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Fig. 1 Discovery of RON variants target inhibitor, WM-S1-030, as anticancer drug. A 2D chemical structure of WM-S1-030 and key
interactions with RON kinase domain. The green dashed lines represent four key hydrogen bonds with Lys1114, Met1164, Gln1171, and
Asp1226, which stabilize WM-S1-030. B Docking study of WM-S1-030 located to the ATP-binding pocket in RON homology model based on
X-ray crystal structure of c-Met. C In vitro RON kinase enzyme assay of WM-S1-030. D Representative kinase selectivity profiles and IC50 values
of WM-S1-030. #Data collected from Eurofins Scientific and Thermo Scientific. E Graph of WM-S1-030/BMS-777607 concentration versus
relative phosphorylation (%) of RON variants. RONΔ155, RONΔ160, and RONΔ165 were overexpressed in Colo320HSR cells treated with
0 ~ 1,000 nM BMS-777607 (left panel) and WM-S1-030 (right panel). Cell lysates were subjected to IP and Western blot analysis used to detect
the bands representing phospho-RON (RON activity). Band intensities were quantified using ImageJ, and IC50 values calculated using
Graphpad Prism 9 software. F Cell death rates of Colo320HSR cells transfected with RONΔ155, RONΔ160, and RONΔ165 and treated with 1 µM
or 5 µM WM-S1-030 or BMS777607 for 48 hr, followed by trypan blue exclusion assay. The data are presented as means ± SEMs. (n= 3)
*P < 0.01; **P < 0.001; ***P < 0.0001. G Frequencies of RON variants in Caucasian and Korean colorectal cancer patients, using RT-PCR and
Sanger sequencing.
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knockdown each RON variants. In LS513 (RONΔ165), SNU1047
(RONΔ155), and HT29 (RONΔ160) cell lines, knockdown of RON
dramatically increased the cell death in these cell lines, with cell
death rates of approximately 62%, 60%, and 75%, respectively
(Supplementary Fig. S5A, B). Colony forming assays showed that
knockdown of RON variants significantly reduced the colony-
forming abilities of HCT15 (RONΔ160) and SW620 (RONΔ155) cell
lines (Supplementary Fig. S5C). Also, knockdown of RON variants
in KM12C and SNU1047 cell lines significantly decreased the
numbers of colonies in soft agar assay (Supplementary Fig. S5D).
In order to find out whether these effects were specific to the

knockdown of RON variants, we selected several off-target genes
of WM-S1-030 (Axl, Mer, Flt4, TRKC), and knocked down each gene
in HT-29 (RONΔ160) and SW620 (RONΔ155) cell lines, confirming
that in both cell lines, cell death was induced only by knockdown
of RON variants (Fig. 2A). We next evaluated whether WM-S1-030
could selectively inhibit the RON variants, and found out that WM-
S1-030 strongly inhibited RONΔ160, RONΔ155, and RONΔ165
when compared to other kinase targeting drugs in RON variant
expressing cell lines (Fig. 2B). Similar results were observed in the
32P-kinase assay with WM-S1-030 and BMS777607 (Fig. 2C). These
results demonstrates that WM-S1-030 has potent activity against
RON variants when compared to other reference drugs. Further-
more, we evaluated the downstream signaling pathway in KM12C
and HT29 colon cancer cell lines, showing that WM-S1-030
suppressed phosphorylation of ERK and AKT, which are down-
stream effectors of RON (Fig. 2D). Moreover, phosphorylation of
RON was decreased by WM-S1-030 treatment in a dose- and time-
dependent manner (Fig. 2E). The in vitro cell death effect of WM-
S1-030 and other kinase-targeting drugs was compared, showing
significant induction of cell death by WM-S1-030 compared to
other drugs (Fig. 2F, G). These effects were not shown in LIM1215,
a wild type RON-expressing colon cancer cell line, demonstrating
that expression of RON splicing variants determines the respon-
siveness to WM-S1-030 in in vitro (Supplementary Fig. S6A).
Furthermore, the in vivo efficacy of WM-S1-030 against SW620
xenograft models was assessed. In the SW620 xenograft group
treated with WM-S1-030, we observed significant inhibition of
tumor growth compared to BMS777607 (Fig. 2H and Supplemen-
tary Fig. S7A). Aside from the RON variants, we also evaluated the
effect of WM-S1-030 against wild type RON. WM-S1-030 effectively
inhibited the phosphorylation of RON in wild type RON-
transfected NIH3T3 cells (Supplementary Fig. S8A), and also in
Colo201 and HCT8 cell line, which express wild type RON and RON
is activated by the secreted MSP (Supplementary Fig. S8B, C, E)
[19]. WM-S1-030 also showed sufficient tumor growth inhibition in
the Colo201 and HCT8 xenografts (Supplementary Fig. S8D, F).
These results demonstrate that WM-S1-030 is a novel potent
inhibitor targeting RON variants (RONΔ155, RONΔ160 and
RONΔ165) as well as the wild type RON activated by MSP.

WM-S1-030’s potential for overcoming primary resistance to
cetuximab in vitro and in vivo
Since the discovery of RON variants in cetuximab-resistant patient
samples, we investigated whether WM-S1-030 could potentially
overcome this resistance. Based on the previous reports [29, 30]
and our findings, KM12C and SNU1047 cell lines were found to be
resistant to cetuximab treatment while SW48 and CaCO2 cell lines,
are both found to be sensitive to cetuximab in the cell death assay
(Fig. 3A). Interestingly, RON variants and phosphorylated RON
were exclusively expressed in the resistant cell lines, with no
cetuximab-induced changes in downstream signaling pathways
(Fig. 3B). Moreover, expression of RONΔ155, RONΔ160 in
cetuximab sensitive cell lines induced resistance to cetuximab
treatment (Fig. 3C).Treatment of WM-S1-030 in KM12C and
SNU1047 cell lines induced cell death, and these results were
shown only in the WM-S1-030 treated cell lines when compared to
other drugs (Fig. 3D, E). In addition, we confirmed that tumor

growth was inhibited when WM-S1-030 was administered to
xenograft models of these two cell lines (Fig. 3F, G). Also, additive
effects by combination of WM-S1-030 and cetuximab in a
RONΔ160-positive patient-derived xenograft (PDX) model were
shown (Fig. 3H), demonstrating the efficacy of WM-S1-030 in
overcoming the primary resistance to cetuximab treatment.

In vitro and in vivo effects of WM-S1-030 on RON variant-
positive colon cancer
In vitro anticancer activity of WM-S1-030 with BMS777607 against
various RON variant-positive colon cancer cells was explored by
in vitro cell death assays following WM-S1-030 treatment in
LS411N, HCT15, and LS513 cells expressing RON Δ155, Δ160, and
Δ165, respectively. We confirmed that BMS777607 showed no
effect, while WM-S1-030 significantly increased the cell death rate
in these cell lines (Fig. 4A). In addition, we confirmed that tumor
growth was significantly inhibited only by 30mg/kg WM-S1-030,
but not 30 mg/kg BMS-777607, in xenograft mouse models using
the same cell lines (Fig. 4B and Supplementary Fig. S9A).
Moreover, we confirmed the anticancer activity of WM-S1-030 in
a RON Δ160-positive colon cancer PDX model, demonstrating that
WM-S1-030, but not BMS-777607, significantly suppressed tumor
growth (Fig. 4C). We further confirmed the dose dependent
response of WM-S1-030 in a xenograft mouse model. Dose-
dependent suppression of tumor growth was confirmed through
treatment with WM-S1-030 ranging from 1mg/kg to 30mg/kg,
exhibiting a correlation between the administered dosage and the
inhibition of tumor growth (Fig. 4D and Supplementary Fig. S9B).
Furthermore, to assess the potential toxicity associated with

high dose or long term administration of WM-S1-030, we
conducted an in vivo efficacy test using the SW620 xenograft
model for 35 days at a 100 mg/kg dose, and in the A549 xenograft
model for 49 days at a 30 mg/kg dose (Supplementary Fig. S9C, D).
In these studies, the mice were well tolerated and their body
weights were well maintained during the study period demon-
strating that WM-S1-030 might have a manageable toxicity at high
doses or during long term treatment.
Taken together, these results shows that WM-S1-030 effectively

inhibits the RON variants and exerts potent anticancer efficacy in
RON variant-positive colon cancer when compared to the
reference drug, with manageable toxicity.

Mode of action of WM-S1-030 in colon cancer
In the previous results, we have discovered that WM-S1-030 exerts
anticancer effects against RON variant-positive colon cancer cells,
regardless of the KRAS genotype. Therefore, we tried to analyze
the mode of action of WM-S1-030 in KRAS wt and mutant(mt)
colon cancer cell lines.
It is known that crosstalk between different receptor tyrosine

kinases (RTKs) is thought to lead to oncogenic signal transduction
and the acquisition of therapeutic resistance [31–33]. We
hypothesized that the resistance to cetuximab treatment in KRAS
wt cell lines might be due to the crosstalk between RON and EGFR.
Therefore, we immunoprecipitated RON in KM12C(RONΔ160) and
CaCO2(RON WT, p-RON negative) cell line. Results showed that
RON binds to EGFR only in the KM12C cell line where RON is
constitutively activated (Fig. 5A). The binding of EGFR with RON
was mediated by EGFR domain III (Supplementary Fig. S10A).
Based on the previous report that activation and binding of Src
mediates the downstream signaling of RON and EGFR [34], we
immunoprecipitated RON in KM12C cell line to see whether Src
binds with RON and EGFR, and western blot results revealed that
RON,EGFR and Src binds to each other (Fig. 5B) and this
interaction occurred only in KRAS wt cell line not the KRAS mt
cell line (Supplementary Fig. S10B). To define the detailed
mechanism of the crosstalk between RON and EGFR, we knocked
down EGFR in KM12C or SNU1047 cell lines, and it did not affect
the phosphorylation of RON (Fig. 5C). However, in KM12C cell line,
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phosphorylation of EGFR was decreased by knockdown of RON
(Fig. 5D) and Src (Fig. 5E), and was recovered by overexpression of
RON Δ155 but not by the overexpression of RON Kinase Dead
protein (Fig. 5D). Also, when Src was knocked down by shRNA, the
phosphorylation of EGFR was decreased by cetuximab treatment

in cetuximab resistant KM12C cell line (Fig. 5E) demonstrating that
the activation of RON regulates the phosphorylation of Src to
affect the phosphorylation of EGFR.
To further assess whether activation of Src is involved in

mediating the anti-cancer effect of WM-S1-030, we overexpressed
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Src in KM12C cell line and the cell death was analyzed following
treatment with WM-S1-030. As a result, cell death by WM-S1-030
was decreased by the overexpression of Src (Fig. 5F right panel)
and in concordance with the cell death results, cleaved caspase-3
was not detected in the same group. Western blot results showed
that the downstream signaling molecule of Src, phosphorylation
of p-ERK and p-Akt, was not decreased by WM-S1-030 in Src
overexpressed KM12C cell line (Fig. 5F left panel). Treatment of
WM-S1-030 in KM12C and Colo201, a KRAS wt and RON WT cell
line reduced the phosphorylation of Src demonstrating that Src
mediates the effect of WM-S1-030 in KRAS wt, RON variant-
positive cell lines (Fig. 5F and Supplementary Fig. S8E).
Mode of action of WM-S1-030 in KRAS mt colon cancer cell lines

was also evaluated. In colon cancer, mutation of KRAS contributes
to tumorigenesis by the interaction with β-catenin [35]. Also in
breast cancer, RON binds to β-catenin and stabilizes β-catenin by
the phosphorylation of Tyr654 and Tyr670 residue of β-catenin
[36]. To seek whether β-catenin is also involved in KRAS mt colon
cancer, we immunoprecipitated RON in the two RON variant-
positive KRAS mt cell line, SW620 and LS513 cell line, and it was
revealed that β-catenin binds with RON in these KRAS mt cell lines
(Supplementary Fig. S10B). Moreover, it was shown that β-catenin
was phosphorylated and stabilized only when RON was activated
either by MSP dependent phosphorylation or autophosphoryla-
tion (Fig. 5G and Supplementary Fig. S10D). Knockdown of RON in
the SW620 and T84(RON Δ165), another RON variant-positive
KRAS mt cell line, lead to the decrease in the phosphorylation of β-
catenin (Supplementary Fig. S10E). WM-S1-030 decreased the
stability of β-catenin in these cell lines (Fig. 5H) and when β-
catenin was overexpressed in SW620 cells, the cell death rate and
cleaved caspase 3 was significantly decreased upon the treatment
of WM-S1-030 (Fig. 5I), indicating that β-catenin mediates the
downstream signaling pathway of RON, and WM-S1-030 exerts its
effect by regulating this pathway in KRAS mt colon cancer cell
lines. Similar results were shown in KRAS wt and RON wt-
expressing colon cancer cell line (Supplementary Fig. S8C).
Pharmacodynamic(PD) marker of WM-S1-030 was confirmed to
be cyclin D1, by in vitro and in vivo assays. After the treatment of
WM-S1-030 in KM12C and SW620 colon cancer cell lines,
suppression of cyclin D1 levels up to 48 hours after drug treatment
was shown in in vitro (Fig. 5J). Also, in xenograft mouse models of
KM12C and SW620 cell lines cyclin D1 expression levels were
inhibited up to 12 hours after WM-S1-030 administration in each
tumor (Fig. 5K and Supplementary Fig. S10F).
Mode of action of WM-S1-030 could be summarized as

illustrated in Fig. 5L. In the KRAS wt, activated RON binds with
Src and induce the phosphorylation of EGFR. The both RON WT
and splice variants binds with Src, but the RON variants tend to
bind with Src stronger than the RON WT. WM-S1-030 effectively
suppress this resistance mechanism, thereby providing an
opportunity to overcome the resistance to cetuximab in KRAS
wt colon cancer. In the case of KRAS mt colon cancer, the stability
of β-catenin was reduced by when WM-S1-030 was treated. And in

the β-catenin-overexpressed KRAS mt cell line, expression of cyclin
D1, the PD marker of WM-S1-030 was maintained although the
phosphorylation of RON was decreased upon the treatment of
WM-S1-030.

Anti-cancer efficacy of WM-S1-030 in various RON variant-
positive solid tumors
To investigate the anticancer efficacy of WM-S1-030 in RON
variant-positive solid tumors other than colon cancer, we
evaluated the prevalence of RON variants in cholangiocarcinoma,
head and neck cancer, non-small cell lung cancer, and pancreatic
cancer (Fig. 6A) [28] and we treated these various cancer cell lines
with WM-S1-030 to determine the potential effect of WM-S1-030
against these cell lines. In the case of cholangiocarcinoma, in vitro
cell death following WM-S1-030 treatment was measured in KKU-
D138H2, KKU-213, and Choi-CK cells expressing RON variants
Δ155, Δ160, and Δ165, respectively (Fig. 6B upper panels); tumor
growth was suppressed by WM-S1-030 in each cholangiocarci-
noma cell line-derived xenograft model (Fig. 6B lower panels). In
head and neck cancer, in vitro cell death following WM-S1-030
treatment was measured in FaDu cells expressing RON variant
Δ165 (Fig. 6C upper panel); tumor growth was likewise suppressed
by WM-S1-030 in FaDu cell line-derived xenografts (Fig. 6C lower
panel). In non-small cell lung cancer (NSCLC), in vitro cell death
occurred following WM-S1-030 treatment in NCI-H358 and NCI-
H460 cells expressing RON variants Δ155 and Δ165, respectively
(Fig. 6D upper panels); tumor growth was likewise suppressed by
WM-S1-030 in each non-small cell lung cancer cell line-derived
xenograft model (Fig. 6D lower panels). Similar results were seen
for pancreatic cancer, with in vitro cell death occurring following
WM-S1-030 treatment in Panc1 and MiaPaca-2 cells expressing
RON variants Δ155 and Δ160, respectively (Fig. 6E upper panels),
and tumor growth suppressed by WM-S1-030 treatment of each
pancreatic cancer cell line-derived xenograft model (Fig. 6E lower
panels). Moreover, we measured the anticancer activity of WM-S1-
030 in cholangiocarcinoma and head and neck cancer PDX
models, showing significant suppression of tumor growth by WM-
S1-030 (Fig. 6F). Based on these results, it could be concluded that
WM-S1-030 could potentially be effective in numerous solid
tumors beyond colorectal cancer.

Immunomodulatory activity of WM-S1-030 and its
combination effect with anti-PD-1
The receptor tyrosine kinase RON (also known as macrophage-
stimulating 1 receptor, MST1R) is expressed in macrophages [8]
and promotes M2 macrophage polarization, which makes the
tumor microenvironment immunosuppressive [37–40]. We
hypothesized that inhibition of RON signaling in macrophages
by WM-S1-030 might reverse the immunosuppressive state of the
tumor micro environment (TME) induced by M2 macrophages. To
test this hypothesis, we constructed a CT26 mouse colon cancer
syngeneic model in immunocompetent mice, and evaluated the
effect of WM-S1-030 on the properties of macrophages. The

Fig. 2 Characterization of WM-S1-030, a specific inhibitor of RON variants, and analysis of its antitumor effects. A Cell death rates
determined by trypan blue exclusion assay of HT29 and SW620 cells transfected with shRNA against RON, AXL, MERTK, FLT4, and NTRK3, after
48–72 hr. Knockdown of each gene was confirmed by RT-PCR. GAPDH, loading control. Data are presented as means ± SEMs. (n= 3) *P < 0.01
B Western blot results following immunoprecipitation showing inhibited phosphorylation of RON variants by treatment with 0, 10, or 100 nM
of WM-S1-030, BMS777607, crizotinib, and cabozantinib for 2 hr in RON Δ155-, Δ160-, and Δ165-transfected NIH3T3 cells. β-Actin, loading
control. C In vitro radioactive kinase assay results using 32P-γ-phosphate ATP to phosphorylate immunoprecipitated RON variants from HT29
and RONΔ160-transfected 293 T cells treated with 1, 10, 100 nM of WM-S1-030 or BMS777607. D Western blot results of the downstream
signaling molecules of RON in colon cancer cell lines (KM12C and HT29) expressing endogenous RON variants. β-actin, loading control. Colon
cancer cell lines were treated with 0, 1, 10, 100, 1000, 2500, 5000 nM of WM-S1-030 or BMS777607 for 2 hr. E Phosphorylated RON in KM12C
and LS1034 cell lines treated with WM-S1-030 in a time- and dose-dependent manner using immunoprecipitation and western blot analysis. β-
actin, loading control. F, G Cell death rates of HT29 (left panel) and SW620 (right panel) cells were measured by trypan blue exclusion assay,
following treatment with 1 µM or 5 µM of each compound, for 48 hr. (n= 3) *P < 0.05 ; **P < 0.01; *** P < 0.001. H Tumor volumes of SW620
xenografts (n= 6) treated with 10mg/kg WM-S1-030 or BMS-777607. The data are presented as means ± SEMs. *P < 0.05; **P < 0.01.
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results showed that compared to vehicle alone, WM-S1-030
significantly decreased tumor growth in a dose-dependent
manner (Fig. 7A). WM-S1-030 significantly and dose-dependently
increased CD45+ tumor-infiltrating leukocytes, while significantly
decreasing M2 (CD45+ F4/80+Arg1+ ) macrophages (Fig. 7B) in

these tumors. We also investigated whether WM-S1-030 combined
with the immune checkpoint inhibitor anti-PD-1 could exert
synergistic antitumor effects in the CT26 syngeneic mouse model.
As a result, the combination of WM-S1-030 and anti-PD-1 and
synergistically inhibited tumor growth (Fig. 7C).
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Fig. 3 Evaluation of WM-S1-030’s potential for overcoming cetuximab primary resistance, in vitro and in vivo. A Cell death rates evaluated
by trypan blue exclusion assay of cetuximab-sensitive or -resistant colorectal cancer cell lines following treatment with 30 µg/ml of cetuximab
for 48 hr. Data are presented as means ± SEMs. (n= 3) *P < 0.01; **P < 0.001; ***P < 0.0001. B Expression of phosphorylated RON, EGFR, and
downstream signaling in cetuximab- sensitive or -resistant colorectal cancer cell lines following treatment with 30 µg/ml cetuximab. β-actin,
loading control. C Cell death rates evaluated by trypan blue exclusion assays of RONΔ155- and RONΔ160-transfected CaCO2 or SW48 cells,
after cetuximab treatment. CaCO2 cell lines treated with 0, 15, and 30 μg/ml cetuximab for 48 h and SW48 cell lines treated with 0, 30, and
50 μg/ml cetuximab for 48 hr. Data are presented as means ± SEMs. (n= 3) **P < 0.01. D, E Trypan blue exclusion assay results of KM12C (left
panel) and SNU1047 (right panel) cells, following treatment with each compound. KM12C cell lines treated with 1 and 5 μM of WM-S1-030,
BMS-777607, Compound 1, or LY2801653, for 48 hr. SNU1047 cell lines treated with 1 μM WM-S1-030, BMS-777607, crizotinib, or cabozantinib,
for 48 hr. (n= 3) **P < 0.01; ***P < 0.001. Effect of WM-S1-030 (30 mg/kg) on KM12C xenograft tumors (n= 5) (F) and SNU1047 xenograft model
(n= 9-10) (G). H Average tumor growth curve of colorectal patient-derived xenograft (PDX) mouse model (RONΔ160) (n= 5). WM-S1-030
(50mg/kg) and vehicle were given by oral gavage (p.o) once daily. Cetuximab (40mg/kg) and vehicle were given intraperitoneally (i.p) twice a
week. F–H Tumor volumes were measured twice a week, until mice were sacrificed 14 or 28 days after treatment. Data are presented as
means ± SEMs. *P < 0.05; **P < 0.01; ***P < 0.001.
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We also investigated the combined effect of WM-S1-030 and
anti-PD-1 on the tumor microenvironment by analyzing changes
in the intra-tumoral immune cell populations. We found that
CD45+ tumor-infiltrating leukocytes and M1/M2 macrophage
ratios were increased by the combination of WM-S1-030 and anti-
PD-1 (Fig. 7D). A similar effect was observed in CD34+ humanized
mouse model with NCI-H358 non-small cell lung cancer cells,
where the combination of WM-S1-030 and anti-PD-1 inhibited
tumor growth more strongly than either WM-S1-030 or anti-PD-1
alone (Fig. 7E). We further demonstrated that WM-S1-030 and anti-
PD-1 exerted synergistic effects in SW620 CRC cell-derived CD34+
humanized mice, including the upregulation of numerous
immunocytokines (Supplementary Fig. S11).
Next, we induced the differentiation of macrophages from

PBMCs of 8 healthy donors and 17 cancer patients and analyzed
the RON expression by RT-PCR and Sanger sequencing. Our
findings revealed that RON variants are expressed only in the
PBMC-derived macrophages of cancer patients (Supplementary

Fig. S12A). Based on those findings, we next tried to find out the
impacts of WM-S1-030 on the differentiation of macrophages by
analyzing the expression level of ARG1 and MRC1(marker of M2
macrophages), and CXCL10 (marker of M1 macrophages). In RON
WT macrophages, WM-S1-030 increased the M1 macrophage
marker while decreasing the M2 macrophage marker in a MSP
dependent manner. However, in RON Δ155, Δ160, and Δ165)-
positive macrophages, WM-S1-030 increased the M1 macrophage
marker while decreasing the M2 macrophage marker in a MSP
independent manner. (Supplementary Fig. S12B). Thus, we
concluded that WM-S1-030 suppresses both MSP-dependent
and MSP-independent RON signaling in macrophages, preventing
their polarization toward the M2 phenotype, and likely alleviating
the immunosuppressive tumor microenvironment. Therefore,
both the direct killing effect of WM-S1-030 against tumor cells
and reprogramming of macrophages from M2 to M1 by WM-S1-
030 might contribute to the tumor growth inhibition shown in the
syngeneic and humanized mouse model (Fig. 7F).
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Fig. 4 In vitro and In vivo effect of WM-S1-030 on RON variant-positive colon cancer. A Cell death rates of LS411N (trypan blue exclusion
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**P< 0.01. G Assessment of interaction of RON variants (RONΔ155) and β-catenin in SNUC2A and SW620 cell lines by immunoprecipitation and
western blot analysis. γ-tubulin, loading control. H The half-life of β-catenin was determined in SW620, T84, and SNUC2A cell lines following treatment
with WM-S1-030 (1 µM) and cycloheximide (50 µg/ml) for 0 to 24 hours, as evaluated by western blot. β-actin, loading control. I pcDNA3.1 myc/his(A)-
β-catenin plasmid was transfected into SW620 cells and the effects of WM-S1-030 (1 μM) on the activation of RON and downstream signaling
molecules were analyzed by western blot. γ-tubulin, loading control (left panel). Drugs treatments were for 24 hr after transfection, and WM-S1-030
cell death rates on β-catenin-overexpressing SW620 cells were measured by trypan blue exclusion 48 hr after drug treatment (right panel). (n= 3)
**P< 0.01. J Western blot results of cyclinD1 in KM12C and SW620 cell lines after treatment with WM-S1-030 (1 μM) for 0 to 48 h. β-actin, loading
control. K Western blot results of cyclinD1 after WM-S1-030 (30mg/kg) treatment for 0 to 12 hr of KM12C and SW620 xenograft tumors. β-actin,
loading control. Data are presented as means ± SEMs. ***P< 0.001. L Summary of the regulatory mechanism of WM-S1-030 in colon cancer.
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DISCUSSION
The receptor tyrosine kinase RON is expressed and activated in
numerous cancer types, and many studies have reported its
oncogenic potential, carcinogenic effects, and association with
poor prognosis [10–14]. However, the oncogenic functions of

RON and alternative splicing forms and which of them act as
oncogenic drivers are unclear. Currently, there are many means of
stratifying CRC patients, including sensitivity to cetuximab, a
representative CRC tyrosine kinase inhibitor [39, 40] with a
response rate < 50%. Over half of all CRC patients, particularly
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those who lack KRAS wt (a biomarker for cetuximab efficacy), or
who acquire resistance, do not respond to cetuximab, greatly
limiting further treatment options [41–44]. In this study, we
identified that RON variants, such as RONΔ155, RONΔ160, and
RONΔ165, are constitutively active (independent of the RON
ligand MSP) [18] and phosphorylated, with oncogenic activity in
colorectal cancer (CRC) patients and numerous solid tumor cell
lines [18, 38]. Also identified three RON variants (Δ155, Δ160, and
Δ165) in cetuximab-resistant patients, and evaluated their roles in
cell proliferation and tumor growth. Based on these results, these
variants can be considered new potential targets for the
treatment of CRC. We also found that RON variant expression is
independent of KRAS genotype.
Why did previous approaches targeting RON fail? This could

be explained by couple reasons. First of all, most RON-targeted
antibodies prevent MSP binding to RON wild type. One of these
antibodies, narnatumab, showed little efficacy in a phase I trial,
and its use has since been discontinued [26]. Likewise, an anti-
RON monoclonal antibody, Zt/f2, failed to bind the Δ155 and
Δ165 variants [45]. Secondly, we found that BMS777607 inhibits
wild type RON but was ineffective in inducing cell death in RON
variant-positive cells of various cancer types in in vitro and
in vivo experiments. In conclusion, previous drugs had limita-
tions in that they only inhibited RON wild type and did not
inhibit RON variants with oncogenic driver functions. WM-S1-030
showed potent efficacy against various RON variant-positive
colon cancer cell lines and in xenograft models compared to
BMS777607 (Fig. 4, Supplementary Table S1), demonstrating that
WM-S1-030 is more potent against the RON variants than the
reference drug, BMS777607. According to our docking study, it
seems that compounds that bind to Gln1171 including WM-S1-
030, tend to show better efficacy in inhibiting RON variants.
However, despite our efforts, we were unable to obtain the
crystal structures of wild-type RON and RON variants, so
identifying the differences between WM-S1-030 and the
reference compound based on the structure of RON variants
remains a task.
Our molecular studies of mode of action indicate thatWM-S1-

030 has two different mode of action depending on the KRAS
genotype, and Src and β-catenin are the likely downstream factors
affected by WM-S1-030 (Fig. 5L). The reason for the difference in
the mode of action in KRAS wt and mt colon cancer is yet unclear
which needs further study. But we assume that this difference
would be resulting from the strong downstream signal transduc-
tion to MAPK and PI3K pathway in KRAS mt cells. Further studies in
the downstream signaling mechanism of RON in RON variant-
positive KRAS wt and mt cells would be needed to define the
relations of Src and β-catenin with the effect of WM-S1-030.
The RON (MST1R) receptor tyrosine kinase is also well known

to be expressed in macrophages, and RON signaling induces

polarization of macrophages toward the M2 phenotype, sup-
presses the activity of CD8+ T cells, leading to an immunosup-
pressive tumor microenvironment(TME) that promotes tumor
progression [37–40, 46]. RON tyrosine kinase deleted (Ron TK− /
−) mouse model shows morphology of M1 macrophages and
shows increased CD8+ T cell activity and tumor-infiltrating
lymphocytes [47, 48]. This indicates that the expression and
activation of RON in macrophages play an important role in the
intersection of tumor growth, macrophage polarization, and T
cell activity [49]. Nevertheless, the application of existing RON
inhibitors as the immunotherapy agents is limited due to the
insufficient efficacy. We induced the differentiation macrophages
in patient-derived PBMC and analyzed the expression of RON
variants. As a result, it was confirmed that RON variants were
expressed in about 30% of cancer patients. Also, herein, we
showed that WM-S1-030 significantly decreased tumor volume in
a syngeneic mouse model, by increasing the number of tumor-
infiltrating lymphocytes and decreasing the number of M2
macrophages. Although WM-S1-030 (RON inhibitor) does not
directly affect T cell activation, but it could influence the TME by
reprograming the M2 macrophages to M1 macrophages. WM-S1-
030-increased M1/M2 macrophage ratios and this might
indirectly affect the T cell activation by increasing the cytokines
such as CXCL10 produced by M1 macrophages (Supplementary
Fig. S12B) [50, 51].
In summary, as far as we know, WM-S1-030 is the first small

molecule inhibitor of both RON WT and RON variants, RON
RONΔ155, RONΔ160, and RONΔ165. Our findings provide experi-
mental evidence that RON variants have potential to be an
attractive target for anticancer agents and WM-S1-030 could be
applicated as a novel therapeutic agent for RON variant-positive
tumors. Based on these preclinical studies, a phase I clinical trial
assessing the efficacy of our drug is currently ongoing (Clinical-
Trials.gov Identifier: NCT04801095) to elucidate the safety of WM-
S1-030 in humans. Furthermore, our preclinical studies, support
the possibility of WM-S1-030 being effective in various RON
variant (RONΔ155, RONΔ160, and RONΔ165)-positive cancers of
humans.

MATERIALS AND METHODS
Ethics statement
All animal experiments were performed in accordance with the Guide for
the Care and Use of Laboratory Animals and protocols approved by the
Institutional Animal Care and Use Committee (IACUC) of Wellmarker Bio.
All operations were performed under anesthesia with isoflurane to
minimize animal suffering, in compliance with all relevant ethical
regulations. Colon tumor specimens were obtained from patients at
Asan Medical Center with Institutional Review Board approval (IRB:
S2018-0033-0001 and S2017-0440-0016). We also obtained PBMCs
(peripheral blood mononuclear cells) from NSCLC patients from Inje

Fig. 6 Anticancer efficacy of WM-S1-030 in various RON variants-positive solid tumors. A The frequencies of RON variants in
cholangiocarcinoma, head and neck cancer, NSCLC, and pancreatic cancer patient tissues were analyzed using RT-PCR and Sanger
sequencing. B Trypan blue exclusion assay result of KKK-D138-H2 (left upper panel), KKU-213 (middle upper panel), and Choi-CK (right upper
panel) cholangiocarcinoma cells were measured following treatment with 1 and 5 μM of WM-S1-030 or BMS-777607 for 72–96 hr. (n= 3)
*P < 0.05; **P < 0.01, ***P < 0.001. Antitumor activity of WM-S1-030 (30mg/kg) in mice harboring xenografts derived from KKK-D138-H2 (left
bottom panel), KKU-213 (middle bottom panel), and Choi-CK (right bottom panel) cells (n= 5–9). *P < 0.05; **P < 0.01; ***P < 0.001. C Cell death
rates of FaDu (upper panel) cells as measured by trypan blue exclusion assay, following 48-hr treatment with 1 and 5 μM WM-S1-030 or BMS-
777607. (n= 3) **P < 0.01; ***P < 0.001. Antitumor activity of WM-S1-030 (30mg/kg) in mice with xenografts derived from FaDu (bottom panel,
n= 5–9). *P < 0.05; **P < 0.01; ***P < 0.001. D Cell death rates of NCI-H358 (left upper panel) and NCI-H460 (right upper panel) cells were
measured following treatment with 1 and 5 μM WM-S1-030 or BMS-777607 for 48–72 hr. (n= 3) ***P < 0.001. Antitumor activity of WM-S1-030
(30mg/kg) in mice with xenografts derived from NCI-H358 (left lower panel) and NCI-H460 (right lower panel) non-small cell lung cancer cells
(n= 5–9). *P < 0.05; **P < 0.01; ***P < 0.001. E Cell death rates of Panc-1 (left upper panel) and MiaPaca-2 (right upper panel) pancreatic cells
were measured following treatment with 1 and 5 μM of WM-S1-030 or BMS-777607 for 72–96 hr. (n= 3) ***P < 0.001. Antitumor activity of WM-
S1-030 (30 mg/kg) in mice with xenografts derived from Panc-1 (left lower panel) and MiaPaca-2 (right lower panel) pancreatic cancer cells
(n= 5–9). *P < 0.05; **P < 0.01; ***P < 0.001. F Antitumor activity of WM-S1-030 (10 and 30mg/kg) in cholangiocarcinoma (left panel) and head
and neck cancer (right panel) and PDX models (n= 8–10). Data are presented as means ± SEMs. *P < 0.05, **P < 0.01, ***P < 0.001.

J. Kim et al.

2501

Cell Death & Differentiation (2023) 30:2491 – 2507



University Busan Paik Hospital, with Institutional Review Board approval
(IRB: 2022-03-009-007).

Cell lines
The LIM1215 colorectal cancer (CRC) cell line was purchased from Sigma-
Aldrich and cultured in RPMI 1640 medium (Welgene) supplemented
with 10% FBS (Gibco), 1% penicillin/streptomycin (Welgene), and 0.6 μg/
ml bovine insulin (Sigma-Aldrich) at 37 °C under 5% CO2. The KKU-213,
KKKD138, and Choi-CK cholangiocarcinoma cell lines were purchased

from the Japanese Collection of Research Bioresources Cell Bank (JCRB)
and cultured in DMEM (Welgene) supplemented with 10% FBS (Gibco)
and 1% penicillin/streptomycin (Welgene) at 37 °C under 5% CO2. The CT-
26 (mouse colon adenocarcinoma), KM12C (colon carcinoma), MiaPaCa-2
(pancreatic cancer), FaDu (head and neck squamous cell carcinoma), and
SNU1047 (colon adenocarcinoma) cell lines were obtained from the
Korean Cell Line Bank (KCLB) and cultured in MEM (Welgene), DMEM, or
RPMI-1640, supplemented with 10% FBS and 1% penicillin/streptomycin
at 37 °C under 5% CO2. 293 T, Col201, Colo320HSR, HCT8, HCT15, NCI-
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Fig. 7 Immunomodulatory activity of WM-S1-030 and its potential combinatorial effect with anti-PD-1. A Antitumor activity of WM-S1-
030 (0, 3, 10, and 30 mg/kg) in the CT26 syngeneic mouse model (n= 5). Data are presented as means ± SEMs. *P < 0.05. B The proportions
of M2 macrophages (CD45+ /CD11b+ /Arginase+ ) out of total CD45+ immune cells (CD45+ ) (left panel) and CD45+ tumor-infiltrating
leukocytes (right panel) were analyzed in mouse CT26 tumor tissues treated with WM-S1-030 (0, 3, 10, and 30 mg/kg), followed by flow
cytometry. Data are presented as means ± SEMs. *P < 0.05, **P < 0.01, ***P < 0.001. C Antitumor activity of WM-S1-030 (30 mg/kg), anti-PD-1
(10 mg/kg), singly or in combination, in the CT26 syngeneic mouse model (n= 5). Data are presented as means ± SEMs. *P < 0.05,
**P < 0.01, ***P < 0.001. D Relative M1 (CD45+ /CD11b+ /iNOS+ )/M2 (CD45+ /CD11b+ /Arginase+ ) macrophages (left panel) out of
total CD45+ immune cells (CD45+ ), and CD45+ tumor-infiltrating leukocytes (right panel), were analyzed by flow cytometry in mouse
CT26 tumor tissues treated with WM-S1-030 (30 mg/kg), anti-PD-1(10 mg/kg), singly or in combination. Data are presented as
means ± SEMs. *P < 0.05, ** P < 0.01, ***P < 0.001. E Antitumor activity of WM-S1-030 (5 mg/kg), anti-PD-1 (5 mg/kg), singly or in
combination, in the NCI-H358 CD34+ humanized mouse model (n= 4). Data are presented as means ± SEMs. *P < 0.05. F Schematic
representation of a potential mechanism underlying the combination effect of WM-S1-030 and anti-PD-1.
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H358, NCI-H417, NCI-H460, HT-29, LS513, LS411N, LS1034, SW48, CaCO2,
NIH3T3, SW620 and T84 cell lines were purchased from American Type
Cell Collection (ATCC) and cultured in DMEM or RPMI 1640 medium
supplemented with 10% FBS and 1% penicillin/streptomycin at 37 °C
under 5% CO2. Cell lines were periodically tested for mycoplasma
contamination and discarded if positive. All the cancer cell lines we used
endogenously express RON variants except Colo320HSR and SNUC2A
cells, which are negative for RON expression (RON WT and variants)
(Supplementary table 1).

shRNA, plasmids and transfection reagents
The pcDNA3.1(+) myc/his(A) vector was purchased from Invitrogen, into
which the RON isoforms Δ155 (exons 5, 6, and 11 deleted), RONΔ160
(exons 5 and 6 deleted) and RONΔ165 (exon 11 deleted) were subcloned
by WMBIO. RON kinase-dead (KD), pcDNA3.1(+) myc/his(A)-RON(K1114M)
was generated by WMBIO. pCMV6-entry-EGFR (Origene, RC214877) vector
was purchased from Origene, and EGFR wild type and deletion mutants
were subcloned into the vector pEGFP-N1. pcDNA3.1 myc/his(A)-Src and
pcDNA3.1 myc/his(A)- β-catenin plasmids were generated by WMBIO. RON,
restriction enzymes (XhoI, AgeI), and DNA ligase were obtained from
Enzynomics, and all other materials used for DNA amplification were
purchased from Bioneer. Colonies were cultured in LB growth medium,
and plasmids purified using DNA midi prep kits (Qiagen). The following
shRNAs were used in this study:

Gene shRNA Sequence

scramble 5′-GGUAGAACGGAGAGGGGUA-3′

RON 5′-CAGCUAGUUCUUCCUCCCAACCUGA-3′

5′-UCUC UCAGGUUGGGAGGAAGAACUAGCUG-3′

EGFR 5′-GCUGAGAAUGUGGAAUACCUA -3′

Src 5′-GGGCGAACCACCUGAACAAUU-3′

Axl 5′-CACUGAAGCUACCUUGAACAGCCTGUU-3′

MERTK 5′-GUAUCUGAGCAACAGGAAUUUUCTTUU-3′

FLT 5′-GCACCGAGGUCAUUGUGCAUGAAAAUU-3′

NTRK3 5′-GGGCGAAUCUGCUAGUGAAGAUTGUU-3′

DNA constructs or shRNAs were transfected using Lipofectamine 2000
(Thermo Fisher) or jetPRIME® (Polyplus), following the manufacturer’s
instructions. MSP was from R&D Systems (352MS050/CF) and cyclohex-
imide was from Sigma Aldrich (C4859).

Primers
The sequence of primers used for expression analysis by RT-PCR were as
follows:

Gene Forward Reverse

RON 5′-ATCTGTGGCCAGC
ATCTAAC-3′

5′-CTTGGTATCCTGCT
GCCTTT-3′

AXL 5′-GCTAATGGACAT
AGGGCTAAGG-3′

5′-CAAGGAAGAGAGCC
AAGATGAG-3′

MERTK 5′-GACTGCCTGGATG
AACTGTATG-3′

5′-GGAGTGCAGGAGGC
AATTATAG-3′

FLT4 5′-GAAAGCGACGTGG
TGAAGAT-3′

5′-GGCAGAACTCCTCATTG
ATCTG-3′

NTRK3 5′-GCATGTCCAGAG
ATGTCTACAG-3′

5′-ACCTCCGTGTTTGAG
AGTTG-3′

GAPDH 5′-GGACTGAGGCTCC-
CACCTTT-3′

5′-CCTGCAGCGTACTCCCC
ACA-3′

The sequence of primers used for the expression analysis by real time
PCR are as follows:

Gene Forward Reverse

ARG-1 5′- GTGAAGAACCCAC
GGTCTGT-3′

5′- GCCAGAGATGCTTCC
AACTG-3′

MRC-1 5′- AGCCAACACCAGC
TCCTCAAGA -3′

5′- CAAAACGCTCGCGCAT
TGTCCA -3′

CXCL10 5′- GAAAGCAGTTAGC
AAGGAAAGG-3′

5′- ATGTAGGGAAGTG
ATGGGAGAG-3′

GAPDH 5′- GGACTGAGGCTCCC
ACCTTT-3′

5′- CCTGCAGCGTACTCCCC
ACA -3′

RNA isolation and reverse transcription PCR for the analysis of
RON variants
Total RNA was extracted from human colon cancer patient tissues using
TRIzol (Thermo Scientific) and reverse transcribed using a PrimeScript™ 1st

Strand cDNA Synthesis Kit (6110 A, Takara). The reaction conditions were as
follows: denaturation at 94 °C for 30 s, annealing at 58 °C for 30 s, and
elongation at 72 °C for 45 s, for 40 cycles. PCR products were electrophoresed
on a 1.5% agarose gel containing RedSafe™ (Intron) stain. After cleanup, the
PCR products were sequenced by Macrogen, and variants analyzed using
Mutation Surveyor software (SoftGenetics). Primers were as follows:

Gene Forward Reverse

RON 5/6
deletion

5′-GAGCTGGTCAGGTCACT
AAAC-3′

5′-CAGACACTCAGTCCC
ATTGAC-3′

RON 11
deletion

5′-ATCTGTGGCCAGCATCT
AAC-3′

5′-AAAGGCAGCAGGATA
CCAAG-3′

Axl 5′-GCTAATGGACATAGGG
CTAAGG-3′

5′-CAAGGAAGAGAGCCA
AGATGAG-3′

MERTK 5′-GACTGCCTGGATGAAC
TGTATG-3′

5′-GGAGTGCAGGAGGCA
ATTATAG-3′

FLT4 5′-GAAAGCGACGTGGTGA
AGAT-3′

5′-GGCAGAACTCCTCATTG
ATCTG-3′

NTRK3 5′-GCATGTCCAGAGATGT
CTACAG-3′

5′-ACCTCCGTGTTTGAGAG
TTG-3′

GAPDH 5′-GGAGTCAACGGATTTG
GT-3′

5′-GTGATGGGATTTCCATT
GAT-3′

Real-time PCR to detect RON variants
Total RNA was isolated from tissues using a Qiashredder and RNeasy Mini
Kits (QIAGEN, MD, USA), and converted to cDNA with PrimeScript™ 1st
strand cDNA Synthesis Kit (6110 A, Takara). Quantitative real-time PCR was
performed using a LightCycler 480 Probes Master Kit (Roche Applied
Science, Mannheim, Germany), according to the manufacturer’s protocol.
The primers were as follows:

Gene Forward Reverse

RON 5/6
deletion

5′-CTGGCTCCTGGCAACAG-3′ 5′-TGGTGCCTACAGACAGA
CT-3′

RON 11
deletion

5′-GCCAACCTAGTTCCACTG
AAG-3′

5′-AGCCACAAGCAGCAGCA
AAG-3′

GAPDH 5′-GGACTGAGGCTCCCACC
TTT-3′

5′-CCTGCAGCGTACTCCCCA
CA-3′
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Gene expression in various cancer
The gene expression profiling interactive analysis (GEPIA) tool was used to
explore RNA sequence expression between normal and cancer samples
from the TCGA projects. Differentially expressed genes (DEGs) were
identified using the Limma R package, which analyzed the expression
differences between normal and cancer samples. The analysis employed
criteria of an adjusted p-value of less than 0.05 and a log2FC greater than 1.
Additionally RNA-sequence data was log2 (TPM+ 1) transformed for
differential analysis.

Kinase profiling
All data for the kinase profiling assay were obtained by the commercially
available services KinaseProfilerTM and IC50Profiler

TM (Eurofins Scientific).
The inhibition percentage of 1 µM of the experimental drug against each
kinase was determined in the presence of an ATP concentration equal to
the Km value of the kinase (n= 2). For kinases whose activity was inhibited
by more than 70%, and those that are known anticancer targets, 50%
inhibitory concentrations (IC50s) were estimated from the percentage of
remaining activity in the presence of nine concentrations (10, 3, 1, 0.3, 0.1,
0.03, 0.01, 0.003, and 0.001 µM) of the experimental drug, in duplicate,
using GraphPad Prism™ software.

In vitro RON kinase assay
RON (Carna Biosciences, 08–152, GST-tagged human RON cytoplasmic
domain [979–1400 (end) amino acids of accession number NP_002438.1])
was diluted in kinase assay buffer (50mM HEPES (pH 7.5), 1 mM EGTA,
10mM MgCl2, 2 mM DTT, and 0.01% Tween-20) to a final concentration of
0.2 nM, and added to white 384-well Optiplates™ (PerkinElmer). Serial
dilutions of WM-S1-030 and BMS777607, ranging from 0.001–10 µM in 1%
DMSO, were incubated with RON for 15min at room temperature (RT). The
kinase reaction was started by adding a mixture of poly-GT (PerkinElmer)
and ATP to a 384-well Optiplate, which was then covered with TopSeal-A
film and incubated at RT for 1 hr. After 1 hr, the kinase reaction was stopped
by adding EDTA diluted to a final concentration of 10mM in 1X LANCE
Detection Buffer (PerkinElmer), and the plate was incubated for 5 min at RT.
Then, a LANCE® Eu-W1024 anti-phosphotyrosine antibody (PT66, PerkinEl-
mer), prepared to a final concentration of 2 nM in 1X LANCE Detection
Buffer, was added to the wells, and the plates incubated for 1 hr at RT and
covered with TopSeal-A film. After 1 hr, the film was removed, and the
signal was read using a Victor X5 multiplate reader (PerkinElmer) in TR-FRET
mode (excitation wavelength of 320 or 340 nm and emission wavelength of
665 nm). IC50 values of WM-S1-030 and BMS777607 against RON were
calculated using GraphPad Prism software. In addition, in vitro kinase assays
using 32P-γ-phosphate ATP were performed as follows. First, to conjugate
RON protein to protein A agarose beads, immunoprecipitation was
performed using an anti-RON antibody. Then, the RON-conjugated agarose
bead was mixed with kinase buffer, 32P-γ-phosphate ATP, and WM-S1-030
or BMS777607, and reacted for 30min in a water bath at 30 °C. After the
reaction, the agarose beads were washed 4 times, subjected to SDS-PAGE,
and the gel stained with Coomassie blue and dried. After exposing film to
the dried gel, it was developed to check the signal.

In vitro radioactive kinase assay
Cells were lysed in immunoprecipitation lysis buffer (50 mM Tris-HCl [pH
7.4], 150mM NaCl, and 0.5% NP-40) containing a protease and
phosphatase inhibitor cocktail (GenDEPOT, TX, USA). Precleared cell lysates
were then incubated with anti-RON antibody (Santa Cruz), for 24 hr at 4 °C,
with gentle rotation followed by incubation with protein A/G-agarose
beads (Santa Cruz) for 2 hr at 4 °C, with gentle rotation. The antibody-
protein-bead complexes were then washed 4 times with lysis buffer and
incubated in kinase assay buffer (20 mM Tris pH 7.4, 5 mM EGTA, and
20mM β-glycerol phosphate in 1X PBS) containing 32P-γ-phosphate ATP,
and WM-S1-030 or BMS777607. Reactions were initiated by addition of
activation buffer to final concentrations of 0.1 mM 32P-γ-phosphate ATP
and 20mM MgCl2, and incubated at 30 °C with shaking for 30min.
Reactions were terminated by adding 2X sample buffer and boiled at 95 °C
for 5 min. Proteins were resolved by SDS-PAGE and the gels stained with
Coomassie blue and dried. The dried gel was then exposed to X-ray films
to detect 32P-labeled bands.

In vitro MTS assay
Cells (3 × 103 cells/well) were plated in 96-well plates and incubated
overnight. The next day, 10 µl of test compound at doses ranging from

0.01 nM–10 µM in 0.1% DMSO was added to each well, and the cells
incubated at 37 °C in a 5% CO2 incubator for 72 hr. 20 µl of CellTiter 96®
AQueous One Solution (Promega) was then added to the wells, to
determine the number of viable cells, and the cells incubated at 37 °C in a
5% CO2 incubator for 1–4 hr, depending on the experimental conditions.
After incubation, absorbance at 490 nm was measured by a Victor X5
multiplate reader (PerkinElmer), and the IC50 value of each drug was
calculated with GraphPad Prism software.

In vitro cell death assay
To evaluate cell death rates, in vitro trypan blue and propidium iodide
(Invitrogen) staining was performed. 1 × 106 cells were seeded in 10 cm cell
culture dishes and cultured overnight in growth media. The next day, cells
were exposed to the appropriate compounds for the experiment. 48 hr
after the initial seeding, cells were harvested by trypsinization and
centrifugation at 1,500 rpm for 5min at 4 °C. Pelleted cells were
resuspended in cold PBS and mixed 1:1 with trypan blue solution (Gibco).
Live cells and dead cells were counted using a hemocytometer, and the
percentage of dead cells (relative to total cells) was calculated. For PI
staining, cells were harvested by trypsinization and centrifuged at
1,500 rpm for 5min. Pelleted cells were then resuspended in PI staining
solution containing 2% FBS, 0.05% sodium azide, and 1 µg/ml PI in PBS,
incubated for 10min at RT, and analyzed on a BD LSRFortessa™ cell
analyzer.

In vitro colony-forming assays
Cells were transfected with scrambled or RON shRNA for 48 hr, seeded in a
6-well plate at 100 cells/well, and cultured for 14 days. Cell culture medium
(containing drugs) was changed every 2-3 days. The colonized cells were
fixed with 10% formalin, stained with 0.01% crystal violet, and
photographed. The number of colonies larger than 1mm diameter was
counted.

Soft agar assay
To assess anchorage independence, transfected cells (5 × 104) were
resuspended in complete medium containing 0.3% agarose and layered
on 0.6% base agarose-containing complete medium. The cells were then
cultured to allow colony formation, and media added once a week to
prevent the upper layer from drying out. After two weeks, colonies were
observed by a microscope.

Immunoprecipitation
Cells were lysed in immunoprecipitation lysis buffer (50 mM Tris-HCl [pH
7.4], 150mM NaCl, and 0.5% NP-40) containing a protease and
phosphatase inhibitor cocktail (GenDEPOT). Precleared cell lysates were
then incubated with the appropriate primary antibodies, and incubated for
24 hr at 4 °C, with gentle rotation. The next day, protein A/G-agarose beads
(Santa Cruz) were added to the mixtures and incubated for 2 hr at 4 °C,
with gentle rotation. The antibody-protein complexes were then washed
five times, and bound proteins eluted by boiling in 30 µl SDS sample
buffer, followed by Western blot analysis.

Western blot analysis
Cell or tissue lysates were electrophoresed, transferred, and immuno-
blotted with specific antibodies. Membranes were incubated with specific
primary antibodies against phospho-Tyr (4G10, Millipore), RON β (sc-
374626, Santa Cruz), Erk (4695 S, Cell Signaling), phospho-Erk (4370 S, Cell
Signaling), Akt (9272 S, Cell Signaling), phospho-Akt (4060 S, Cell Signaling),
cyclin D1 (sc-8396, Santa Cruz), c-Myc (sc-40, Santa Cruz), Myc-tag (Ab9108,
Abcam), β-catenin (8480 S, Cell Signaling), p-EGFR (2234 S, Cell Signaling),
EGFR (2232 S, Cell Signaling), cleaved caspase-3 (9664 S, Cell Signaling), Src
(2108 S, Cell Signaling), p-Src (2101 S, Cell Siganling), γ-tubulin (SC-17787,
Santa Cruz), and β-actin (sc-47778, Santa Cruz). Anti-rabbit and anti-mouse
secondary antibodies were obtained from Cell Signaling Technology.
Detailed information of antibodies used is also described in Supplementary
Table S2. Uncropped western blots are provided in Supplementary
Material.

GST pulldown assay
500 ng of SRC-GST(Sino biological,10755-H20B) and RONΔ155, RONΔ160,
RONΔ165 (manufactured by Peak Proteins Ltd, Macclesfield, Cheshire, UK)
recombinant proteins were incubated according to each combination with
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reaction buffer (20mM Tris-HCl pH8.0, 500mM NaCl, 1% Triton X-100,
0.02% bovine serum albumin and 5mM 2-Mercaptoethanol), 120mM
NaCl) in a 30 °C water bath for 30minutes. Immunoprecipitation and
western blot were performed by adding glutathione beads instead of
antibody and agarose beads to the reaction sample.

Tumor-infiltrating lymphocyte (TIL) isolation
Primary tumors were dissected and cut into small pieces in ice-cold PBS,
incubated in 50mL conical tubes with 1mL media supplemented with 5%
FBS and 2.4 mg/mL collagenase B (11088815001, Roche), and incubated for
2–4 hr, at 37 °C, on a shaker. After incubation, samples were centrifuged at
1200 rpm for 3min, and supernatants collected for cytokine analysis. The
residual pellets were resuspended in 20mL PBS, dissociated further by 4x
pipetting, centrifuged for 7 min at 300 × g at room temperature,
resuspended again in 6mL media containing 0.3 mg/mL DNase I
(11284932001, Roche), and then incubated for 15–30min at 37 °C on a
shaker. Tissues were then centrifuged for 7 min at 300 × g at 4 °C,
resuspended in 10mL Trypsin-EDTA solution, and cells dissociated by
gentle pipetting. Single cells were prepared by filtering through a 70-μm
cell strainer.

Analysis of single cells by flow cytometry
All flow cytometry data were collected on an LSRFortessa™ Flow Cytometer
(BD Biosciences) equipped with blue, red, and violet lasers. For sample
acquisition, human PBMCs were first incubated with Human Fc block
(# 564219, BD) and stained with the following fluorochrome-conjugated
antibodies in FACS buffer (2% FBS and 0.05% sodium azide in PBS): anti-
human CD45, anti-human CD3, anti-human CD8, anti-human CD11b, anti-
human CD86, and anti-human CD206, for 30min at 4 °C, and analyzed by
flow cytometry. Mouse cells were first blocked with mouse Fc block
(#553141, BD) and stained with the following fluorochrome-conjugated
antibodies in FACS buffer (2% FBS and 0.05% sodium azide in PBS): anti-
mouse CD45, anti-mouse T lymphocyte subset cocktail (CD3, CD4, CD8),
and anti-mouse CD11b. Next, the cells were fixed and permeabilized with
Fixation/Permeabilization kit (# 554714, BD) for 20min at 4 °C, stained with
anti-mouse iNOS or anti-mouse arginase 1, and analyzed by flow
cytometry. All flow cytometry data was analyzed with FlowJo software
(BD Biosciences). All electronic gating was performed downstream of an
FSC-H x FSC-A “singlet” gate. Detailed information of antibodies used is
also described in Supplementary Table S2.

Cytometric bead array (CBA) by flow cytometry
Cytokine levels of tumor-derived supernatants were analyzed by flow
cytometry. To measure secreted cytokine levels, Cytometric Bead Array
(CBA) Flex Sets (BD Biosciences), to detect human TNF-α, IFN-γ and
granzyme B, were used according to the manufacturer’s instructions.
Briefly, 50 μL of each sample was transferred to a FACS tube, and 50 μL of
the capture bead mixture added to each tube and incubated in the dark
for 1 hr at room temperature (RT). After 1 hr, 50 μL of PE detection reagent
mixture was added and incubated in the dark for 2 hrs at RT. After 2 h, 1 mL
of wash buffer was added and centrifuged at 200 g for 5 min. The
supernatant was then removed, 200 μL of wash buffer added, and the cells
gently resuspended. Data were acquired using a LSRFortessa™ Flow
Cytometer (BD Biosciences), and analyzed with FlowJo software (BD
Biosciences).

Mice
Six-week-old female BALB/c nude mice were purchased from Charles
Rivers Japan and GemBiosciences, while 6-week-old female wild-type
BALB/c mice were purchased from Orient Bio. Mice were housed at a
consistent temperature (21 ± 2 °C) and relative humidity (55 ± 10%) on a
12-hr light/dark cycle at a fixed brightness (150–300 lux). Radiation-
sterilized food (laboratory diet) and reverse osmosis-purified water were
provided ad libitum. hCD34+ HSC mice were purchased from GemBios-
ciences. Four-week-old female NSG mice were used to generate
humanized mice following myeloablation and transplantation of
hCD34+ HSCs. Bone marrow cell production was suppressed by 1.5 Gy
radiation generated by an XRAD 320 biological irradiator (Precision X-ray,
CT) for 12 hr, and 1 × 105 hCD34+ HSCs then administered via tail vein
injection. The success of humanization was confirmed by FACS analysis,
and the procedure was considered successful when the ratio of human
CD45+ PBMCs was greater than 25%. To evaluate human cell engraftment,
50 µl of blood retro-orbital sinus was collected in heparin-coated capillary

tubes. Cells were incubated with APC-conjugated mouse anti-human
CD45, FITC-conjugated mouse antihuman CD3, and PE-conjugated mouse
anti-human CD19 antibodies (BD Pharmingen), and FACS analysis
performed on a BD FACS Canto II flow cytometer.

In vivo syngeneic mouse model
A CT26 syngeneic model was constructed by subcutaneously injecting
2.5 × 105 suspended cells diluted in 100 µl PBS into the flanks of 6-week-
old female BALB/c mice. When tumor volumes reached 100mm3, the mice
were randomly divided into four groups. WM-S1-030 was given once daily
by oral gavage and anti-PD-1 (RMP1-14, BioXcell) given by intraperitoneal
injection twice a week. Tumor volumes were measured twice a week.
Tumor volumes, weights, and body weight data were collected and
analyzed statistically after the end of the experiment.

In vivo xenograft mouse model
Xenograft tumors were established by right flank subcutaneous injection
of 1.5 × 106 KM12C cells suspended in 100 µl PBS, 2 × 106 SNU1047 cells
suspended in 100 µl PBS, 5 × 106 SW620, LS411N, or HCT15 cells
suspended in 100 µl PBS, 2 × 106 LS513 cells suspended in 200 µl PBS
mixed 1:1 with Matrigel, 1 × 107 LIM1215 cells suspended in 200 µl PBS
mixed 1:1 with Matrigel. The mice were randomly divided into groups
when tumor volumes reached approximately 100 mm3 and treated daily
with vehicle control, WM-S1-030, or BMS-777607 by gavage for several
days. Cetuximab (Merck) was administered intraperitoneally (i.p.) twice a
week, and tumor volumes measured two or three times a week by a digital
caliper and quantified by the following formula: tumor volume = 0.5 ×
length × width2.

In vivo patient-derived xenograft mouse model
Colon tumor specimens were obtained from patients at Asan Medical
Center with Institutional Review Board approval. Cholangiocarcinoma and
head and neck cancer patient-derived xenograft (PDX) experiments were
performed by Champions Oncology. To establish PDX tissues, fresh tumor
fragments were transplanted subcutaneously into the right or left flanks of
anesthetized BALB/c-nude mice and athymic nude mice. When tumor sizes
reached 800–1500mm3, mice were sacrificed, and tumors harvested. For
the main study of PDX model mice, 1–2mm3 tumor fragments were
implanted subcutaneously into the lateral flanks of female BALB/c nude
mice and athymic nude mice. The mice were allocated into different
groups in a random manner once tumor volumes reached ~100mm3, after
which they received daily oral treatments of either vehicle control, WM-S1-
030, or BMS-777607, for five consecutive days.

Generation of humanized CD34+HSC mice
NCI-H358 and SW620 humanized mouse models were constructed by
subcutaneously injecting 5 × 106 cells (suspended in 200 µl of a 1:1 mixture
of PBS and Matrigel, or 100 µl of PBS) into each flank of 13-week-old female
hCD34+ HSC mice. Tumor volumes were calculated twice weekly, and
when tumor volumes reached ~100mm3, mice were randomly divided
into four groups. WM-S1-030 (3 mg/kg) or vehicle was given daily by oral
gavage. Anti-PD-1 (pembrolizumab) (Merck Sharp & Dohme, MSD) was
administered twice a week by intraperitoneal injection. Tumor volumes,
weights, and body weight data were collected and analyzed statistically
after the end of the experiments.

Assessing tumor development and changes in body weight
Tumor volume was measured twice a week by digital caliper and
quantified by the following formula: tumor volume = 0.5 × length ×
width2.
Animals were weighed at the same time points as tumor volume

measurements. Average mouse body weights were recorded as percen-
tages of their initial weights.

Immunohistochemistry
5 μm sections were cut from a tissue block and immunohistochemically
analyzed. The sections were incubated overnight with antibodies against
RON, p-RON, cyclin D1, and cleaved caspase 3, diluted at 1:100 in Antibody
Diluent Solution. Sections were then incubated at RT for 1 hr with
biotinylated secondary horse anti-mouse IgG (VECTASTAIN Elite mouse
ABC HRP Kit, # PK-6102, Vector Labs). Avidin-biotin complex-horseradish
peroxidase (VECTASTAIN Elite mouse ABC HRP Kit) was applied to sections
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and incubated for 1 hr at RT and exposed to 3,3′-diaminobenzidine
substrate solution (# SK-4100, Vector labs) for 5 min. Tissue sections were
stained with Mayer’s hematoxylin for 10 s and rinsed in tap water and
mounted for viewing. All tissues were scanned using a Precipoint M8
microscope and scanner.

RTK arrays
Receptor tyrosine kinase (RTK) phosphorylation statuses, between
cetuximab responders and non-responders, were analyzed using a
Phospho-RTK Array Kit (# ARY001B, R&D Systems), according to the
manufacturer’s protocol. Tumor tissues from cetuximab responders and
non-responders were obtained from Asan Medical Center, Seoul, Korea.
For analysis of phosphorylation statuses of multiple RTKs in tissue samples
and cell lines, membranes were developed on X-ray film and the densities
of the developed spots for each RTK were measured using ImageJ
software. The RTK spot density for RTKs of cetuximab-responsive patient
tissue lysate was set as 100, and the relative RTK spot densities for
proteins from cetuximab-nonresponsive patient tissue lysates then
calculated.

MSP ELISA assay
Human MSP ELISA kit (# DY352, R&D Systems) was performed according to
the instructions suggested by the manufacturer. 100 μL per well of capture
antibody diluted in PBS was coated on a 96-well microplate and incubated
overnight at room temperature. The coated wells were washed three times
with wash buffer and blocked with 300 μL Reagent Diluent buffer for
1 hour at room temperature. The well was washed three times with wash
buffer, 100 μL of the medium in which HCT8 cells were cultured and
standards samples were added, and cultured at room temperature for
2 hours. The well was washed three times with wash buffer, 100 μL of
diluted detection antibody was added, and incubated at room tempera-
ture for 2 hours. Each well was again washed three times with wash buffer,
100 μL of diluted Streptavidin-HRP was added, and incubated at room
temperature for 20minutes. Each well was washed with wash buffer,
100 μL of Substrate Solution was added, and the reaction was stopped
with 50 μL Stop solution after incubation at room temperature for
20minutes. Determine the optical density of each well immediately, using
a microplate reader set to 450 nm.

Statistical analysis
Unless otherwise stated, data are expressed as means ± standard errors of
the mean. To assess significance of differences between groups, we used
two-tailed Student’s t tests and one-way analysis of variance (ANOVA).
Dunnett’s multiple comparisons test was used to evaluate the significance
of differences among multiple group means.
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