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Abstract. In colorectal cancer, gain-of-function mutations in 
KRas play a critical role in malignant transformation. Tumor 
growth in colorectal cancer is known to be promoted by the 
intestinal myofibroblasts (IMFs) that localize adjacent to the 
cancer cells, but the mechanisms of interaction between KRas-
mutated cancer cells and the myofibroblasts remain unclear. 
Here, we investigated the effects of KRas-mutated cells on the 
behavior of myofibroblasts by using mouse primary IMFs and 
cells of an IMF cell line (LmcMF) and a mouse colon epithelial 
cell line (aMoC1). Conditioned medium (CM) was collected 
from aMoC1 cells overexpressing a control vector or KRasV12 
vector (KRasV12-CM), and the effects of KRasV12-CM on 
IMFs were analyzed by performing proliferation assays, 
wound-healing assays, Boyden chamber assays, and western 
blotting. Whereas KRasV12-CM exerted little effect on the 
differentiation and proliferation of primary IMFs, the CM 
promoted migration of both primary IMFs and LmcMF cells. 
In KRasV12-overexpressing aMoC1 cells, mRNA expression 
of heparin-binding epidermal growth factor-like growth factor 
(HB-EGF) was higher than in mock-transfected aMoC1 cells, 
and HB-EGF promoted the migration of primary IMFs and 
LmcMF cells. Moreover, KRasV12-CM-induced IMF migra-
tion was suppressed by dacomitinib, an inhibitor of HB-EGF 
receptors. Notably, in LmcMF cells, both KRasV12-CM 
and HB-EGF activated extracellular signal-regulated kinase 
(ERK) and c-jun N-terminal kinase (JNK), whereas KRasV12-
CM-induced migration of IMFs was suppressed following 
treatment with either an ERK inhibitor (FR180204) or a JNK 
inhibitor (SP600125). These results suggest that HB-EGF 

secreted from KRas-mutated colorectal cancer cells promotes 
IMF migration through ERK and JNK activation, which, in 
turn, could support cancer progression.

Introduction

Colorectal cancer is the third most common cancer in males 
and the second most common in females worldwide (1). In 
colorectal cancer, gain-of-function mutations in KRas are 
detected in approximately 40% of the tumors and play a critical 
role in malignant transformation (2). KRas mutations activate 
intracellular signals and stimulate tumor cell growth, invasion, 
metastasis, and drug resistance (3-6). Moreover, KRas muta-
tions promote cytokine secretion in tumor cells, which might 
contribute to cancer initiation and progression (7-9).

In cancer tissues, several types of cells, such as myofi-
broblasts, immune cells, and vascular cells, form the tumor 
microenvironment and thus promote tumor progression (10). 
The tumor microenvironment contributes to cancer progres-
sion by promoting tumor cell growth, inhibiting apoptosis, 
enhancing angiogenesis, and suppressing antitumor immu-
nity (11,12). The tumor cells, in turn, regulate stromal cells 
through paracrine signaling and thereby generate an environ-
ment conducive to tumor progression (13,14).

Intestinal myofibroblasts (IMFs) localized subjacent to 
the intestinal epithelium interact with epithelial cells and play 
crucial roles in maintaining epithelial homeostasis (15,16). 
Myofibroblasts regulate various diseases, such as inflammation, 
fibrosis, and carcinogenesis. In cancer tissues, myofibro-
blasts localize adjacent to cancer stem cells and participate 
in mutual feedback signaling loops (14,17). Myofibroblasts 
secrete cytokines such as interleukin-6 (IL-6), hepatocyte 
growth factor (HGF), and heparin-binding epidermal growth 
factor-like growth factor (HB-EGF) and thus promote tumor 
progression (17-20). Conversely, tumor cells secrete trans-
forming growth factor-β (TGF-β) and platelet-derived growth 
factor (PDGF), which regulate the migration, differentiation, 
and cytokine secretion of myofibroblasts (18,21). Although 
these interactions have gradually come to be regarded as 
new therapeutic targets (22), the mechanisms of interaction 
between KRas-mutated cancer cells and myofibroblasts have 
remained unclear.
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In this study, to elucidate how KRas-mutated cancer cells 
interact with myofibroblasts, we investigated the molecular 
mechanisms of the regulation of IMFs by KRas-mutated cells.

Materials and methods

Mice. Male C57BL/6J mice (4-12 weeks old) were purchased 
from Charles River Japan (Yokohama, Japan) and maintained 
in accordance with the guidelines of the Animal Care and Use 
Committee of Yamaguchi University. Experimental protocols 
were approved by the Yamaguchi University Animal Care and 
Use Committee.

Cell culture and conditioned medium (CM) collection. Mouse 
IMFs were isolated as previously described (23). LmcMF, a 
mouse colon myofibroblast cell line, was established in our 
previous study  (23). An adult mouse colon epithelial cell 
line, aMoC1, was provided by Dr Mamoru Totsuka (Tokyo 
University)  (24). IMFs and LmcMF cells were cultured in 
Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher 
Scientific, Waltham, MA, USA) containing 10% fetal bovine 
serum (FBS) and 1% antibiotic-antimycotic solution (AA; 
Thermo Fisher Scientific), whereas aMoC1 cells were cultured 
in DMEM containing 5% FBS, 1% insulin-transferrin-
selenium-X (Thermo Fisher Scientific), and 1% AA solution. 
CM was obtained by collecting the supernatant from aMoC1 
cell cultures in serum-free medium at 24 h after plating and 
centrifuging for 10 min at 3,000 x g; aMoC1-CM was used at 
50% concentration in all experiments.

Generation of KRasV12-expressing aMoC1 cells. FLAG-tagged 
human KRasV12 was PCR-amplified from a human colorectal 
cancer cell line, SW620, that carries the KRasV12 mutation, 
and was subcloned into the EcoRI/NotI sites of pLVSIN-EF1α-
IRES-ZsGreen1 vector (Takara Bio, Shiga, Japan). The empty 
vector was used as a control. Lentivirus was produced as 
previously described (25), and aMoC1 cells were treated with 
virus-containing supernatants for 12-24 h. ZsGreen-expressing 
cells were sorted using an SH800 flow cytometer (Sony, 
Tokyo, Japan), and were used as mock-transfected aMoC1 cells 
(Mock-aMoC1 cells) and KRasV12-expressing aMoC1 cells 
(KRasV12-aMoC1 cells).

Western blotting. Western blotting was performed as previ-
ously described  (26). Briefly, cells were lysed in a buffer 
containing 50 mM Tris-HCl (pH 8.0), 5 mM EDTA (pH 8.0), 
5  mM EGTA (pH  8.0), 1% Triton X-100, 1  mM Na3VO4, 
20 mM sodium pyrophosphate, and Roche complete protease-
inhibitor cocktail (Roche, Basel, Switzerland). Proteins were 
quantified using a Bio-Rad DC protein assay kit (Bio-Rad, 
Hercules, CA, USA) and then separated using sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and transferred 
onto nitrocellulose membranes (Wako Pure Chemical 
Industries, Osaka, Japan). The membranes were blocked with 
0.5% skim milk and then probed with primary and secondary 
antibodies, and the stained protein bands were detected using 
Western Lightning ECL Pro (PerkinElmer, Waltham, MA, 
USA) and visualized using a LAS-3000 mini luminescence 
imager (Fujifilm, Tokyo, Japan). The primary antibodies used 
were against these targets: c-Myc, GSK-3β phospho-Ser9, 

ERK p44/42 phospho-Thr202/Tyr204, Akt1 phospho-Ser473, 
p38 MAPK phospho-Thr180/Tyr182, p70 S6 Kinase (S6K) 
phospho-Thr389, Stat3α phospho-Tyr705, and Yap phospho-
Ser127 (Cell Signaling Technology, Danvers, MA, USA); 
JNK phospho-Thr183/Tyr185 (Promega, Madison, WI, USA); 
α-smooth muscle actin (α-SMA) and vimentin (Sigma, 
St. Louis, MO, USA); actin (Santa Cruz Biotechnology, Dallas, 
TX, USA); Ras (Merck Millipore, Darmstadt, Germany); 
tubulin (Thermo Fisher Scientific); CD44 (Bethyl Laboratories, 
Montgomery, TX, USA); Lgr5 (Abgent, San Diego, CA, USA); 
and p97/VCP (GeneTex, Irvine, CA, USA). The secondary 
HRP-conjugated antibodies used were goat anti-mouse IgG 
(R&D Systems, Minneapolis, MN, USA), goat anti-rabbit IgG 
(Cayman Chemical Co., Ann Arbor, MI, USA), and donkey 
anti-goat IgG (Bethyl Laboratories) antibodies.

Cell proliferation assay. At 24 h (day 1) and 72 h (day 3) after 
cell seeding, cell proliferation was analyzed by using a Cell 
Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan) as 
per the manufacturer's instructions, and the proliferative rate 
was calculated as the day 3/day 1 rate. For IMFs, CM was 
added to the culture medium at 24 h after seeding.

Boyden chamber assay. Boyden chamber migration assays 
were performed using transwell chambers (Corning, Corning, 
NY, USA) as previously described (27). For invasion assays, 
8-µm-pore-size polycarbonate membranes were coated 
with 10% Matrigel, and then 800 µl of serum-free DMEM 
was added in the lower chamber and 1x104 aMoC1 cells or 
4x104 IMFs in 200 µl of serum-free DMEM were added in 
the upper chamber. After 2 h, 5% FBS (for aMoC1 cells) or 
50% CM (for IMFs) was added to the lower chamber and 
the cells were cultured for 6 h (aMoC1 cells) or 12 h (IMFs). 
Membranes were fixed with methanol for 15 min and stained 
with Giemsa (Muto Pure Chemicals, Tokyo, Japan). After 
washing the membranes with Milli-Q water, non-migrated 
cells were wiped off with a cotton-swab, and then the migrated 
cells were counted in 3-5 randomly selected x200 fields under 
a light microscope and averaged.

Soft-agar colony-formation assay. Into each well of 6-well 
plates, 2.5 ml of 0.75% agarose in DMEM containing 2.8% 
NaHCO3, 10% FBS, and 1% AA was poured and allowed to 
solidify at 4˚C for 8 min. After solidification, 1,000 cells were 
suspended in 1 ml of 0.36% agarose in the same medium and 
then plated on top of the base layer. The cells were cultured for 
2 weeks, and colonies were stained with crystal violet.

Wound-healing migration assay. Cells were cultured in 
35-mm dishes as confluent monolayers. The monolayers were 
cultured in serum-free medium overnight, wounded in a line 
across the well by using a 200-µl pipette tip, and incubated 
in fresh serum-free medium containing CM and/or cytokines 
(10 ng/ml) for 6 h (LmcMF cells) or 12 h (primary IMFs). 
Cells were pretreated with inhibitors for 30 min. Wound areas 
were measured using ImageJ software (National Institutes of 
Health, Bethesda, MD, USA).

Quantitative real-time PCR. Total RNA was extracted from 
cells by using TRIzol (Thermo Fisher Scientific) as per the 
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manufacturer's protocol. RNA concentration was adjusted to 
0.5 µg/µl, and quantitative real-time PCR was performed using 
a QuantiTect Reverse Transcription kit, a QuantiTect SYBR I 
kit (Qiagen, Hilden, Germany), and CFX96 Touch™ Real-time 
PCR Detection System (Bio-Rad), following manufacturer 
protocols. The ∆∆Cq method was used for quantification (28). 
The specific primers used for mouse epidermal growth factor 
(EGF), HB-EGF, insulin-like growth factor-1 (IGF-1), IL-6, 
TGF-β1, tumor necrosis factor-α (TNF-α), and β-actin were 
the following: EGF, forward CCCAGGCAACGTATCAAAGT, 
reverse GGTCATACCCAGGAAAGCAA; HB-EGF, forward 
GACCCATGCCTCAGGAAATA, reverse TGAGAAGTCC 
CACGATGACA; IGF-1, forward TTCAGTTCGTGTGTGG 
ACCGAG, reverse TCCACAATGCCTGTCTGAGGTG; 
IL-6, forward CACGGCCTTCCCTACTTCAC, reverse 
TGCAAGTGCATCATCGTTGT; TGF-β1, forward TTGC 
TTCAGCTCCACAGAGA, reverse TGGTTGTAGAGGGC 
AAGGAC; TNF-α, forward AGACCCTCACACTCAGATC 
ATCTTC, reverse TTGCTACGACGTGGGCTACA; and 
β-actin, forward GATTACTGCTCTGGCTCCTAGC, reverse 
GACTCATCGTACTCCTGCTTGC.

Reagents. The cytokines used were: HB-EGF (Sigma); EGF, 
IL-6 (PeproTech, Rocky Hill, NJ, USA); TGF-β1 (AMBiS, 
Okinawa, Japan); TNF-α (Wako Pure Chemical Industries); 
and IGF-1 (ProSpec-Tany TechnoGene Ltd., Rehovot, Israel). 
The inhibitors used were dacomitinib (Wako Pure Chemical 
Industries), FR180204 (Sigma), and SP600125 (Cayman 
Chemical Co.).

Statistical analysis. Results are expressed as means ± SEM. 
Student's t-test was used for comparison between two groups. 
Groups of three or more were compared using one-way 
analysis of variance, followed by Tukey's test. In all analyses, 
P<0.05 was considered statistically significant.

Results

KRasV12 overexpression converts aMoC1 cells into tumor 
cells. We first analyzed the oncogenic effects of KRasV12 
overexpression in aMoC1 cells. KRasV12 was expressed 
at higher levels in KRasV12-overexpressing aMoC1 cells 
(KRasV12-aMoC1 cells) than in control cells transfected with 

Figure 1. KRasV12 overexpression promotes tumorigenesis of aMoC1 cells. (A) Western blot analysis of KRasV12 overexpression. Tubulin was used as a 
loading control. Representative images from 3 independent experiments are shown. (B) Representative phase-contrast images of Mock-aMoC1 (Mock) and 
KRasV12-aMoC1 (KRasV12) cells. Scale bar, 100 µm. (C) Effect of KRasV12 overexpression on the proliferation of aMoC1 cells. The proliferation rate 
of Mock-aMoC1 cells was defined as 100%. n=6 in duplicate. (D) Effect of KRasV12 overexpression on the migration of aMoC1 cells. Cell migration was 
measured using Boyden chamber assays. The migration rate of KRasV12-aMoC1 cells was defined as 100%. n=3. (E) Effect of KRasV12 overexpression 
on anchorage-independent growth of aMoC1 cells. n=6 in duplicate. (F) Western blot analysis of the expression of stem cell markers (CD44, c-Myc, and 
Lgr5) in Mock-aMoC1 and KRasV12-aMoC1 cells. Actin was used as a loading control. Representative images from 3 independent experiments are shown. 
Quantitative results are expressed as means ± SEM. *P<0.05 vs. Mock.
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the empty vector (Mock-aMoC1 cells) (Fig. 1A). KRasV12 
overexpression altered the morphology of aMoC1 cells, 
leading to the formation of atypically shaped cells (Fig. 1B). 
We further confirmed that KRasV12 overexpression enhanced 
the proliferation, migration, and anchorage-independent 
growth of aMoC1 cells (Fig. 1C-E). Since KRas mutations 
have been reported to enhance stemness (29,30), we examined 
the expression of the cancer stem cell markers, CD44, c-Myc, 
and Lgr5. KRasV12 overexpression increased the expression of 
CD44 and c-Myc but not Lgr5 (Fig. 1F). These results suggest 
that KRasV12 overexpression converts colorectal epithelial 
cells into tumor cells.

KRasV12-aMoC1 CM promotes IMF migration. To investi-
gate how KRasV12 overexpression in epithelial cells affects 
the functions of IMFs, we treated IMFs with the CM from 
Mock-aMoC1 cells (Mock-CM) or KRasV12-aMoC1 cells 
(KRasV12-CM) and then examined IMF differentiation, 
proliferation, and migration. IMF differentiation was evalu-
ated based on the expression level of myofibroblast markers 
(α-SMA and vimentin) as previously described (23). In primary 
IMFs, KRasV12-CM exerted little effect on differentiation 
and proliferation (Fig.  2A and  B). By contrast, primary-
IMF migration was promoted by KRasV12-CM compared 

with Mock-CM (Fig. 2C). Furthermore, in Boyden chamber 
assays, IMF migration was weakly promoted by Mock-CM 
but strongly promoted by KRasV12-CM (Fig. 2D). Similarly, 
in the IMF cell line LmcMF, Mock-CM and KRasV12-CM 
weakly and strongly promoted migration, respectively 
(Fig. 2E). These results indicate that KRas-mutated colorectal 
cancer cells promote IMF migration but do not influence IMF 
differentiation and proliferation.

HB-EGF is upregulated in KRasV12-aMoC1 cells and 
mediates IMF migration. To clarify the mechanisms of 
KRasV12-CM-mediated promotion of IMF migration, we 
compared cytokine expression levels in Mock-aMoC1 and 
KRasV12-aMoC1 cells: Quantitative real-time PCR analyses 
revealed that IL-6, TNF-α, TGF-β1, EGF, and HB-EGF were 
expressed at higher levels in KRasV12-aMoC1 cells than in 
Mock-aMoC1 cells, whereas IGF-1 was expressed at a lower 
level in KRasV12-aMoC1 cells (Fig. 3A). Among these cyto-
kines, HB-EGF markedly promoted the migration of primary 
IMFs and LmcMF cells (Fig. 3B and C). We further confirmed 
that HB-EGF promoted IMF migration by performing 
Boyden chamber assays (Fig. 3D). These results imply that 
KRas-mutated cancer cells promote IMF migration through 
HB-EGF upregulation.

Figure 2. Conditioned medium (CM) of KRasV12-aMoC1 cells promotes IMF migration. (A) Western blot analysis of the expression of myofibroblast markers 
(α-SMA and vimentin) in primary IMFs that were either not treated or treated with Mock-CM or KRasV12-CM for 5 days. VCP was used as a loading control. 
Representative images from 2 independent experiments are shown. n=4 in duplicate. (B) Effect of KRasV12-CM on the proliferation of primary IMFs. The 
proliferation rate of non-treated primary IMFs was defined as 100%. n=6 in duplicate. Effect of KRasV12-CM on primary-IMF migration. Cell migration was 
measured using wound-healing assays (C) and Boyden chamber assays (D). The migration rates of non-treated primary IMFs (C) or Mock-CM-treated primary 
IMFs (D) were defined as 100%. n=12 in duplicate (C) or 3 (D). (E) Effect of KRasV12-CM on LmcMF cell migration, measured using wound-healing assays. 
The migration rate of Mock-CM-treated LmcMF cells was defined as 100%. n=18-20 in duplicate. Quantitative results are expressed as means ± SEM. *P<0.05 
vs. non-treated cells; #P<0.05 vs. Mock-CM-treated cells.
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KRasV12-aMoC1 cells promote IMF migration through acti-
vation of HB-EGF receptors. Since HB-EGF is recognized as 
a ligand of ErbB1 and ErbB4 (31), we analyzed the involvement 
of these receptors in KRasV12-CM-induced IMF migration. 
In primary IMFs and LmcMF cells, KRasV12-CM-induced 
migration was suppressed by dacomitinib, an inhibitor of 
ErbB1, ErbB2, and ErbB4 (Fig.  4A and  B). Furthermore, 
dacomitinib suppressed HB-EGF-induced migration in 
primary IMFs and LmcMF cells (Fig. 4C and D). These results 
suggest that KRas-mutated cancer cells promote IMF migra-
tion through activation of HB-EGF receptors.

HB-EGF promotes IMF migration through activation 
of ERK1/2 and JNK signals. Lastly, we investigated the 
mechanisms underlying HB-EGF-mediated promotion of 
IMF migration by examining the effects of KRasV12-CM 
and HB-EGF on the activation of various cellular signaling 
pathways. Western blot analyses revealed that whereas 
KRasV12-CM increased the phosphorylation of Stat3, p38 
MAPK, ERK1/2, and JNK in LmcMF cells (Fig. 5), HB-EGF 

increased the phosphorylation of GSK-3β, S6K, Akt, ERK1/2, 
and JNK in these cells (Fig.  6). Since ERK1/2 and JNK 
were activated by both KRasV12-CM and HB-EGF, we 
hypothesized that ERK1/2 and JNK are involved in KRasV12-
CM-induced IMF migration. To test this, we measured 
KRasV12-CM-induced IMF migration after treatment with the 
ERK1/2 inhibitor FR180204 or the JNK inhibitor SP600125: 
Both compounds strongly inhibited KRasV12-CM-induced 
migration in LmcMF cells, but partially suppressed basal and 
Mock-CM-induced migration (Fig. 7A and B). Moreover, our 
results confirmed that the activation of ERK1/2 and JNK by 
KRasV12-CM was blocked by dacomitinib in LmcMF cells 
(Fig.  7C-E). These results suggest that HB-EGF secreted 
from KRasV12-mutated cancer cells promotes IMF migration 
through activation of ERK1/2 and JNK signals (Fig. 8).

Discussion

In colorectal cancer, KRas mutations occur frequently and 
are known to play key roles in carcinogenesis. However, 

Figure 3. HB-EGF is upregulated in KRasV12-aMoC1 cells and promotes IMF migration. (A) Quantitative real-time PCR analysis of the mRNA expression of 
the indicated cytokines in Mock-aMoC1 (control) and KRasV12-aMoC1 cells. The mRNA expression of each cytokine in control cells was defined as 100%. 
n=5. Effects of indicated cytokines (10 ng/ml) on the migration of primary IMFs (B) or LmcMF cells (C). Cell migration was measured using wound-healing 
assays. Non-treated primary IMFs (B) or Mock-CM-treated LmcMF cells (C) were used as the control; the migration rate of control was defined as 100%. n=6 
in duplicate (B) or 4-12 in duplicate (C). (D) Effect of HB-EGF (10 ng/ml) on primary-IMF migration. Cell migration was measured using Boyden chamber 
assays. Mock-CM-treated primary IMFs were used as the control; the migration rate of control was defined as 100%. n=3. Quantitative results are expressed 
as means ± SEM. *P<0.05 vs. control.

Figure 4. KRasV12-aMoC1 cell CM and HB-EGF promote IMF migration through activation of HB-EGF receptors. Effect of dacomitinib (1 µM) pretreat-
ment (30 min) on KRasV12-CM-induced migration of primary IMFs (A) and LmcMF cells (B). Cell migration was measured using wound-healing assays. 
Non-treated primary IMFs (A) or Mock-CM-treated LmcMF cells (B) were used as the control; the migration rate of control was defined as 100%. n=14-20 in 
duplicate (A) and 4 in duplicate (B). Effect of dacomitinib (1 µM) pretreatment (30 min) on HB-EGF (10 ng/ml) induced migration of primary IMFs (C) and 
LmcMF cells (D). Cell migration was measured using wound-healing assays. Non-treated primary IMFs (C) or Mock-CM-treated LmcMF cells (D) were used 
as the control; the migration rate of control was defined as 100%. n=6 in duplicate. Quantitative results are expressed as means ± SEM. *P<0.05 vs. control; 
#P<0.05 vs. KRasV12-CM- or HB-EGF-treated cells.
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Figure 5. KRasV12-aMoC1 cell CM activates intracellular signaling in IMFs. Western blotting was performed using the indicated antibodies to analyze the 
effects of Mock-CM and KRasV12-CM treatment (15 min) on intracellular signaling in LmcMF cells. VCP was used as a loading control. Representative 
images are shown (A). The expression level in Mock-CM-treated LmcMF cells was defined as 100%. Quantitative results are expressed as means ± SEM (B-I). 
*P<0.05 vs. Mock-CM-treated LmcMF cells. n=5 (B, C, E and I), 6 (D), 7 (F and G), and 10 (H).

Figure 6.  HB-EGF activates intracellular signaling in IMFs. Western blotting was performed using the indicated antibodies to analyze the effect of 15-min treat-
ment with Mock-CM added with or without HB-EGF (10 ng/ml) on intracellular signaling in LmcMF cells. VCP was used as a loading control. Representative 
images are shown (A). The expression level in Mock-CM-treated LmcMF cells was defined as 100%. Quantitative results are expressed as means ± SEM (B-I). 
*P<0.05 vs. Mock-CM-treated LmcMF cells. n=3 (B-E and I), 4 (F and G), and 5 (H).
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the molecular mechanisms by which KRas mutations in 
epithelial cells affect the functions of myofibroblasts have 
remained unclear. We demonstrated here, for the first time, 
that HB-EGF secreted from KRas-mutated colorectal cancer 

cells promotes IMF migration through the activation of ERK 
and JNK signals.

We used KRasV12-aMoC1 cells as a model of colorectal 
cancer cells for investigating the functions of KRas-mutated 

Figure 7. KRasV12-aMoC1 cell CM promotes IMF migration by activating ERK1/2 and JNK through HB-EGF receptors. Effect of 30-min pretreatment 
with FR180204 (ERK1/2 inhibitor; 1 µM) (A) or SP600125 (JNK inhibitor; 1 µM) (B) on KRasV12-CM-induced LmcMF cell migration. Cell migration was 
measured using wound-healing assays. The migration rate of Mock-CM-treated LmcMF cells was defined as 100%. n=6-10 in duplicate. Western blotting was 
performed to analyze the effect of dacomitinib (1 µM) pretreatment (30 min) on KRasV12-CM-stimulated phosphorylation of ERK1/2 (C and D) and JNK 
(C and E) in LmcMF cells. VCP was used as a loading control. Representative images are shown (C). The expression level in Mock-CM-treated LmcMF cells 
was defined as 100%. n=7 (D) and 3 (E). Quantitative results are expressed as means ± SEM (D and E). *P<0.05 vs. non-treated LmcMF cells; #P<0.05 vs. 
Mock-CM-treated LmcMF cells; $P<0.05 vs. KRasV12-CM-treated LmcMF cells.

Figure 8. IMF migration promoted by KRas-mutated cancer cells: a model. KRas mutation induces the transformation of colorectal epithelial cells and 
upregulates HB-EGF expression. HB-EGF secreted from KRas-mutated cells promotes IMF migration by activating ERK1/2 and JNK signaling through 
ErbB1 and ErbB4, which, in turn, could support cancer progression.
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colorectal cancer cells. Consistent with previous reports (3,6,29), 
KRasV12 expression transformed aMoC1 cells, which was 
demonstrated by our results showing that KRasV12 promoted 
aMoC1 cell proliferation, migration, and anchorage-independent 
growth (Fig. 1). Moreover, KRasV12 upregulated the expres-
sion of CD44 and c-Myc, which are involved in the stemness 
of colorectal cancer cells (32,33). Our findings suggest that 
KRasV12 overexpression converts colorectal epithelial cells into 
tumor cells.

KRasV12 overexpression in aMoC1 cells increased the 
expression of TGF-β1, EGF, and TNF-α (Fig. 3A), which are 
recognized as major regulators of myofibroblast differentia-
tion and proliferation (34-36), but KRasV12-CM exerted little 
effect on the differentiation and proliferation of IMFs (Fig. 2A 
and B). However, KRasV12 overexpression decreased the levels 
of IGF-1, which is also involved in the differentiation and 
proliferation of myofibroblasts (34-36). Based on these results, 
we propose that IGF-1 downregulation might suppress the IMF 
proliferation and differentiation induced by the other cytokines 
examined here. In contrast to these results, we found that 
KRasV12-CM increased IMF migration and chemotaxis as 
compared with Mock-CM (Fig. 2C-E). These findings suggest 
that KRas-mutated cancer cells attract IMFs mainly through 
migration and thus generate a cancer microenvironment.

HB-EGF is an EGF-family molecule that regulates cell 
proliferation and differentiation  (31). Moreover, in cancer 
progression, HB-EGF promotes tumor cell growth/survival 
and angiogenesis  (31,37), whereas, HB-EGF promotes the 
migration of epithelial cells and fibroblasts (38-40). Herein, 
HB-EGF expression was upregulated in KRasV12-aMoC1 
cells, and HB-EGF enhanced IMF migration (Fig.  3). 
Moreover, KRasV12-CM- and HB-EGF-induced IMF migra-
tion was inhibited by dacomitinib (Fig.  4). These results 
suggest that KRasV12-aMoC1 cells promoted IMF migration 
through HB-EGF/ErbB signaling. However, dacomitinib did 
not completely inhibit KRasV12-CM-induced IMF migration. 
Thus, several other factors present in KRasV12-CM besides 
HB-EGF might also be involved in promoting IMF migration, 
such as PDGF, which is recognized to promote myofibroblast 
migration (41). Nevertheless, our results support the conclusion 
that HB-EGF is one of the major factors in KRasV12-CM that 
promotes IMF migration.

The results of this study showed that HB-EGF and 
KRasV12-CM activate ERK1/2 and JNK signals (Figs.  5 
and 6). ERK and JNK signaling pathways are widely recog-
nized to be involved in cell migration (42,43). Accordingly, 
we found that inhibition of ERK1/2 and JNK suppressed 
KRasV12-CM-induced IMF migration (Fig. 7A and B). Given 
that KRasV12-CM-induced activation of ERK1/2 and JNK 
was inhibited by dacomitinib (Fig. 7C-E), our results indicate 
that the activation of these signals by KRasV12-CM is medi-
ated by HB-EGF receptors.

Myofibroblasts are components of the cancer microen-
vironment and they promote cancer progression  (44). The 
findings of this study suggest that KRas-mutated colorectal 
cancer cells enhance IMF migration and attract IMFs toward 
the cancer cells, which might contribute to cancer progression. 
Since these mechanisms of IMF migration might be essential 
for the generation or maintenance of the cancer microenvi-
ronment, HB-EGF, due to its ability to regulate the cancer 

microenvironment, could potentially emerge as a novel thera-
peutic target in the treatment of patients with KRas-mutated 
colorectal cancer.

In conclusion, our results suggest that HB-EGF secreted 
from KRas-mutated colorectal cancer cells promotes IMF 
migration through ErbB receptors, ERK1/2, and JNK and 
thereby generates a tumor microenvironment that favors 
cancer progression. Further investigation into the interaction 
between KRas-mutated cells and IMFs could contribute to 
research on the cancer microenvironment and the development 
of new therapies targeting IMFs.
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