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To study the mechanisms of the highly liver-metastatic character
of colon carcinoma cells, we studied the expression pattern of sur-
face integrins on LS-LM6 (a highly liver-metastatic human colon
cancer cell line) and the effects of hepatocyte-derived soluble fac-
tors on cell migration. LS-LM6 showed significantly higher expres-
sion of integrin avb5, a ligand for vitronectin (VN), as compared
with its parental cell line (LS174T). A conditioned medium of cul-
tured mouse hepatocytes enhanced VN-mediated cell migration of
LS-LM6, which was blocked by neutralizing antibody against
integrin avb5, while the medium did not affect cell adhesion to
VN-coated plastic surfaces. The conditioned medium induced phos-
phorylation of erbB3 and its heterodimeric partner, erbB2. Heregu-
lin (HRG), a ligand for erbB3, exerted similar effects on
VN-mediated cell migration and phosphorylation of erbB3 and
erbB2. The conditioned medium contained HRG, and depletion of
HRG from the medium by pre-absorption with HRG antibody abol-
ished its effects on cell migration. Heregulin (HRG) was expressed
in some hepatocytes in the liver with carcinoma cell metastasis.
Furthermore, knockdown of integrin av and erbB3 by small-
interfering RNAs significantly inhibited cell migration induced by
HRG as well as liver metastasis in vivo. Finally, we found that HRG-
induced cell migration was associated with marked phosphoryla-
tion of Akt and that cell migration was suppressed by treatment
with specific inhibitors of phosphatidylinositol 3-kinase. Our study
suggests that hepatocyte-derived HRG might participate in a
highly liver-metastatic phenotype of LS-LM6 through enhance-
ment of integrin avb5-mediated cell migration and erbB3 ⁄ erbB2
signaling. (Cancer Sci 2010; 101: 2011–2018)

T he liver is one of the major target organs for tumor metasta-
sis, including colorectal carcinomas. Since liver metastasis

is an important prognostic factor for patients suffering from
colorectal carcinoma, understanding of the molecular mecha-
nisms underlying the metastatic process is important. To eluci-
date the mechanisms of organ-preferential metastasis, it should
be important to consider complex interactions between tumor
cells and the target organ’s microenvironment, which consists of
the extracellular matrix (ECM), cytokines, and growth factors
derived from the resident cells.(1,2)

It has been reported that cell adhesion and invasion (migra-
tion) play important roles in the development of liver metastasis
of colorectal carcinoma cells in addition to angiogenesis and cell
survival.(3) At the initial stage of metastasis, tumor cells need to
adhere to the luminal surface of hepatic sinusoidal endothelial
cells via various cell adhesion molecules, such as E-selectin,
vascular cell adhesion molecule 1 (VCAM-1), and intercellular
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adhesion molecule 1 (ICAM-1) expressed on endothelial cell
surfaces.(4–8) At the next stage of metastasis, the interaction
between ECM in the space of Disse and integrins, which are
expressed on tumor cell surfaces, is required for invasion and
migration of tumor cells into the liver parenchyma.(9)

The space of Disse in the normal liver has been shown to con-
tain various ECM components, including fibronectin (FN) and
several types of collagen.(10) In addition, a large amount of
vitronectin (VN) is synthesized by hepatocytes(11,12) and
secreted into the sinusoidal spaces, resulting in a considerable
level of plasma VN.(11) Vitronectin (VN) is known to interact
with many types of integrins, including integrin avb5, which has
been implicated in cell adhesion and migration in various cell
types. Through the activation of receptor tyrosine kinases
(RTK), such as epidermal growth factor receptor (EGFR)(13) and
insulin-like growth factor (IGF)-I receptor,(14) integrin avb5 is
implicated in migration on VN. Recently, the interaction of FN
and integrin avb5 was reported to be crucial in the adhesion step
of colon cancer cells to the liver parenchyma.(15) However, the
role of VN in the development of liver-metastasis is unknown.

We previously established human colon carcinoma cell lines
with a highly liver-metastatic potential (a LS-LM series) by
repeated in vivo passages of a parental cell line (LS174T) in the
liver of severe combined immunodeficient (SCID) mice.(16)

In the present study, we tried to examine the possible coopera-
tion between integrins and hepatocyte-derived factors in
migration of LS-LM6. We found that LS-LM6 expressed
higher levels of integrin avb5 as compared with LS174T, and
that hepatocyte-derived heregulin (HRG, also called neuregulin;
a ligand for erbB3) strongly enhanced migration of LS-LM6 on
VN. Knockdown of integrin av and erbB3 by small-interfering
RNAs significantly diminished cell migration induced by
HRG in vitro, as well as liver metastasis in vivo. Our results indi-
cate a novel integrin avb5-mediated and erbB3-dependent
mechanism in a highly liver-metastasis phenotype of colon
carcinoma cells.

Materials and Methods

Cell lines, antibodies, and other reagents. A human colon
carcinoma cell line, LS174T, was purchased from the American
Tissue Culture Collection (ATCC, Manussas, VA, USA). LS-
LM6 was established through six passages of LS174T in the
Cancer Sci | September 2010 | vol. 101 | no. 9 | 2011–2018
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Fig. 1. Liver metastasis of LS174T and LS-LM6 and
increased expression of integrin avb5 in LS-LM6. (a)
Livers at 6 weeks after intrasplenic injection of
LS174T and LS-LM6. (b) Flow cytometric analysis
of surface integrins on LS174T and LS-LM6. Three
independent experiments were carried out and
produced similar results.
liver of SCID mice as described previously.(16) Cells were main-
tained in RPMI-1640 medium with 10% fetal bovine serum.
Mouse monoclonal antibody (mAb) against integrin avb3 and
VN were from Chemicon (Temecula, CA, USA). Monoclonal
antibodies (mAbs) against integrins a5, avb5, and b3 were from
Pharmingen (San Jose, CA, USA); integrin b1 was from Immu-
notech (Marseille, France); integrins b6 and b8 were from R&D
Systems (Minneapolis, MN, USA); Heregulin 1 (NRG1) was
from Abnova (Taipei, Taiwan); phosphotyrosine (PY20) was
from Takara (Tokyo, Japan); c-neu was from Oncogene (San
Diego, CA, USA); and phospho-ERK was from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Rat mAb to integrin av
was from Immunotech. Rabbit Abs to Neu, erbB3, and erbB4
were from Santa Cruz Biotechnology; phospho-erbB3, erbB3,
phosho-erbB2, erbB2, phospho-Akt, Akt, ERK, and integrin av
were from Cell Signaling (Beverly, MA, USA); and HRG was
from Neomarker (Fremont, CA, USA). Goat antibodies to
HRG-b1, biotinylated HRG-b1, and normal goat IgG were from
R&D Systems. LY294002 was from Cell Signaling. Wortman-
nin was from Calbiochem (San Diego, CA, USA). Recombinant
HRG-b1, IGF-I, IGF-II, hepatocyte growth factor (HGF), and
epidermal growth factor (EGF) were from R&D Systems. Vitro-
nectin (VN) was from BD (San Jose, CA, USA).

Flow cytometry. Cell surface expression of integrins was
determined by using a flow cytometer (Coulter, Miami, FL,
2012
USA). We used the following six antihuman mouse monoclonal
antibodies for analysis of expression of cell surface antigens:
integrin avb3 from Chemicon, integrins a5 and avb5 from
Pharmingen, integrin b1 from Immunotech, and integrins b6
and b8 from R&D Systems. Cells were incubated with 5 lg ⁄ mL
of antibody for 30 min at 4�C. The cells were washed and fur-
ther incubated with antimouse IgG antibody coupled with FITC
(Dako, Tokyo, Japan) in the dark for 30 min on ice. They were
again washed and sieved through 40-lm pore mesh, then a total
of 1 · 104 cells was analyzed. Cells were defined as positive
when they had stronger fluorescence intensity than the cut-off
points (2% less than maximum points of control). Control cells
were incubated with antimouse IgG antibody and FITC-labeled
secondary antibody.

Isolation and culture of hepatocytes. Hepatocytes were
isolated from 10-week-old male SCID mice (Fox Chase
C.B17 ⁄ Icr-Scid, Jcl; Clea, Tokyo, Japan) by the two-step
collagenase perfusion method, followed by repeated low-speed
(50g) centrifugations. Hepatocytes were plated at a density of
2 · 106 cells on 100-mm culture dishes coated with type-I colla-
gen (BD) and cultured with Williams’ E medium. Hepatocyte-
conditioned media (HCM) were collected every 24 h and
concentrated fourfold by ultrafiltration (Centricut; Kurabo,
Osaka, Japan). The filtrated fractions containing substances of
molecular weight <20 000 were also collected (FCM). In some
doi: 10.1111/j.1349-7006.2010.01640.x
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Fig. 2. Enhancement of integrin avb5-dependent migration of
LS-LM6 by hepatocyte-conditioned medium (HCM). (a) Migration of
LS-LM6 on vitronectin (VN) by HCM. Both LS174T and LS-LM6 can
migrate 100–300 cells on VN without stimulation. The migration of
LS-LM6 is enhanced up to sixfold by HCM (·1) and 6.9-fold by the
twice-concentrated HCM (·2) compared with the control medium
(*P < 0.05, two-way ANOVA). LS174T shows no significant migration by
HCM. The filtrated fraction containing the low-molecular weight
proteins (FCM) has no effect on cell migration. (b) The enhanced
migration of LS-LM6 on VN by HCM is significantly inhibited by the
neutralizing antibodies against integrins avb5 and av, and VN
(*P < 0.05, two-way ANOVA).
experiments, to deplete HRG from the conditioned medium,
HCM was incubated with streptavidin-coated Dynabeads
(Dynal, Invitrogen, Carlsbad, CA, USA) bound to biotinylated
anti-HRG-b1 antibody for 12–16 h at 4�C, followed by removal
of HRG-conjugated magnetic beads.

Migration, adhesion, and proliferation assays. Migration
assays were performed using modified Boyden chambers with
8-lm pores (BD). The lower chambers were filled with RPMI-
1640 or Williams’ E medium containing 0.1% BSA and VN
(10 lg ⁄ mL) at the final concentration. Williams’ E medium or
conditioned media from hepatocytes (HCM or FCM) were
added to the lower chambers at the indicated final concentration.
In some experiments, various growth factors or conditioned
media from LS174T and LS-LM6 were applied. LS174T or
LS-LM6 (2 · 105 cells) was suspended in 100 lL of 0.1%
BSA–RPMI and seeded into upper chambers. To examine the
effects of neutralizing antibodies and kinase inhibitors, cells
were treated with antibodies (10 lg ⁄ mL) and kinase inhibitors
for 30 min before seeding. They were also added in the lower
chambers at the same concentration. After incubation for 20 h,
migrated cells on the lower surfaces of the filter were fixed and
stained with hematoxylin–eosin or crystal violet, and counted
after wiping off non-migratory cells remaining on the upper
surfaces.

For cell adhesion assay, 96-well plates were coated with
100 lL of VN (10 lg ⁄ mL) and dried and blocked with 1% BSA
for 1 h. Cells (1 · 105) were seeded with 100 lL of the condi-
tioned medium. After incubation, unattached cells were
removed, and attached cells were treated with bisbenzamide
(20 lg ⁄ mL; Sigma, St. Louis, MO, USA) containing TNE
buffer. Fluorescence was then measured using a fluorescent
plate reader (PerSeptive Biosystems, Framingham, MA, USA).
For cell proliferation assay, cells (1 · 105) were seeded to a
100 lL of VN (10 lg ⁄ mL)-coated 96-well plate and incubated
with HCM without FBS, and cell numbers were measured the
same way as for cell adhesion assay after culturing for 48 and
72 h. Hepatocyte-conditioned media (HCM) concentrations:
·0.5, half of the time; ·1, one time; ·2, two times, and HRG
concentration: 1, 1 ng ⁄ mL; 2, 2 ng ⁄ mL; 5, 5 ng ⁄ mL.

RNA interference. Small-interfering RNAs (siRNAs) target-
ing human integrin av (s7568 [av-1] and s7570 [av-2]) and
erbB3 (s4778 [erbB3-1] and s4780 [erbB3-2]) were obtained
from Ambion (Austin, TX, USA), and were transfected into
LS-LM6 cells using siPORT NeoFX agent (Ambion) according
to the manufacturer’s protocol. The negative control siRNA was
also purchased from Ambion. After transfection, silencing of
integrin av and erbB3 and effects on LS-LM6 migration were
examined.

Reverse transcriptase-PCR (RT-PCR), western blot analysis,
immunohistochemistory staining, and experimental liver meta-
stasis. See the Supplementary Materials and Methods Data S1
for details.

Statistical analysis. Statistical significance among experimen-
tal groups was determined by the Student’s t-test or two-way
ANOVA test. P-values lower than 0.05 were considered to be
significant.

Results

Integrin avb5 is strongly expressed in a highly liver-metastatic
colon carcinoma cell line (LS-LM6). At 6 weeks after intrasplenic
transplantation, metastasized LS-LM6 substituted most of the
liver parenchyma, while LS174T formed many fewer and smal-
ler metastatic nodules (Fig. 1a). Flow cytometric analyses of
surface integrins revealed that the expression of integrin avb5
on LS-LM6 was 6.4-fold higher than that on LS174T,
while there was no significant difference in the expression of
integrin avb3, b1 (Fig. 1b), and b8 (Fig. S1), which were other
Yoshioka et al.
b-subunits dimerizing with av-subunit. Relative higher expres-
sion of b6 on LS-LM6 was observed, but the expression
(28.6%) was far lower as compared with that of integrin avb5
(75.4%).

Hepatocyte-conditioned medium (HCM) enhances integrin
avb5-dependent migration of LS-LM6 on VN. To identify host-
derived factors that affect LS-LM6 migration and cooperate
with integrin avb5, we examined the migration-inducing activ-
ity of the HCM medium. Migration of LS-LM6 was strongly
enhanced by HCM in a concentration-dependent manner, but
not by FCM, suggesting the presence of a migration-enhancing
factor(s) larger than 20 kD (Fig. 2a). In contrast, neither HCM
nor FCM enhanced migration of LS174T (Fig. 2a). Migration of
LS-LM6 on VN stimulated by HCM was markedly attenuated
by neutralizing antibodies against integrin avb5, av, and VN
(Fig. 2b). Growth of LS174T and LS-LM6 was significantly
enhanced when treated with concentrated HCM for 48 h and
LS174T for 72 h (Fig. 3a). Hepatocyte-conditioned medium
(HCM) did not show any discernible effect on cell adhesion of
either cell line to VN-coated plastic surfaces (Fig. 3b).
Cancer Sci | September 2010 | vol. 101 | no. 9 | 2013
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Fig. 3. Effects of hepatocyte-conditioned medium
(HCM) on proliferation and adhesion of LS-LM6 and
LS174T. (a) Cell numbers at 48 and 72 h’ culture
with HCM. Both cell lines show a slight increase in
cell numbers by HCM. Hepatocyte-conditioned
medium (HCM) (·2) significantly increases cell
numbers of both cell lines at 48 h as compared to
the control medium and that of LS174T at 72 h
(*P < 0.05, two-way ANOVA). (b) Effects of HCM on
cell adhesion. Both cell lines show no significant
difference in adhesion to vitronectin (VN)-coated
dishes by the treatment of either the control
medium and HCM.
Hepatocyte-conditioned medium (HCM) induces tyrosine
phosphorylation of erbB3 and erbB2. Since integrin avb5 needs
to be activated by receptor tyrosine kinases for its capacity to
induce cell migration,(13,14) we examined changes in the phos-
phorylation status of various receptor tyrosine kinases in
LS174T and LS-LM6 after HCM treatment. A band of 180 kD
was found to be phosphorylated by HCM (Fig. 4a, asterisk).
The EGF receptor family with similar molecular sizes, such as
EGFR and erbB4, was not detectable in either cell line by
western blot analysis (data not shown). Thus, we speculated
that the band corresponded to erbB2 and erbB3, and performed
western blotting using the specific antibodies. The 180 kD
band did, in fact, coincide with both erbB2 and erbB3, which
were tyrosine-phosphorylated by HCM (Fig. 4a). Interestingly,
HRG, a ligand for erbB3,(17) alone induced phosphorylation of
both erbB3 and erbB2 (Fig. 4a). Heregulin (HRG), also
enhanced migration of LS-LM6, and this was blocked by neu-
tralizing antibodies against integrin avb5 and av (Fig. 4b).
The other ligands for RTK, such as IGF-I, IGF-II, HGF, and
EGF, did not affect migration of LS174T and LS-LM6
(Fig. 4c).

Heregulin (HRG) is a migration-enhancing factor in hepatocyte-
conditioned medium. We then examined whether hepatocytes
actually produced HRG and secreted into the culture medium.
Although freshly isolated SCID mouse hepatocytes expressed
low levels of HRG mRNA, HRG protein was not detected in
HCM (Fig. 5a). However, HRG gene expression was increased
in culture after 2 days and HRG protein (44 kD) was detectable
in HCM (Fig. 5a). Heregulin (HRG) could be depleted from
HCM by pre-absorption with HRG antibody, and the HRG-
depleted HCM significantly lost its migration-enhancing effect
(Fig. 5b).

Hepatocytes express HRG in the liver with metastasis of
carcinoma cells. We immunohistochemically (IHC) examined
HRG expression in mouse liver tissues with or without LS-LM6
metastasis. Although no HRG expression was detected in
hepatocytes of normal control liver, hepatocytes of the LS-LM6
metastasis liver focally exhibited a distinct positive staining in
their cytoplasm. Interestingly, HRG expression seemed to be
2014
stronger in the hepatocytes surrounding metastatic nodules than
in non-metastatic area (Fig. 5c, left, middle, and right panels).

Production and secretion of HRG by LS174T and LS-LM6. As
previously reported,(18) we confirmed that both LS174T and
LS-LM6 produced HRG mRNA (Fig. 5d, left and upper panel).
However, HRG secreted into the medium by both cell lines was
far less than that by hepatocytes (Fig. 5d, left and lower panel),
and the conditioned medium of LS-LM6 showed no effects
on migration even after being concentrated (Fig. 5d, right
panel). These results suggested that HRG secreted mainly by
hepatocytes, but not by tumor cells, induced the integrin
avb5-mediated migration of LS-LM6.

Inhibition of HRG-induced migration and liver metastasis by
knockdown of integrin av and erbB3. The siRNAs of integrin
av and erbB3 effectively suppressed expression of the corre-
sponding mRNAs in LS-LM6 (Fig. 6a). Because of more effec-
tive suppression, si-integrin av-2 and si-erbB3-2 cells were used
for the following experiments. Western blot analysis confirmed
that protein expression of integrin av and erbB3 was decreased
in these cells, while control siRNA did not exert any effect
(Fig. 6b, left panel). In these si-RNA transfected cells, HRG-
induced migration was strongly inhibited (Fig. 6b, right panel).

Liver metastasis of these si-RNA transfected cells was signifi-
cantly inhibited compared with that of control si-RNA transfect-
ed cells, but growth of these cells at spleens (injection sites) was
almost the same (Fig. 6c and Table 1). These indicate that inte-
grin av and erbB3, respectively, play an important role not only
in the migration in vitro but also in the in vivo liver metastasis
of LS-LM6.

It has been demonstrated that the MAPK and PI3K pathways
are involved in the downstream signaling of erbB2 ⁄ erbB3.(19,20)

The level of phosphorylated Akt was decreased when erbB3
siRNA was transfected (Fig. 6b). Phosphorylation levels of
ERK did not change in cells transfected with erbB3 siRNA (data
not shown). The specific PI3K inhibitors (LY294002 and wort-
mannin) suppressed Akt phosphorylation without affecting the
levels of erbB3 phosphorylation (Fig. S2). Both inhibitors sig-
nificantly suppressed HRG-induced migration of LS-LM6
(Fig. S2).
doi: 10.1111/j.1349-7006.2010.01640.x
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Fig. 4. Tyrosine phosphorylation of erbB3 ⁄ erbB2 and enhancement of the migration of LS-LM6 by hepatocyte-conditioned medium (HCM) and
heregulin (HRG). (a) Western blot analysis for the tyrosin-phosphorylated proteins stimulated by HCM and HRG in LS174T and LS-LM6. A 180-kD
protein (asterisk) was phosphrylated by HCM and HRG. ErbB3 and erbB2, corresponding to the 180 kD band, were phosphorylated by HCM and
HRG. (b) Both HCM and HRG significantly enhance the migration of LS-LM6 cells (*P < 0.05, two-way ANOVA). However, they show no effect on
the migration of LS174T. The migration induced by HRG is blocked by the neutralizing antibodies against integrins avb5 and av. (c) Effect of the
other growth factors on migration of LS174T and LS-LM6. Insulin-like growth factor (IGF)-I, IGF-II, HGF, as well as EGF, show no effect on the
migration of both cell lines.
Discussion

There is increasing evidence suggesting that integrin-mediated
interaction between tumor cells and ECM is one of the key
steps in liver metastasis of colon carcinoma cells.(21) Involve-
ment of a6, b1, and b4 integrins in tumor cell–endothelial cell
adhesion within the hepatic microcirculation and involvement
of a2, a6, b1, and b4 integrins in extravasation into the paren-
chyma in liver metastasis of colon carcinoma cells has been
reported.(9) In the present study, we found that there was an
increase in integrin avb5 expression in LS-LM6, and that
avb5-mediated migration of LS-LM6 was enhanced by hepato-
cyte-derived HRG, suggesting the possible importance of
Yoshioka et al.
VN-dependent cell migration in the enhanced liver metastasis
of colon carcinomas.

Integrin avb5 has been reported to be associated with adhe-
sion of HT-29 colon carcinoma cells to the surfaces of hepatic
sinusoids in the early stage of liver metastasis, possibly
through interaction with FN.(15) Our study highlighted the
importance of integrin avb5 expressed on LS-LM6 in cell
migration, rather than cell adhesion or proliferation. Recently,
Schluter et al.(22) demonstrated that migration activity of tumor
cells was closely related to their metastatic potential. Activa-
tion of several RTK has been demonstrated to be a prerequisite
for integrin avb5-mediated induction of cell spreading
and migration on VN-coated surfaces.(13,14) Interestingly, RTK
Cancer Sci | September 2010 | vol. 101 | no. 9 | 2015
ªª 2010 Japanese Cancer Association
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is detected in the normal control liver nor metastatic nodules of LS-LM6. Ca, carcinoma. (d) Reverse transcription (RT)-PCR demonstrates HRG
(h-HRG) at the expected 236-bp band in LS174T and LS-LM6. Western blot shows a small amount of HRG in the concentrated conditioned
medium of LS174T and LS-LM6. The conditioned medium of LS-LM6 does not induce the migration of LS-LM6 (*P < 0.05, two-way ANOVA).
signaling is not required for integrin avb5-dependent cell adhe-
sion to VN and proliferation of tumor cells.(13) It has been
reported that activation of IGF-I receptor plays an important
role in promoting metastasis to the lung in vivo by enhancing
avb5-mediated cell migration.(14) In our study, although the
growth factors, including IGF-I, IGF-II, HGF, and EGF,
did not have a significant effect on migration of LS174T and
LS-LM6, these growth factors might affect the other processes,
such as proliferation and survival of the tumor cells and angio-
genesis.(23–26)
2016
The HCM strongly phosphorylated erbB3 and erbB2 in both
LS174T and LS-LM6. The erbB family consists of four mem-
bers, erbB1, erbB2, erbB3, and erbB4. The expression levels
of erbB2, an orphan receptor, in colorectal carcinomas have
been shown to correlate well with the tendency to metastasize
to the liver.(27) In addition, an association between erbB2 and
integrin b4 has been shown to promote invasion and metasta-
sis of breast carcinoma.(28,29) ErbB3 is a receptor for HRG
and phosphorylates its heterodimeric partner, erbB2, upon
stimulation.(30) While the erbB3 monomer exhibits low-affinity
doi: 10.1111/j.1349-7006.2010.01640.x
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Fig. 6. Abrogation of heregulin (HRG)-induced
migration by knock down of integrin avb5 and
erbB3. (a) Reverse transcription (RT)-PCR shows
siRNAs of both integrin av and erbB3 effectively
suppressed the expression of their mRNAs in the
transfected LS-LM6 cells. (b) Western blot shows
that synthesis of integrin av and erbB3 are
suppressed by siRNAs, but control siRNAs show no
suppression (left panel). After HRG treatment, the
phosphorylated erbB3 and Akt are suppressed in
si-erbB3 cells. Cells transfected with either integrin
av or erbB3 siRNAs show no response to HRG-
induced migration on vitronectin (VN) (right panel)
(*P < 0.05, two-way ANOVA). (c) Liver metastasis
lesions of both si-integrin av and si-erbB3 cells
are significantly suppressed compared with that of
si-control cells, but tumor sizes in the spleen are
almost same. Arrows indicate metastatic nodules of
LS-LM6.

Table 1. Inhibition of hepatic metastasis of LS-LM6 cells by si-RNA

si-RNA

Hepatic metastasis
Weight of

spleen‡ (mg)Incidence†
Number of

nodules‡

Tumor

volume§

si-control 8 ⁄ 8 100.7 ± 54.7** 125.6 ± 106* 283 ± 66

si-integrin av 8 ⁄ 8 14.9 ± 11.4** 15.6 ± 12* 233 ± 44.7

si-erbB3 8 ⁄ 8 11.3 ± 11.7** 11.7 ± 12.2* 214 ± 65.9

*P < 0.05; **P < 0.01. †Number of mice with hepatic
metastasis ⁄ number of mice which received splenic injection.
‡Average ± SD. §Tumor volume was calculated by (diameter of
nodules ⁄ 2)3 · 4p ⁄ 3 and summed for each nodule, average ± SD.
binding to HRG, the erbB3 ⁄ erbB2 heterodimer binds to HRG
with high affinity.(31) Activation of the erbB3 signaling path-
way has been shown to increase cell migration and enhance
metastasis of breast carcinoma(19,32) and melanoma.(33) Inter-
estingly, Maurer et al.(34) demonstrated that erbB3 and erbB2
might act together with heterodimeric formation in human
colorectal carcinomas by immunohistochemical and northern
blot analyses. Our results suggest an important role of erb-
B3 ⁄ erbB2 heterodimer formation in inducing migration of
colon carcinoma cells on VN.

We showed that cultured hepatocytes produced and secreted
HRG in the medium, and that depletion of HRG from the
conditioned medium significantly reduced its activity to
enhance VN-mediated cell migration, suggesting that HRG
was the major migration-enhancing factor in the medium.
Although LS174T and LS-LM6 themselves produced HRG as
reported previously,(18) the production levels were low and
were insufficient to promote their migration, suggesting that
contribution of an autocrine mechanism is at most minor.
Heregulin (HRG) mRNA was detected at a low level in
freshly isolated hepatocytes, but it increased in cultured
hepatocytes. This suggests that some alterations of hepatocytes
in vivo are necessary to produce sufficient HRG to promote
tumor cell migration and metastasis. In fact, IHC staining for
HRG showed the HRG positive hepatocytes only in the liver
with carcinoma cell metastasis. Regarding the possibility of
induction of HRG in hepatocytes by factors secreated from
tumor cells, our preliminary data indicated that conditioned
media of LS-LM6 and LS174T did not induce HRG mRNA
Yoshioka et al.
in cultured hepatocytes (data not shown). Further study on
changes of the hepatic microenvironment by metastasized
tumor cells to induce HRG expression in resident hepatocytes
is required.

Knockdown experiments clearly indicate that both integrin av
and erbB3 are important molecules conferring the enhanced
liver metastatic ability to LS-LM6. In further signaling analysis,
we showed that HRG-induced migration of LS-LM6 was associ-
ated with strong phosphorylation of Akt, and knockdown of
erbB3 expression suppressed both migration and Akt phosphory-
lation. The importance of the PI3K pathway in erbB3 ⁄ erbB2
signaling has been reported by several investigators.(19,20) Our
study also demonstrated that inhibition of Akt phosphorylation
by the inhibitors of PI3K effectively suppressed migration.
Cancer Sci | September 2010 | vol. 101 | no. 9 | 2017
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Our results provide a rationale for the use of PI3K inhibitors for
prevention of liver metastasis in colorectal carcinoma patients.

In conclusion, the present study demonstrated that HRG
secreted from hepatocytes plays a crucial role in the VN-dependent
motility of an integrin avb5-expressing colon carcinoma cell
line, LS-LM6, by a mechanism in which HRG and its receptors
(erbB3 ⁄ erbB2) as well as activation of the PI3K pathway were
involved. Our study suggests the intriguing possibility that
hepatocytes might contribute to the enhanced liver metastasis by
2018
providing factors required for tumor cell migration into the liver
parenchyma.
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Additional Supporting Information may be found in the online version of this article:

Fig. S1. (a) Flow cytometric analysis shows the low level expression of b6 and b8 integrins in LS174T and LS-LM6.

Fig. S2. (a) Western blot shows that the phosphorylation of Akt is clearly suppressed by LY294002 (25 lM) and wortmannin (0.5 lM) without
influence of erbB3 phosphorylation (left panel). In migration assay, LY294002 (25 lM) and wortmannin (0.5 lM) significantly suppress the heregu-
lin (HRG)-induced migration of LS-LM6 (*P < 0.05, two-way ANOVA).

Data S1. Materials and Methods.
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