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Directed movement of normal cells occurs when actin-related
protein 2 and 3 complex (Arp2/3 complex) triggers the actin
polymerization that forms lamellipodia immediately after binding
to WAVE2. In order to determine whether the same mechanism
correlates with liver metastasis from colorectal cancer, paired mirror
sections of 154 cancer specimens (29 cases with liver metastasis and
125 cases without liver metastasis in which T factor, gender, primary
tumor site, and age at operation were matched) were examined
immunohistochemically for the localization of Arp2 and WAVE2.
Expression of both Arp2 and WAVE2 was detected in the same
cancer cells in 55 (35.7%) of the 154 cases, but not detected in the
normal colonic epithelial cells. Univariate analysis showed that the
colocalization was significantly predictive of liver metastasis (risk
ratio [RR] 8.760. Likewise, histological grade (RR 2.46), lymphatic
invasion (RR 9.95), and tumor budding (RR 4.00) were significant
predictors. Among these, colocalization and lymphatic invasion
were shown to be independent risk factors by multivariate analysis.
Another 59 colorectal specimens were examined for mRNA expres-
sion of Arp2 by real time polymerase chain reaction. High mRNA
levels of Arp2, that in situ hybridization revealed to be expressed by
the cancer cells, were significantly associated with liver metastasis.
However, its effect was absorbed by the influence of risk of the
colocalization that is closely related to high expression of Arp2.
These results indicate that the colocalization of Arp2 and WAVE2 is
an independent risk factor for liver metastasis of colorectal
carcinoma. (Cancer Sci 2007; 98: 992–999)

Actin filaments are the dominant structural components of
lamellipodia, and actin is the most abundant protein in

many eukaryotic cells. Regulation of lamellipodium formation
is essential for embryonic development, wound healing, immune
responses, and tissue development.(1–4) Since the discovery of the
Arp2/3 complex about a decade ago, a broad range of biochemical
and cell-biological studies have pointed to its pivotal role as a
regulator of actin filament formation.(5–7)

One of the hallmarks of cancer cells is penetration into adjacent
tissue, or invasion. While the majority of colorectal cancer cells
form irregular ductal structures, highly metastatic colorectal
cancer cells are frequently dissociated or dedifferentiated at the
invasive front. This feature is called budding formation, indicating
reduction of cell–cell adhesion. At the same time, cancer cells
extend cell protrusions that are driven by actin polymerization at
the leading edge, and thus co-ordinated inactivation of cell–cell
adhesion and actin polymerization is required for active invasion
and metastasis of colorectal cancer cells. It is possible that the
Arp2/3 complex is one of the coordinators of both events in the
downstream of cellular signaling, not only in normal cells but
also in cancer cells.

The formation of cadherin-mediated cell junctions is accom-
panied by profound remodeling of the actin cytoskeleton. The

Arp2/3 complex is involved in the regulation of cadherin-mediated
cell–cell adhesion,(8–11) and is also linked to the proteins of the
integrin family in various ways.(12–14) The composition of a large
member of the integrin family proteins, and each of the members
of the family appears to partly determine the specific reaction
of each cell type to stimulation by the extracellular matrix. In
a previous study of a human monocyte cell line (THP-1), we
demonstrated that the Arp2/3 complex regulates integrin β-1-
mediated attachment to fibronectin during chemotaxis induced
by monocyte/macrophage chemoattractant protein 1 (MCP)-1
by binding to the Wiskott–Aldrich syndrome protein (WASP).(14)

Although many proteins are capable of regulating the function
of the Arp2/3 complex in vitro, the members of the WASP/Scar/
WASP family verprolin-homologous protein (WAVE) appear to
be the most important.(15–17) The yeasts Saccharomyces cerevisiae
and Schizosaccharomyces pombe contain only one WASP/Scar
protein, whereas Dictyostelium, Caenorhabditis elegans, and
Drosophila melanogaster possess one WASP and one WASP/
Scar protein.(2,18) Multicellular animals possess five WASP family
proteins: WASP, N-WASP, and WAVE1–3 which are identical to
Scar1–3. These proteins have a common C-terminal verprolin-
homology domain that is responsible for Arp2/3 complex activa-
tion as well as for cell adhesion.(14,19–21)

Scar and WASP have clearly distinct functions in Drosophila.
Scar, but not WASP, is indispensable for cytoplasmic organiza-
tion in the blastoderm, axon development in the central nervous
system, egg chamber structure, and adult eye morphology.(22) In
mammals, the system may be more complicated, since WAVE1,
WAVE2, WASP, and N-WASP appear to have specific functions
during mammalian development that cannot be compensated by
other family members.(23,24)

One of the five WASP family proteins, WAVE2, is essential
for lamellipodial formation in directed migration, at least in
mouse embryonic fibroblasts and endothelial cells.(25,26) In the
present study we focused on the localization of Arp2 and WAVE2
in human colorectal cancer, since we have already reported that
the Arp2/3 complex is involved in carcinogenesis.(27) We examined
the localization of Arp2 and WAVE2 in colorectal cancer cells
immunohistochemically, and the biological significance of
their localization was assessed by correlation with clinical data,
particularly in relation to liver metastasis.

Materials and Methods

Tissue specimens. The material in this analysis was selected from
478 colorectal cancers resected at Tokyo Medical University
Hospital between 1987 and 2000. There were 29 cases of
colorectal cancers in which tissue blocks of the metastatic
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adenocarcinoma to the liver and the primary cancer were both
available. These 29 patients were all Japanese (21 men, eight
women), aged between 38 and 77 years (median age 60 years).
Seven liver metastases were synchronous and the other 22
were metachronous. The mean period from the operation to the
development of metastasis of these 22 cases was 17.3 months
(from three to 71 months). The site of the primary tumor was as
follows: rectum, 10; sigmoid colon, eight; ascending colon, six;
transverse colon, three; cecum, two. For each of these cases,
three or four control cases were selected. Each control case had
no lymph node or liver metastasis, and T factor, gender, primary
tumor site (rectum or colon), and age at operation (±5 years)
were matched to those cases with liver metastasis. A total of 154
cases (mean follow-up period, 125 months) were selected for
the examination of the association between the colocalization of
Arp2 and WAVE2 and liver metastasis.

The archived blocks of formalin-fixed, paraffin-embedded
tissue from these cases were retrieved from the Department of
Diagnostic Pathology. Two or three representative blocks of the
primary site and one metastatic site were selected for immuno-
histochemical analysis of Arp2 and WAVE2.

In order to examine the mRNA expression of Arp2, samples
of cancerous tissue and non-cancerous mucosal tissue, each
measuring about 3 × 3 × 2 mm were carefully collected by
trained pathologists from the surgical specimen in each case
obtained from 59 cases of colorectal carcinoma, treated between
1999 and 2003 at Hachioji Medical Center, Tokyo Medical
University. Each tissue sample was divided into two parts. One part
was frozen immediately at –80°C for RNA and protein extraction.
The other part was fixed with 4% paraformaldehyde for about
24 h and embedded in paraffin for immunohistochemical assess-
ment of Arp2/3 complex and WAVE2 and hematoxylin and eosin
staining. The presence of both cancerous and non-cancerous tis-
sue from each case was confirmed by microscopic examination.

Depth of invasion was assessed and histological grading of
the primary tumor was carried out according to a system based
on the TNM classification of malignant tumors.(28) The largest
cross-sectional plane showing the deepest tumor invasion was
examined for vascular or lymphatic invasion. Tumor budding was
defined as an isolated single cancer cell or a cluster composed of
fewer than five cancer cells.(29) Growth pattern at the invading front
was classified according to  the pattern of tumor infiltration
(INF)a: expanding growth; INFb: intermediate growth between
INFa and INFc; and INFc: irregular growth. Signed informed
consent for the use of their specimens was obtained from all of
the patients in accordance with the institutional guidelines.

Immunohistochemical staining of Arp2 and WAVE2. Paired serial
4-µm-thick sections were cut from each block for the
immunohistochemical localization of Arp2 and WAVE2. To
examine identical cut surfaces of the sections the first serial
section was placed with its newly cut surface upward on the
silane-coated glass slides and the second was placed on the
slide in the usual position to provide paired ‘mirror’ sections.
Deparaffinized sections were subjected to heat-induced antigen
retrieval as follows. The sections were heated in 1 mM ethylen-
ediaminetetraacetic acid (EDTA) (pH 8.0) for 10 min at 110°C
in a conventional pressure sterilizer (ALP KT-2322; Alp Industry,
Tokyo, Japan). After cooling, one section was incubated overnight
with an anti-Arp2 goat polyclonal antibody (K-15, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) diluted to 1:50, and the
other with an anti-WAVE2 polyclonal antibody (a generous gift
from Dr Tadaomi Takenawa, Department of Biochemistry,
Institute of Medical Science, University of Tokyo. Polyclonal
anti-WAVE2 antibody was prepared in goat immunized with the
basic region of human WAVE2 [amino acids 180–241] expressed
in Escherichia coli) diluted to 1:50. The primary antibodies
bound to the antigens were detected by using a Histofine Simple
Stain MAX-PO kit (Nichirei, Tokyo, Japan) according to the

manufacturer’s instruction manual. Hematoxylin was used for
counterstaining. If more than 5% of cancer cells expressed both
Arp2 and WAVE2 in their cytoplasm, Arp2 and WAVE2 were
judged to be coexpressed by the tumor.

Cell culture. A human colon cancer cell line derived from a
primary cancer (SW480; American Type Culture Collection
(ATCC, Manassas, VA, USA) and from a lymph node metastasis
of the same cancer (SW620; ATCC) were grown in RPMI 1640
(Life Technologies, Rockville, MD, USA) supplemented with
10% fetal bovine serum (FBS) and one unit of a penicillin–
streptomycin mixture (Life Technologies).(30)

Visualization of Arp2, Arp3, and WAVE2 colocalization and actin
filaments. Human cancer cells (SW480 and SW620) were
cultured on several slide glasses. Cancer cells were fixed in 4%
paraformaldehyde for 10 min, then treated with 0.1% Triton
X-100 in phosphate-buffered saline (PBS) for 5 min. The fixed
cells were stained for WAVE2 and the Arp2/3 complex by indirect
immunofluorescence and for actin filaments by rhodamine-
conjugated phalloidin. First, a mixture of the anti-Arp2 goat
polyclonal antibody used for immunohistochemistry diluted to
1:50 and an anti-Arp3 mouse monoclonal antibody (clone 4,
Becton Dickinson, Franklin Lakes, NJ, USA) at a dilution of
1:1000 were prepared for double staining of Arp2 and Arp3 in
order to confirm the complex formation of Ar2 and Arp3. The
specimen was incubated in the mixture of primary antibodies for
60 min. After rinsing three times, a secondary antibody (Alexa
Fluor 488 conjugated antimouse immunoglobulin [Molecular
Probes, Eugene, OR, USA]) was reacted, and after a brief rinsing
Alexa Fluor 568 conjugated antigoat immunoglobulin (Molecular
Probes) was reacted for 60 min, respectively. Next, a mixture of
the anti-WAVE2 goat polyclonal antibody used for immuno-
histochemistry at a dilution of 1:50 and an anti-Arp3 mouse
monoclonal antibody (clone 4, BD) at a dilution of 1:1000 reacted
with other slide glasses on which cancer cells were fixed. The
specimens were reacted with first and secondary antibodies and
rinsed as described above, and Rhodamine-conjugated phalloidin
(Molecular Probes) was incubated for 20 min. Images were taken
with a confocal laser scanning microscope (Radiance µ2000;
Bio-Rad, Hemel Hempstead, UK).

Western blot analysis. Approximately 1 × 106 cultured cells were
suspended in 1 mL of lysis buffer comprising 1% Nonidet P-40
alternative, 150 mM NaCl, 10 mM Tris-HCl (pH 8.0), 2 mM
sodium orthovanadate, 10 µg/mL leupeptin, 50 mM NaF, 5 mM
EDTA, 1 mM ethylene glycolbis-tetra-acetic acid (EGTA), 1 mM
phenylmethylsulfonyl fluoride, and 30 µg/mL aprotinin. The cells
were then sonicated for 15 s and centrifuged at 10 000 g for 10 min.
The soluble fractions were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Western blot
analysis was carried out as described previously.(31) A goat polyclonal
anti-Arp2 antibody and the anti-WAVE2 goat polyclonal antibody
used for immunohistochemistry were used as probes. Actin was
used as a quantitative control. These procedures were repeated
three times.

Quantitative real-time polymerase chain reaction. First-strand
cDNA was synthesized from 1 µg of total RNA with oligo-dT
primer (Promega, Madison, WI, USA) and M-MLV® reverse trans-
criptase (Invitrogen, Carlsbad, CA, USA). Real-time polymerase
chain reaction (PCR) analysis was carried out using the Mx3005P
QPCR system (Stratagene, La Jolla, CA, USA) with TaKaRa Ex
Taq R-PCR ver. 2.1 (TaKaRa Bio, Otsu, Japan), ROX Reference
Dye (Stratagene) and SYBR® Green I (Cambrex, Washington,
DC, USA). We used Arp2-specific primers 5′-CCACCT-
AGTGTGCTAAAGACTACG-3′ and 5′-TCAACTCCAGGACAT-
GGAAG-3′, Arp3-specific primers 5′-TAATAAAAGCAAAGTG-
CAGAAC-3′ and 5′-TTCAAACAGTACCCAAAGAGTAG-3′,
WAVE2-specific primers 5′-CTTTCAGCCATCCGTCAAGG-3′
and 5′-AATCGGACCAGTCGTCCTCA-3′, and β-actin-
specific primers 5′-GGGAAATCGTGCGTGACATTAAG-3′



994 doi: 10.1111/j.1349-7006.2007.00488.x
© 2007 Japanese Cancer Association

and 5′-TGTGTTGGCGTACAGGTCTTTG-3′. Reaction mixtures
were denatured at 95°C for 30 s and then were subjected to 50 PCR
cycles at 95°C for 10 s and 60°C for 30 s. Arp2, Arp3 and WAVE2
mRNA levels were normalized to β-actin signals.(32) We carried
out the experiments to determine mRNA levels in duplicate.

In situ hybridization. The probe of in situ hybridization was
derived from the 664~1164 bases of Arp2 mRNA amplified
from the total RNA of the human colon cancer cell line (SW837)
by an in vitro transcription method.(33) The 501 bp-product with
T7 RNA promoter was obtained by reverse transcription
followed by PCR following Arp2-specific primers 5′-TTC TGT
TGC GAG GAT ACG CCT-3′ and 5′-CTTAATACGAC-
TCACTATAGGGTAT CCGCTAGAACTGCACCACC-3′. The
PCR product was labeled by digoxigenin using DIG RNA
Labeling Kit (Roche Diagnostics, Auckland, New Zealand).
Tyramide-based in situ hybridization was carried out according
to the method described by Suzuki et al.(34)

Statistical analysis. The relationship between the patients’
clinicopathological features and colocalization of Arp2 and WAVE2
was analyzed by the χ2 test. The difference in the mean expres-
sion level of normalized Arp2 mRNA between colocalization-
positive and colocalization-negative cancers was analyzed by

the Student’s t-test. Conditional logistic regression analysis was
used to assess the relationship between each risk factor and liver
metastasis adjusted for the possible confounding effect of all
other factors included in the same model. A P-value less than 0.05
was considered to indicate a statistically significant difference.
All calculations were carried out using the SAS statistical
software package (SAS Institute, Cary, NC, USA). 

Results

Immunohistochemistry. Arp2 and WAVE2 were expressed in the
cytoplasm of colorectal cancer cells. The serial mirror sections
stained immunohistochemically for Arp2 and WAVE2 indicated
that both proteins were expressed in the same cancer cells.
Colocalization was detected in 55 (35.7%) of the 154 cancer
specimens. Cancer cells expressing both Arp2 and WAVE2 were
scattered throughout the cancer tissue and frequently appeared
at the invasive front, where budding processes are formed
(Fig. 1a,b). In most cases judged positive for the colocalization,
the number of cancer cells expressing both Arp2 and WAVE2
were no more than 10% of all cancer cells. Arp2 or WAVE2 was
expressed in different cells among the non-cancerous epithelial

Fig. 1. Colocalization of actin-related protein 2 (Arp2) and WAVE2 in the cancer cells of colon carcinoma in the margin of invasion and in the
metastatic site of the liver. (a) Arp2 was detected in cancer cells where budding formation was seen in the margin of invasion of the colon cancer.
Bar, 250 µm. (b) Digital mirror image was reconditioned to the same image of (a) by the use of computer software. WAVE2 was expressed in the
same cancer cells in which Arp2 was detected in A. Bar, 250 µm. (c) Arp2 was detected in the metastatic colon cancer cells in the liver of the case
that showed no colocalization at the primary site. Bar, 500 µm. (d) Digital mirror image was reconditioned to the same image of (c). WAVE2 is
detected in the same cancer cells seen to express Arp2 in (c). Bar, 500 µm.
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cells and none of them clearly coexpressed both. Epithelial cells
maintaining normal structure were rarely stained for either Arp2
or WAVE2, and if so very weakly. A few epithelial cells that
showed atypia sometimes coexpress weakly. Small numbers of
the stromal cells adjacent to cancer cells showed equivocal
coexpression in which the intensity of Arp2 and WAVE2
staining was lower than that of cancer cells. In the normal cells,
only macrophages showed distinct colocalization of Arp2 and
WAVE2. A small number of endothelial cells and inflammatory
cells had equivocal staining of Arp2 and/or WAVE2.

Clinicopathological significance of colocalization of Arp2 and
WAVE2. Of 55 patients with colocalization, 22 (40.0%) patients
had liver metastasis, but only seven (7.1%) of 99 patients with
no colocalization had metastatic disease. Univariate conditional
logistic regression analysis showed that the risk ratio (RR) for
liver metastasis was 8.76 times higher in colorectal cancers with
colocalization-positive than those without (Table 1). Lymphatic
invasion (RR 9.95), tumor budding (RR 4.00), and histological
grade (RR 2.46) other than blood vessel invasion or INF were
also predictors of liver metastasis. We carried out multivariate
conditional logistic regression analysis using factors that had
significant correlation with liver metastasis by univariate analysis.
The analysis clearly demonstrated that colocalization and lymphatic
invasion were significant variables for predicting liver metastasis
among these predictors (Table 2). In 29 cases with liver metastasis,
22 (75.9%) cancer tissues showed colocalization. All of the other
seven cases with liver metastasis in which the primary sites were
judged not to have colocalization showed colocalization in the
metastatic carcinoma of the liver specimens (Fig. 1c,d).

Table 3 shows the relationship between Arp2 and WAVE2
colocalization and clinicopathological factors. The cancer cells
in the budding area frequently showed colocalization, and
colocalization was strongly associated with the presence of
budding formation (P < 0.0001). Of the 110 well-differentiated

Table 1. Risk factors in univariate analysis with respect to liver metastasis

Score
Cases 

(n = 154)
Liver metastasis (%) 

(n = 29)
Risk ratio 

(95% confidence interval)

Histological grade
G1 110 16 (14.5)
G2 44 13 (29.5) 2.46 (1.06–5.68)

Lymphatic invasion
(–) 102 7 (6.9)
(+) 52 22 (42.3) 9.95 (3.87–25.59)

Blood vessel invasion
(–) 39 6 (15.4)
(+) 115 23 (20.0) 0.73 (0.27–1.94)

INF
a 24 2 (8.3)
b 127 26 (20.5) 2.83 (0.62–12.82)
c 3 1 (33.3)

Tumor budding
(–) 77 7 (9.1)
(+) 77 22 (28.6) 4.00 (1.59–10.01)

Colocalization
(–) 99 7 (7.1)
(+) 55 22 (40.0) 8.76 (3.43–22.41)

INF, pattern of tumor infiltration.

Table 2. Multivariate conditional logistic regression analysis for prediction of liver metastasis

Factor
Univariat 
P-value

Multivariate 
Hazard rate

P-value

Tumor budding, positive versus negative 0.0034
Lymphatic invasion, positive versus negative < 0.0001 11.642 <0.0001
Histological grade, G1 versus G2 0.0405
Colocalization, positive versus negative < 0.0001 9.003 0.0002

Table 3. Relationship between clinicopathologic factors and
colocalization

Cases Colocalization (%) P-value

Histological grade
G1 110 29 (26.4) 0.0002
G2 44 26 (59.1)

Lymphatic invasion
(–) 102 32 (31.7) 0.1545
(+) 52 23 (44.2)

Blood vessel invasion
(–) 115 44 (38.2) 0.3341
(+) 39 11 (28.2)

INF
a 24 3 (12.5) 0.0221
b 127 52 (39.4)
c 3 2 (66.7)

Tumor budding
(–) 77 13 (16.9) <0.0001
(+) 77 42 (54.5)

INF, pattern of tumor infiltration.
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adenocarcinomas (G1), 29 (26.4%) were found to coexpress
Arp2 and WAVE2, and colocalization was observed in 26
(59.1%) of the 44 moderately-differentiated adenocarcinomas
(G2). In the well-differentiated carcinomas, a few cancer cells

exhibiting colocalization were seen in the areas where duct for-
mation was distinct, but they were frequently observed in the
areas of budding formation. Colocalization also correlated with
irregular growth at invading font (P = 0.0221).

Fig. 2. Immunofluorescence, Western blot analysis of actin-related protein 2 (Arp2) and WAVE2 in colon cancer cell lines SW480 and SW620.
Double staining of Arp3 and Arp2 was carried out in SW620 cells. (a) Immunofluorescence staining of Arp3 is shown as green line at the periphery
of SW620 cells indicated by arrow. (b) Immunofluorescence staining of Arp2 is shown as red line at the periphery of the cells shown in (a). (c)
Merged image of (a) and (b) shows colocalization of Arp3 and Arp2 as a yellow line. Triple staining of Arp3, WAVE2, and phalloidin was carried
outin SW620 cells. (d) Immunofluorescence staining of Arp3 is shown as a green line at the periphery of SW620 cells indicated by arrow. (e)
Immunofluorescence staining of WAVE2 is shown as a purple line at the periphery of the cells shown in (d). (f) Newly polymerized actin fibers
which form lamellipodium were detected by phalloidin (blue staining). (g) Merged image of (d, e, and f) shows colocalization of Arp3, WAVE2
and phalloidin as blue-purple staining. Bar, 20 µm. (h) Expression of Arp2 and WAVE2 on the protein level by the colon cancer cell line derived
from the primary site (SW480) and the corresponding cell line derived from the metastatic lymph node (SW620) were compared. WAVE2
expression was detected in both SW480 cells and SW620 cells, but the WAVE2 band detected in the SW620 cells was more distinct than in the
SW480 cells. Similar results were obtained for the Arp2 expression.
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Intracellular localization of WAVE2 and Arp2/3 complex. SW620
cells formed lamellipodia where newly polymerized actin fibers
were visualized by phalloidin. Double staining of Arp2 and
WAVE2 showed colocalization at the leading edge, and confirmed
the complex formation of Arp2 and Arp3 (Fig. 2a–c). Then, triple
staining of WAVE2, Arp3, and phalloidin demonstrated
colocalization at the leading edge of lamellipodia. Merged image
showed blue-purple staining by the colocalization of Arp2/3
complex, WAVE2, and phalloidin (Fig. 2d–g).

Western blot analysis of Arp2 and WAVE2. Expression of Arp2
and WAVE2 at the protein level by the colon cancer cell line
derived from the primary site (SW480) and by the line derived
from the lymph node metastasis of the same cancer (SW620) were
compared. WAVE2 expression was detected in both SW480
cells and SW620 cells, but the WAVE2 band detected in SW620
cells was more distinct than the band detected in the SW480
cells (Fig. 2h). Similar results were obtained three times.
Arp2 was also expressed in both cell lines. In two of the three
determinations the Arp2 band was more distinct in the SW620
cells than in SW480 cells, but hardly any difference in the Arp2
band was detected in the third determination.

Level of Arp2, Arp3, and WAVE, mRNA expression. The percen-
tiles of mRNA level of Arp2, Arp3, and WAVE2 are shown in
Figure 3(a–c). These percentiles showed similar distribution
patterns and the Arp2 mRNA level significantly correlated with

the Arp3 mRNA level (P < 0.0001). The WAVE2 mRNA level also
correlated with both Arp2 (P < 0.0001) and Arp3 (P < 0.0001).

The average expression normalized Arp2 mRNA level was
1.1 in the 34 cases without liver metastasis. However, it was 6.7
in the 14 cases in which liver metastases were detected. However,
the Arp2 mRNA level correlated with liver metastasis
(P = 0.008) though its risk value was absorbed by the influence
of the risk associated with immunohistochemically detectable
colocalization by multivariate analysis. Although the sample size
was small in this material, the colocalization remained as a
significant risk factor when such clinical factors as pT, pN, and
histological grade were included. The average expression
normalized Arp2 mRNA level was 1.7 in the 35 cancers without
colocalization of Arp2 and WAVE2, as opposed to 5.6 in the 13
cancers in which colocalization was observed (Fig. 3d), and there
was a significant correlation between the high level of mRNA
Arp2 expression and colocalization (P = 0.027).

When more than 5% of cancer cells that showed intracyto-
plasmic granular, dotted, or homogenous staining were detected
in the immunostaining of Arp2, 16 cases were judged as positive
staining. The average mRNA expression of Arp2 in positive cases
was 5.4 and 2.5 in 32 negative staining cases, and there was
significant correlation between high level mRNA expression of
Arp2 and positive immunohistochemical staining (P = 0.039).
Similarly, the average mRNA expression of WAVE2 in 21 cases

Fig. 3. mRNA level expression of actin-related
protein 2 (Arp2), Arp3, and WAVE2. (a) The
percentile of mRNA level of Arp2 is shown. (b)
The percentile of mRNA level of Arp3 is shown.
(c) The percentile of mRNA level of WAVE2 is
shown. These plots patterns of percentile are
similar. The Arp2 mRNA level significantly corre-
lated with the Arp3 mRNA level (P < 0.0001). The
WAVE2 mRNA level also correlated with both
Arp2 (P < 0.0001) and Arp3 (P < 0.0001). (d) The
average expression of normalized Arp2 at the
mRNA level was 1.7 in the 35 colon cancer tissue
specimens in which no Arp2 and WAVE2 coloca-
lization was detected immunohistochemically
and 5.6 in the 13 colocalization positive-cancers.
There was a significant correlation between high
level of Arp2 expression and colocalization
(P = 0.027). (e) In situ hybridization of Arp2 in the
colon cancer tissue. Colon cancer cells expressed
Arp2 stronger than adjacent non-cancerous
epithelial cells.
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with positive staining was 0.59 and 0.25 in 27 cases with negative
staining (P = 0.043).

Figure 3(e) shows in situ hybridization of Arp2 of colocalization-
positive case that the cancer cells expressed Arp2 diffusely in
the cancer tissue. The intensity of mRNA expression of Arp2
was stronger in the cancer cells than that in normal epithelial
cells. This expression pattern was similar to that of immunos-
taining in that much more cancer cells were stained for Arp2
than normal epithelial cells. The stromal cells adjacent to the
cancer cells and endothelial cells express Arp2 weakly. The
intensity of Arp2 mRNA expression between the cases could not
be compared because the influence of different fixation time of
the blocks could not be excluded.

Discussion

We have shown that the colocalization of Arp2 and WAVE2 is
an independent risk factor of liver metastasis. Metastasis is a
multistep process by which cancer cells spread to other organs.
The first step involves loosening of cell–cell adhesion.(35,36) The
second step is the formation of lamellipodial protrusions that
allows directional cell movement. Arp3 and WAVE2 were
colocalized at the advancing margin of a colon cancer cell
(SW620) in this study. Because the mechanism of the formation
of lamellipodium that Arp2/3 complex is activated by binding
with WAVE2 was demonstrated by using non-cancerous cells,(37,38)

we think this mechanism is also involved in the second step
leading to the liver metastasis of colorectal cancer.

The colocalization of Arp2 and WAVE2 was significantly
associated with tumor budding, and indeed, cancer cells forming
tumor budding frequently show colocalization of Arp2 and
WAVE2 at the margin of invasion. The presence of tumor budding
is considered strong evidence of high metastatic potential.(39,40)

Cancer cells with budding formation have loose cell–cell adhesion.
Our data suggest that these cells have the potential to move
aggressively.

In our immunohistochemical staining for colon cancer tissue,
distinct colocalization of Arp2 and WAVE2 was not detected in
normal epithelial cells, though the immunoreaction of either
Arp2 or WAVE2 was seen focally. In a previous study,(27) we
detected immunoreaction of Arp2 and Arp3 in macrophages,
lymphocytes, and endothelial cells. Macrophages were shown to
express both Arp2 and WAVE2 in this study. Because these cells
are thought to function while migrating in tissues, cells that
coexpress Arp2 and WAVE2 may have greater ability to move
freely than cells that do not. We think that immunohistochemical
colocalization of Arp2 and WAVE2 by cancer cells partly
explains their ability to migrate actively.

We carried out a Western blot analysis to determine whether
the Arp2 protein level was elevated in the tissue specimens of
metastatic cases, and we found no difference in expression level
between the cancer tissue of liver metastatic cases and non-
metastatic cases (data not shown). We therefore examined the
paired colon cancer cell lines SW480 (derived from the primary
site) and SW620 (derived from the metastatic site). But a
distinct difference in the expression of either Arp2 or WAVE2
was not detected by Western blot analysis. Though quantifica-
tion of the protein level was not examined, the result may be
due to the fact that no more than 10–20% of cancer cells show
colocalization.

The level of expression of Arp2 mRNA was high in cases that
coexpressed WAVE2. Another study demonstrated lower mRNA

expression of Arp2/3 complex in gastric cancer tissue than in
normal gastric mucosa.(41) Poorly-differentiated cancer cells show
almost complete loss of cell–cell adhesion and polarity, and
diffusely invade into the surrounding normal tissue. This invasive
pattern is likely to be different from that of well-differentiated
carcinoma, which forms a well-defined mass lesion. Since poorly-
differentiated cancers do not form clear lamellipodial extensions,
they may possess other mechanisms of cell movement. However,
our results of the level of Arp2 mRNA expression cannot exclude
the probability of the influence of the stromal cells because the
specimens include abundant stromal cells that can express Arp2
mRNA. Various types of cancer cell lines should be examined
for the expression level of Arp2 mRNA.

In the present study of colorectal cancer cells we focused on
the Arp2/3 complex and attempted to correlate its presence with
clinical features, including metastasis. In colorectal cancer cells
with high metastatic potential, the Arp2/3 complex appears to be
activated by binding to WAVE2. In well-differentiated adenocar-
cinomas, such as the majority of colon cancers, the function of
Arp2/3 complex is likely to be maintained or enhanced. As far as
we know, no Arp2 or Arp3 gene abnormalities have been reported
in cancer, and our own examinations of several human cell lines
have failed to reveal any mutations (data not shown). High mRNA
expression of WAVE2 may serve to regulate cell movement in
colon cancer. A highly metastatic melanoma cell line has been
reported to show higher expression of WAVE2, at both the protein
and mRNA levels than its parental cell line, and WAVE2 RNAi
was found to reduce its metastatic potential.(42)

We do not have data that can explain how a high level of Arp2
mRNA is associated with colocalization. We hypothesize that a
high Arp2 mRNA level might be the increase of the activated
form of WAVE2. The majority of WAVE2 in the cell is complexed
with Abl-interactor-1 (Abi1), Nck-associated protein-1 (Nap1), a
small protein HSPC300, and p53-inducible protein-121 (PIR121)/
Sra1. However, it is not clear how activated WAVE2 interacts
with the Arp2/3 complex on the membrane of the lamellipodia.
This interaction may be a key to explaining the association
between high Arp2 mRNA levels and the colocalization of Arp2
and WAVE2.

The present study demonstrates that the colocalization of
Arp2 and WAVE2 is an independent risk factor for liver metastasis
in colorectal cancer. The result is considered to be reliable
because the function of the interaction of Arp2/3 complex and
WAVE2 has been established as the signal to form lamellipodial
protrusion to induce cell migration, and because it is associated
with tumor budding and irregular invading growth (INF) that are
established features of aggressive colorectal cancer. Further
studies designed to selectively block the interaction of Arp2 and
WAVE2 in cancer cells may yield means of preventing invasion
and metastasis.
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