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C4.4A is a glycolipid-anchored membrane protein expressed in
several human malignancies. The aim of this study was to
explore the association between C4.4A expression at the invasion
front of colorectal cancer (CRC) and tumor budding, a putative
hallmark of cell invasion of CRC. Advanced CRCs (T2–4, n = 126)
had a budding count of 3.66 ± 5.66, which was significantly
higher than that of T1 early CRCs (1.75 ± 2.78, n = 87). C4.4A-
positive CRC specimens showed a larger budding cell number
than C4.4A-negative CRC specimens in T1 CRCs, and especially
advanced CRCs (9.45 ± 5.83 vs 1.60 ± 3.93). Furthermore, we
found a correlation between the percentage of C4.4A-positive
cases and budding count in advanced CRC. Multivariate analysis
for patients’ survival showed that C4.4A was superior to tumor
budding as a prognostic factor. With siRNA treatment, C4.4A lev-
els were associated with cell invasion, but not with proliferation,
in HCT116 and DLD1 cell lines. An immunohistochemical study in
a subset of CRCs showed no relationship between C4.4A and
Ki-67 proliferation marker. In vitro assays using HCT116 indicated
that C4.4A levels correlated well with epithelial–mesenchymal
transition (EMT) with regard to cell morphology and alterations
of EMT markers including E-cadherin, vimentin, and partially
N-cadherin. We also found that C4.4A expression was signifi-
cantly associated with loss of E-cadherin and gain of b-catenin in
clinical CRC tissue samples. These findings suggest that a tight
association between C4.4A and tumor budding may, in part, be
due to C4.4A promoting EMT at the invasive front of CRC.
(Cancer Sci 2012; 103: 1155–1164)

T he C4.4A protein has been identified in a highly metasta-
sizing rat pancreatic adenocarcinoma cell line but not in

locally growing rat tumors.(1,2) Rat C4.4A cDNA was cloned
in 1998, and the molecular structure indicates GPI-anchored
membrane proteins with 30% homology to the urokinase-type
plasminogen activator receptor.(3) Subsequently, the human
homologue of rat C4.4A, located on chromosome 19q13.1–
q13.2, was cloned in 2001.(4) In normal human tissues, C4.4A
mRNA is present in placental tissue, skin, esophagus, and
peripheral blood leukocytes but not in other tissues, based on
Northern blot analysis.(4) Although the physiological function
of the C4.4A protein is largely unknown, upregulation of
C4.4A expression has been observed during the wound-healing
process of migrating keratinocytes or urothelium.(5,6)

Recent studies have shown that C4.4A expression is also
present in subsets of human malignancies. Human C4.4A
mRNA has been detected in cancer cell lines, including mela-
noma, breast, bladder, and renal cell carcinoma, as well as in
tumor tissue samples from malignant melanoma, colorectal
cancer (CRC), breast cancer, lung carcinoma, and urothelial
tumors.(6–10) C4.4A expression increases in metastatic lymph

nodes and metastasized skin lesions compared with primary
malignant melanoma,(7) and evidence suggests that C4.4A
expression is associated with poor prognosis of patients with
non-small-cell lung cancer.(9)

Tumor budding, a pathologic characteristic of CRC, is
defined as the occurrence of a single tumor cell or clusters
consisting of up to four cells at the invasion front of the
tumor.(11,12) Tumor budding is reportedly associated with vari-
ous clinicopathological parameters, including lymph node
metastasis, vascular and lymphatic invasion, distant metastasis,
local recurrence, and poor outcome.(11–18) It also has been
classified as an additional prognostic factor by the UICC.(19)

We recently found that expression of the C4.4A protein at
the invasive front is a novel prognostic marker in CRC.(20)

During that study, we often observed an intense staining of the
C4.4A protein on the plasma membrane of budding foci adja-
cent to the invasive front of the CRC. To elucidate the molec-
ular basis that contributes to the promotion of tumor budding,
we investigated the association between tumor budding and
C4.4A expression in CRC samples. We comparatively ana-
lyzed tumor budding in early CRCs (UICC T1, n = 87) and
advanced CRCs (UICC T2–4, n = 126) in relation to C4.4A
expression. We also examined the relationship between C4.4A-
expressing cells and cells positive for the cell proliferation
marker Ki-67. In vitro studies were done to assess growth and
invasion of colon cancer cells with knocked-down or enhanced
C4.4A gene expression. In an effort to explore the underlying
mechanism between C4.4A and tumor budding, we further
examined whether C4.4A would promote EMT, as tumor bud-
ding was reportedly linked to EMT change in clinical tissue
samples including CRC.(21–23)

Materials and Methods

Tissue samples and cell lines. Colorectal tissue samples
(n = 213) were collected during surgery at the Department of
Surgery, Osaka University (Osaka, Japan), including T1 CRCs
(n = 87) (1990–2004) that invaded the submucosa layer, and
T2–4 CRCs (n = 126) (1995–2007) that invaded the muscularis
propria, subserosa, and other organs or structures and/or perfo-
rated the visceral peritoneum. In this study, none of the patients
had preoperative chemotherapy or irradiation. As adjuvant ther-
apy, patients with stage III/IV were treated with 5-fluorouracil-
based chemotherapy.
Samples were fixed in buffered formalin at 4°C overnight,

processed through graded ethanol solutions, and embedded
in paraffin. The specimens were appropriately used under
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approval by the ethics committee at the Graduate School of
Medicine, Osaka University. The human colon cancer cell
lines HCT116, DLD1, LoVo, and Caco2 were obtained from
the ATCC (Manassas, VA, USA). These cells were grown in
DMEM supplemented with 10% FBS, 100 U/mL penicillin,
and 100 lg/mL streptomycin, and grown at 37°C in a humidi-
fied incubator, under 5% CO2 in air.

Antibodies. Anti-human C4.4A polyclonal antibody(20) was
used for this study. Among the full amino acid sequences of
human C4.4A,(6) the sequence AGHQDRSNSGQYPAKG at
the C-terminus containing a portion of the GPI anchor was
selected as the immunogen.
Anti-human Ki-67 mAb (BD Pharmingen, San Diego, CA,

USA), anti-human E-cadherin mAb (Dako, Glostrup, Den-
mark), and anti-human b-catenin mAb (Invitrogen, Carlsbad,
CA, USA) were also used.

Immunohistochemistry. Tissue sections (4 lm thick) were
prepared from paraffin-embedded blocks. After antigen retrie-
val treatment in 10 mM citrate buffer (pH 6.0) at 95°C for
40 min, immunostaining was carried out using the Vectastain

ABC peroxidase kit (Vector Laboratories, Burlingame, CA,
USA) as we have described previously.(24,25) The slides were
incubated with appropriate antibodies overnight at 4°C at the
following dilutions: C4.4A, 1:200; Ki-67, 1:50; E-cadherin,
1:75; b-catenin; 1:75. Non-immunized rabbit IgG or mouse
IgG (Vector Laboratories) was used as a negative control and
substituted for the primary antibody to exclude possible false-
positive responses from the secondary antibody or from non-
specific binding of IgG.

Assessment of tumor budding. Tumor budding was estimated
according to the definition proposed by Ueno et al.(11,16) An
isolated cancer cell or a cluster composed of fewer than five
cancer cells (1, 2, 3, or 4) was defined as tumor budding. The
number of buddings was counted in the field under a magnifi-
cation of 9200 in the invasive front area. The tumor buddings
were classified as low grade (0–9 budding foci per microscopic
field) or high grade (10 or more budding foci per microscopic
field).

Transfection of small interfering RNAs and plasmids. For
siRNA inhibition, double-stranded RNA duplexes targeting

P = 0.004

T1 cancer
(n = 87)

Advanced cancer
(n = 126)

5

10

15

0

20

Entire CRC series (n = 213)

B
ud

di
ng

 c
ou

nt
(%

)

(%
)

Budding count Budding count

80

60

40

20

100

0
1–4 5–90 10– 1–4 5–90 10–

(A) (B)

(E)

(C)

(D)

80

60

40

20

100

0

Fig. 1. Tumor budding in colorectal cancer (CRC). (A) Tumor budding (arrows) at the invasive front of specimens from early T1 CRC (H&E). (B)
Tumor budding (arrows) at the invasive front of specimens from advanced T2–4 CRC (H&E). (C) The budding count of advanced CRC was signifi-
cantly greater than for T1 CRC (P = 0.004). (D) The number of T1 CRC cases when stratified by budding count: 0, n = 44; 1–4, n = 31; 5–9, n = 9;
� 10, n = 3. (E) The number of advanced CRC cases when stratified by budding count: 0, n = 72; 1–4, n = 18; 5–9, n = 14; � 10, n = 22. Magnifi-
cation, (A) 9200; (B) 9200.
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human C4.4A were as follows: 5′-GGAUGAAUUCUGCAC-
UCGGGAUGGA-3′/5′-UCCAUCCCGAGUGCAGAAUUCAU-
CC-3′ (siRNA I, HSS120350; Invitrogen); 5′-GCUGUAACUC-
UGACCUCCGCAACAA-3′/5′-UUGUUGCGGAGGUCAGAG-
UUACAGC-3′ (siRNA II, HSS120351; Invitrogen); and 5′-CA-
ACGUCACCUUGACGGCAGCUAAU-3′/5′-AUUAGCUGCC-
GUCAAGGUGACGUUG-3′ (siRNA III, HSS178302; Invitro-
gen). Negative-control siRNAs were purchased in a Stealth
RNAi kit (Invitrogen). Colorectal cancer cell lines were
transfected with siRNA using Lipofectamine RNAiMAX
(Invitrogen) according to the manufacturer’s protocols. Plas-
mids with the human C4.4A NM_014400 (Origene, Rockville,
MD, USA) were transiently transfected with Lipofectamine
2000 (Invitrogen). An empty vector pCMV6-XL5 was used as
a mock control.

Proliferation assay. Cells were uniformly seeded (5 9
104 per well) into 12-well dishes in triplicate and grown in a
complete medium supplemented with 10% FBS. After 24, 48,
and 72 h, the cells were counted using a hemocytometer.

Invasion assay. Using Transwell cell culture chambers (BD
Biosciences, Franklin Lakes, NJ, USA), the invasion assay
was carried out as described previously.(26) Briefly, 5 9
105 cells were seeded in triplicate on the Matrigel-coated
membrane. After 48 h, cells that had invaded the undersur-
face of the membrane were fixed with 100% methanol and
stained with 1% toluidine blue. Three microscopic fields
were randomly selected for cell counting.

Quantitative real-time PCR. Total RNA was extracted using
TRIzol reagent (Life Technologies, Rockville, MD, USA).
cDNA was generated from 1 lg total RNA with avian myelo-
blastosis virus reverse transcriptase (Promega, Madison, WI,
USA). Quantitative real-time PCR was carried out using Light-
Cycler (Idaho Technology, Salt Lake City, UT, USA) as

described previously.(27) Quantification data from each sample
were analyzed using the LightCycler analysis software.
The primer sequences(8) used in this study were: C4.4A

sense, 5′-AAGAATGACCGCGGCCTGGATC-3′; C4.4A anti-
sense, 5′-GACATGATCGCTGGCGTTGTAG-3′; E-cadherin
sense, 5′-CCCGGGACAACGTTTATTAC-3′; antisense, 5′-
GCTGGCTCAAGTCAAAGTCC-3′; N-cadherin sense, 5′-ACA
GTGGCCACCTACAAAGG-3′; N-cadherin antisense, 5′-CCG-
AGATGGGGTTGATAATG-3′; vimentin sense, 5′-AAAGTG-
TGGCTGCCAAGAAC-3′; and vimentin antisense, 5′-AGC-
CTCAGAGAGGTCAGCAA-3′. The amount of each transcript
was normalized against the expression of the housekeeping gene,
G3PDH, from the same sample with the primers: sense, 5′-CA-
ACTACATGGTTTACATGTTC-3′; and antisense, 5′-GCCA-
GTGGACTCCACGAC-3′.(28)

Statistical analysis. Statistical analysis was carried out using
the JMP8 program (SAS Institute, Cary, NC, USA). The Kap-
lan–Meier method was used to estimate tumor recurrence from
CRC, and the log–rank test was used to determine the statisti-
cal significance. Associations between discrete variables were
assessed using the chi-square test. Mean values were compared
using the Mann–Whitney U-test. Spearman’s rank correlation
test was used to analyze the correlation between two factors.
For continuous variables used in the in vitro analysis, data are
expressed as mean ± SD and were analyzed with the Wilcoxon
rank test. P-values < 0.05 were considered statistically signifi-
cant.

Results

Tumor budding in CRC tissue. Representative images of tumor
budding adjacent to the invasive front of T1 CRC or advanced
CRC are shown in Figure 1(A,B). Tumor budding was noted
in 43 of 87 T1 CRC cases (49.4%), and 54 of 126 advanced
CRC cases (42.9%). The T1 CRCs had a budding (foci) count
of 1.75 ± 2.78, and the advanced CRCs had 3.66 ± 5.66; the
difference was significant (P = 0.004; Fig. 1C). The number of
T1 CRC cases when stratified by budding count was as fol-
lows: budding count 1–4, n = 31; 5–9, n = 9; and � 10, n = 3
(Fig. 1D). The number of advanced CRC cases was as follows:
budding count 1–4, n = 18; 5–9, n = 14; and � 10, n = 22
(Fig. 1E). When the advanced CRC cases were classified into
two groups, that is, high-grade budding (� 10, n = 22) and
low-grade budding (0–9, n = 104), as previously reported,(11)

the presence of lymph node metastasis was significantly
greater in the high-grade budding group (P = 0.005; Table 1).
Survival analysis indicated that the high-grade budding group
was significantly associated with poorer prognosis when
compared to the low-grade budding group in both 5-year
OS and 5-year DFS (P < 0.0001 and P = 0.004, respec-
tively; Fig. S1).

C4.4A expression and tumor budding. In either T1 CRCs or
advanced CRCs, C4.4A expression was present on the plasma
membrane at the invasive front, whereas C4.4A was weakly
expressed in the cytoplasm in the superficial and intermediate
portions of the specimen (Fig. 2A,B). Membranous C4.4A
expression was found at the tumor frontier in 12 of 87 T1
CRCs (13.8%) and 33 of 126 advanced CRCs (26.2%).
In T1 CRC cases, the C4.4A-positive cases had a budding

count of 3.58 ± 0.78, whereas the C4.4A-negative cases had a
count of 1.45 ± 0.31. The difference was statistically signifi-
cant (P = 0.013; Fig. 2C). In advanced CRC cases, the C4.4-
positive cases had a markedly larger budding count
(9.45 ± 5.83) than did C4.4A-negative cases (1.60 ± 3.93),
with a statistical difference (P < 0.001; Fig. 2D). Furthermore,
we found a clear correlation between the percentage of C4.4A-
positive cases and budding count in advanced CRC
(P < 0.001; Fig. 2E).

Table 1. Budding count and clinicopathological features of

colorectal cancer

Budding count Low grade (0–9)

(n = 104)

High grade (�10)

(n = 22) P-value

Factors Number Number

Tumor size

(median ± SD)

5.02 ± 2.39 4.85 ± 1.74 0.638

Depth of invasion

~mp 20 3 0.763

ss~ 84 19

Differentiation

Well, mod 94 22 0.208

Por, muc 10 0

Lymph invasion

Negative 17 1 0.195

Positive 87 21

Lymph node metastasis

Negative 59 5 0.005*

Positive 45 17

Venous invasion

Negative 71 12 0.226

Positive 33 10

Distant metastasis

Negative 87 16 0.234

Positive 17 6

Peritoneal dissemination

Negative 96 22 0.349

Positive 8 0

*Statistically significant. Mod, moderately differentiated adenocarci-
noma; mp, muscularis propria; muc, mucinous carcinoma; por, poorly
differentiated adenocarcinoma; ss, subserosa; well, well-differentiated
adenocarcinoma.
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Multivariate analysis for patient survival. Univariate analysis
showed that the following factors were significantly related to
5-year OS: tumor size; lymph node metastasis; distant metasta-
sis; peritoneal dissemination; high-grade budding; and C4.4A
expression (Table 2a). Multivariate analysis revealed that C4.4A
expression, lymph node metastasis, and peritoneal metastasis
(P = 0.02, P = 0.002, and P = 0.02, respectively) but not
tumor budding were independent prognostic factors (Table 2a).
In stage II and III CRCs (n = 81), univariate analysis

showed that lymph node metastasis, high-grade budding, and
C4.4A expression were significantly related to 5-year DFS.
The C4.4A expression and lymph node metastasis (P = 0.015
and P = 0.049, respectively) but not tumor budding were iden-
tified as independent prognostic factors by multivariate analy-
sis (Table 2b).

In vitro effects of C4.4A on cell growth and invasion. The
results of the RT-PCR assay showed that colon cancer cell
lines varied in C4.4A mRNA levels (Fig. 3A). Using the
HCT116 cell line that showed high C4.4A expression, treat-
ment with three different siRNAs against C4.4A (siRNAs I, II,
and III) yielded a considerable reduction in C4.4A mRNA

compared to negative-control siRNA (Fig. 3B-1). Proliferation
assays indicated that the knockdown of C4.4A resulted in no
change in the number of HCT116 cells (Fig. 3B-2). However,
invasion assays showed that siRNA treatment caused a
decrease in invasive HCT116 cells at 48 h (P < 0.05; Fig. 3B-
3,B-4).
Using the DLD1 cell line that expressed low levels of

C4.4A mRNA, we transiently introduced C4.4A cDNA
(Fig. 3C-1). Cell proliferation was not affected (Fig. 3C-2),
but forced expression of C4.4A resulted in increased cell inva-
sion of DLD1 at 48 h (P < 0.05, Fig. 3C-3,C-4).

Comparative immunostaining for C4.4A and Ki-67 proliferation
marker. We then carried out a comparative immunohistochem-
ical study between C4.4A and the Ki-67 proliferation marker
in a subset of C4.4A-positive CRCs (n = 23). Membranous
C4.4A expression was exclusively found at the invasive front
of CRCs tested (Fig. S2A), whereas Ki-67-positive cells were
randomly distributed (Fig. S2B). No clear relationship between
C4.4A and Ki-67 expression was found.

In vitro studies on EMT of HCT116 cells. The cells treated with
negative control siRNA often displayed a spindle-shaped,
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fibroblast-like morphology when seeded at high cell density
and these features were more evident when cells were seeded
at a low density (Fig. 4A). In contrast, C4.4A knocked-down
cells by siRNA II adopted an epithelial cell-like morphology,
with a more rounded cell shape, and cell–cell adhesion was
obvious at a high cell density. This morphological feature was
maintained even in a low density culture (Fig. 4A). The RT-
PCR assays indicated that E-cadherin mRNA significantly
increased (P < 0.05) and vimentin mRNA significantly
decreased (P < 0.05) in C4.4A knocked-down cells. However,
no significant change was noted in N-cadherin mRNA levels
(Fig. 4B).
In contrast, forced overexpression of C4.4A cDNA did not

show apparent morphological changes, showing similar fibro-
blast-like morphology to the control cultures (data not shown).
In the RT-PCR assays, we found that C4.4A overexpression
led to significant decrease in E-cadherin mRNA, and increase
in N-cadherin mRNA and vimentin mRNA (P < 0.05 for each)
(Fig. 4C).

Immunohistochemistry for E-cadherin and b-catenin in CRC
tissues. We carried out immunohistochemical staining of
E-cadherin and b-catenin in C4.4A-positive CRCs (n = 31)
and C4.4A-negative CRCs (n = 35). In a considerable fraction
of CRCs, E-cadherin expression was reduced or lost and
nuclear b-catenin with cytoplasmic accumulation increased at
the invasive front, when compared to CRCs in the superficial
portions (Fig. 5). As summarized in Table 3, C4.4A expression
was significantly associated with a decrease in E-cadherin
expression (P = 0.0002) and an increase in b-catenin expression
(P = 0.0058).

Discussion

We previously showed a significant association between high
expression of C4.4A mRNA and shorter OS in CRC.(20) In that
study, we also found that the anti-C4.4A antibody, which rec-

ognizes the C-terminus of C4.4A, indicated intense C4.4A
expression on the plasma membrane at the invasive front in
25.8% of CRC tissue samples.
Tumor budding is a hallmark of invasion of CRC that

appears at the invasive front. Our previous study showed that
a membranous C4.4A expression pattern was linked to venous
invasion and depth of tumor invasion, so we developed the
hypothesis that the C4.4A protein might be responsible for the
generation or expansion of tumor budding.
To address this issue, we examined the tumor budding count

in relation to C4.4A expression at the tumor invasion front.
We also prepared clinical samples of 87 T1 early cancers and
compared the results with advanced cancers (T2–T4) to assess
whether C4.4A might affect budding formation at an early
stage or contribute to expansion of budding foci at a relatively
late stage during progression.
We found that the number of budding foci significantly

increased from 1.75 ± 2.78 to 3.66 ± 5.66. Because the per-
centage of tumors with budding foci was similar between early
cancer (49.4%) and advanced cancer (42.9%), it appears that
the individual tumor may be destined at an early stage to pro-
duce or not produce budding foci. In early cancer, the number
of budding foci was still small, and the majority were associ-
ated with 1–4 budding foci (35.6%) (Fig. 1D). It is noteworthy
that CRCs with 10 or more budding foci increased from 3.5%
to 17.5% from early cancer to advanced cancer. These findings
suggest that budding foci produced at the early stage subse-
quently increase during tumor progression.
We then examined the relationship between budding count

and membranous C4.4A expression at the tumor invasive front.
In early cancer, the budding count in C4.4A-positive tumors
(3.58 ± 0.78) was significantly higher than in C4.4A-negative
tumors (1.45 ± 0.31). This difference markedly increased
in advanced cancer. Thus, C4.4A-positive samples had
9.45 ± 5.83 budding foci, whereas C4.4A-negative samples
had only 1.60 ± 3.93 budding foci. Further detailed analysis

Table 2. (a) Overall survival analysis in colorectal cancer patients (n = 126) (b) disease-free survival analysis in colorectal cancer patients

(n = 81)

Univariate analysis P-value
Multivariate analysis

Risk ratio Confidence interval P-value

(a)

Tumor size (� 4.8 vs <4.8 cm)† 0.048* 2.149 0.936–5.263 0.072

Depth of invasion (~mp vs ss~) 0.199 – – –

Differentiation (well, mod vs por, muc) 0.483 – – –

Lymph invasion (positive vs negative) 0.165 – – –

Lymph node metastasis (positive vs negative) 0.001* 4.896 1.754–17.451 0.002*

Venous invasion (positive vs negative) 0.532 – – –

Distant metastasis (positive vs negative) 0.0004* 10.435 0.837–133.270 0.067

Peritoneal dissemination (positive vs negative) 0.045* 5.545 1.341–20.449 0.020*

Expression of C4.4A (positive vs negative) 0.001* 3.928 1.245–12.582 0.020*

Budding (high grade vs low grade) 0.0003* 1.761 0.620–5.300 0.292

(b)

Tumor size (� 5.0 vs <5.0 cm)† 0.116 – – –

Depth of invasion (~mp vs ss~) 0.735 – – –

Differentiation (well, mod vs por, muc) 0.088 – – –

Lymph invasion (positive vs negative) 0.967 – – –

Lymph node metastasis (positive vs negative) 0.014* 2.714 1.005–8.075 0.049*

Venous invasion (positive vs negative) 0.645 – – –

Expression of C4.4A (positive vs negative) 0.001* 3.890 1.314–11.658 0.015*

Budding (high grade vs low grade) 0.013* 1.149 0.366–3.620 0.810

†Median tumor size. *Statistically significant. –, not tested; mod, moderately differentiated adenocarcinoma; mp, muscularis propria; muc,
mucinous carcinoma; por, poorly differentiated adenocarcinoma; ss, subserosa; well, well-differentiated adenocarcinoma.
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indicated a close relationship between budding count and
C4.4A positivity (Fig. 2E). Of note, 77.3% of CRCs (17/22)
harboring more than 10 or more budding foci were C4.4A-
positive cases. Conversely, CRCs devoid of budding foci were

almost all C4.4A-negative cases (95.8%, 69/72). These find-
ings strongly suggest that the C4.4A protein positively acts to
contribute to the expansion of budding foci in the process of
tumor progression.
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Several studies have indicated that tumor budding is a strong
unfavorable prognostic factor in CRC.(11,12,17,29–31) We also
found in this study that high-grade budding (budding count
� 10) was a significant predictor of poor prognosis and disease
recurrence in CRC. However, we found that C4.4A expression,
but not tumor budding, remained as an independent prognostic
factor by multivariate analysis, suggesting that C4.4A, rather
than the budding foci, may be a superb predictor of disease
recurrence in CRC. This outcome is not surprising because, as
we showed previously, C4.4A expression is highly predictive
of hematogenous metastases to liver and lung in CRC,(20)

which are the major reasons for CRC-related death. Similar to
our findings, several large-scale studies indicated that tumor
budding was associated with lymph node metastasis, but not
always related to venous invasion.(32–35)

To assess how C4.4A helps to increase tumor budding, we
examined cell proliferation in relation to C4.4A expression.
In vitro knockout of C4.4A or introduction of C4.4A cDNA
did not affect growth of colon cancer cells, either. Immunohis-
tochemistry for Ki-67 revealed no correlation between C4.4A-
positive cells and cycling cells with proliferative activity in a
subset of CRC tissue samples (Fig. S2). These findings indi-
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cate that an increase in budding foci is not simply the result of
cell cycle acceleration. To maintain budding status (of which
cell number is <5) and to increase the number of budding foci,
cells need to migrate and divide. In this context, a report by
Paret et al. is of interest; they found that C4.4A supports cell
migration through the binding of laminin 5, a putative molecu-
lar marker for tumor budding.(36–38) In the 3-D cancer micro-
environment, however, cells need to not only migrate, but
also invade the ECM, which led us to carry out invasion
assays. The invasion assay, using a Boyden chamber,
revealed that the C4.4A level was clearly associated with the
cell-invasive ability of HCT116 and DLD1 colon cancer cell
lines. Based on these findings, it is postulated that the
C4.4A-expressing cells invade into the ECM, which may help
to maintain budding status and may also facilitate release of
the budding foci easily from the tumor invasive front, result-
ing in an increased budding count as compared to C4.4A-
negative tumors.
To further investigate the underlying molecular mechanism

of how C4.4A helps to increase tumor budding, we examined
the role of C4.4A in EMT. Tumor budding is reportedly asso-
ciated with loss of E-cadherin and gain of b-catenin, which are
putative molecular changes during EMT in CRC and tongue

squamous cell carcinoma.(21–23) For in vitro assessment of
EMT, we used HCT116 cells because they have a spindle,
fibroblast-like shape that represents mesenchymal features, and
we could either enhance or reduce C4.4A expression levels by
the genetic engineering technique. Using siRNA II, the most
effective siRNA (see Fig. 3B), C4.4A inhibition drastically
altered the morphology of HCT116 cells from the fibroblast-
like shape to a more epithelial appearance (Fig. 4A). As cell
–cell contact increased, E-cadherin levels increased, and
vimentin mRNA decreased. When we overexpressed C4.4A
cDNA in HCT116 cells, we did not find morphological
changes, probably because the intrinsic C4.4A level may be
enough to represent the spindle-shaped, fibroblastic morpho-
logy. However, we should emphasize that intracellular signal-
ing modulated by C4.4A overexpression is clearly linked to
typical changes in EMT markers, that is, increase in vimentin
and N-cadherin levels, and decrease in E-cadherin.
Based on these findings in vitro, we raised the hypothesis

that C4.4A could promote EMT at the invasive front of CRC
tissue. We carried out immunohistochemistry for E-cadherin
and b-catenin in clinical CRC samples and found a strong
association between C4.4A expression and loss of E-cadherin
(P = 0.0002), and gain of nuclear b-catenin with cytoplasmic
accumulation (P = 0.0058). In addition, C4.4A expression was
associated with gain of either nuclear b-catenin alone
(P = 0.027) or cytoplasmic accumulation of b-catenin alone
(P = 0.006) (data not shown). We could not detect vimentin
expression in tumor cells, although intense vimentin expression
was noted in fibroblasts in cancer-associated stroma, as we
previously reported in a separate CRC series(39) (data not
shown). Taken together, it is likely that C4.4A could play a
crucial role in promoting EMT at the tumor invasive front of
CRC, which may help invasion of budding foci. This finding
may also account for the reason why C4.4A was linked to
venous invasion and metastasis of CRC.
In conclusion, the present study revealed that membranous

expression of C4.4A at the tumor front was tightly associated
with an increase in tumor budding of CRC. We found that
C4.4A was a superior prognostic factor in CRC compared to
tumor budding. Our data suggest that C4.4A may contribute to
increasing the budding foci through the enhancement of cell
invasion by the EMT mechanism.
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Fig. 5. Immunohistochemistry for C4.4A, E-cadherin and b-catenin in clinical CRC samples. Both the superficial portion (A,C,E) and the invasive
front (B,D,F) of the cancer body are shown. At the invasive front, the C4.4A protein was translocated onto the plasma membrane (A), E-cadherin
expression was largely reduced (D), and nuclear b-catenin increased with cytoplasmic accumulation (F). Magnification, 9100.

Table 3. Expression of C4.4A, E-cadherin, and b-catenin in colorectal

cancer tissues (n = 66)

C4.4 negative

(n = 35)

C4.4 positive

(n = 31)
P-value

E-cadherin

Decrease† 16 28 0.0002*

Others 19 3

b-catenin
Increase‡ 9 19 0.0058*

Others 26 12

†E-cadherin expression is reduced or lost at the invasive front com-
pared to that at the superficial portion of the cancer body. ‡Nuclear
b-catenin with cytoplasmic accumulation increases at the invasive
front compared to that at the superficial portion of the cancer body.
*Statistically significant.
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