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Type IV collagen, a major component of the basement
membrane (BM), is composed of six genetically dis-
tinct �(IV) chains, �1(IV) to �6(IV). Their genes are
paired on three different chromosomes in a head-to-
head arrangement. The �5(IV) gene (COL4A5) and the
�6(IV) gene (COL4A6) are on chromosome Xq22 and
are regulated by a bidirectional promoter. Loss of the
�5(IV)/�6(IV) chains in epithelial BM occur in the
early stage of cancer invasion. However, the regula-
tory mechanism of the specific loss of the �5(IV)/
�6(IV) chains during cancer cell invasion is still un-
determined. In the present study, we examined the
expression of the �5(IV)/�6(IV) chains and the methyl-
ation profiles of the bidirectional promoter region of
COL4A5/COL4A6 in colon cancer cell lines and colorec-
tal tumor tissues. The expression of the �5(IV)/�6(IV)
chains was down-regulated in colorectal cancer, and
the loss of expression of the �5(IV)/�6(IV) chains was
associated with the hypermethylation of their promoter
region. In conclusion, the hypermethylation of the bi-
directional promoter region of COL4A5/COL4A6 is one
of the events that is responsible for the loss of expres-
sion of the �5(IV)/�6(IV) chains and the remodeling of
the epithelial BM during cancer cell invasion. (Am J

Pathol 2006, 168:856–865; DOI: 10.2353/ajpath.2006.050384)

Type IV collagen is a major component of the basement
membrane (BM) that separates epithelial cells from the
underlying stroma. Type IV collagen is composed of six
genetically different �(IV) chains, �1(IV) to �6(IV). Their
genes are paired on three different chromosomes in a
head-to-head arrangement. The �1(IV) gene (COL4A1)
and the �2(IV) gene (COL4A2) are localized on chromo-
some 13q34,1 the �3(IV) gene (COL4A3) and the �4(IV)
gene (COL4A4) are on chromosome 2q36,2 and the
�5(IV) gene (COL4A5) and the �6(IV) gene (COL4A6) are
on chromosome Xq22.3 Three molecular forms of type IV
collagen, composed of [�1(IV)]2/�2(IV), �3(IV)/�4(IV)/
�5(IV) and [�5(IV)]2/�6(IV), have been characterized.
They form meshworks in which the molecules are cross-
linked at their C- and N-terminal ends.4 The [�1(IV)]2/
�2(IV) chains exist in all BMs of the whole body. However,
the �3(IV)-�6(IV) chains are distributed in the BM in a
tissue-specific manner. For instance, the �3(IV)/�4(IV)/
�5(IV) chains are distributed in the BM of the glomerulus
of the kidney and in the BM of the alveoli of the lung,5–7

whereas the [�5(IV)]2/�6(IV) chains localize in the BM of
epidermis, smooth muscle cells,6 mammary glands,8 and
epithelium of the alimentary tract.6,9

We have reported the remodeling of type IV collagen �
chains in the BM of several invasive cancers, including
basal cell carcinoma of the skin,10 breast cancer,8 ade-
nocarcinoma of the lung,11 and adenoid cystic carci-
noma of the salivary glands.12 In the normal colonic ep-
ithelium, the BM consists of both the [�1(IV)]2/�2(IV) and
the [�5(IV)]2/�6(IV) chains, and the loss of the [�5(IV)]2/
�6(IV) chains in the early invasive stage of colon cancer
was observed by immunohistochemical examination.13,14

However, the regulatory mechanism of the specific loss
of the �5(IV)/�6(IV) chains is still unknown. Type IV col-
lagen, for a long time, has been considered only as a
scaffold for the binding of other BM components (laminin,
heparan sulfate proteoglycan, and nidogen). Recently,
many studies have demonstrated the potentially active
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roles of type IV collagen in cell behavior. Their active role
in angiogenesis,15–17 cell growth, adhesion,15 and tumor
cell invasion18,19 has also been reported. Therefore, the
loss of the tissue-specific �(IV) chains in the epithelial BM
may be closely related to biologically significant events in
the early invasive stage of cancer.

Aberrant methylation of the CpG islands of the pro-
moter region was identified as an epigenetic mechanism
for the silencing of multiple genes. In malignant tumors,
the hypermethylation of multiple genes was reported. The
methylation of tumor suppressor genes, mismatch repair
genes, adhesion molecules, and extracellular matrix
genes has been described.20 In addition, in colorectal
cancer, many types of gene are silenced by the hyper-
methylation of their promoters.21 Burbelo and col-
leagues22 demonstrated that the expression of the
�1(IV)/�2(IV) chains was inhibited by the hypermethyl-
ation of their promoters in teratocarcinoma cells. How-
ever, there are no reports, to our knowledge, that have
investigated the regulatory relationship between the ex-
pression of the �3(IV) to �6(IV) chains and the hyper-
methylation of their promoters. In this study, we investi-
gated the expression of type IV collagen � chains in
several human colon cancer cell lines and human colo-
rectal tumor tissues and analyzed the relationship be-
tween the loss of expression of the �5(IV)/�6(IV) chains
and the presence of the hypermethylation of the promoter
region of COL4A5 and COL4A6.

Materials and Methods

Tissue Samples

Tissue samples for this study were obtained by surgical
resection at the Kumamoto University School of Medicine
between 1999 and 2004. We selected cases in which
frozen tissues had been preserved for genomic analysis.
We selected 12 cases of colorectal adenocarcinoma and
2 cases of colon tubular adenoma. Informed consent was
obtained from each patient. In 12 patients with colorectal
cancer, 6 patients were male and 6 patients were female
with the median age of 66 years (range, 55 to 80 years).
The locations of the tumors were as follows: cecum (n �
2), ascending colon (n � 2), descending colon (n � 1),
sigmoid colon (n � 3), and rectum (n � 4). The Dukes’
stages of the tumors were A (n � 2), B (n � 5), and C (n �
5). The cancer cells of all cases had invaded through the
lamina muscularis mucosae. The histological classifica-
tions of the tumors were well-differentiated adenocarci-
noma (n � 4), moderately differentiated adenocarcinoma
(n � 6), poorly differentiated adenocarcinoma (n � 1),
and mucinous adenocarcinoma (n � 1). Both cases of
tubular adenoma, with low-grade dysplasia, were from
male patients. The tissue blocks of each tumor and the
adjacent normal colonic mucosa were frozen immedi-
ately and preserved for DNA analysis. The resected tis-
sues were also fixed in 10% formaldehyde and embed-
ded in paraffin for immunohistochemical study.

Immunohistochemistry

Primary antibodies against six different �(IV) chains, rec-
ognizing the sequences of each C-terminal noncollag-
enous (NC1) domain [H11 for �1(IV), H21 for �2(IV), H31
for �3(IV), H43 for �4(IV), H63 for �6(IV)] or helical do-
main [H53 for �5(IV)], were established with the rat lymph
node method.23 Immunohistochemical staining was per-
formed on 4-�m-thick serial sections from paraffin-em-
bedded tissue blocks according to the previous proto-
col.13 Briefly, for the immunostaining of the �1(IV) to
�6(IV) chains, deparaffinized sections were pretreated
for antigen retrieval by autoclave heating (132°C, 303
kPa) in 10 mmol/L citrate buffer (pH 3.3) for 5 minutes.
These sections were blocked for endogenous peroxidase
activity with 3% H2O2 in methanol for 60 minutes and then
washed in phosphate-buffered saline (PBS). Thereafter,
sections were immersed in 5% normal rabbit serum in
PBS for 30 minutes, covered with primary rat monoclonal-
specific antibodies for the �(IV) chains, and incubated
overnight at 4°C. Immunoreactions were performed using
a Vectastain peroxidase ABC kit (Vector Laboratories,
Burlingame, CA). The antigenic sites were demonstrated
by reacting the sections with a mixture of 0.05% 3,3-
diaminobenzidine tetrahydrochloride (Dojin Chemicals,
Tokyo, Japan) in 0.05 mol/L Tris-HCl buffer, pH 7.6, con-
taining 0.01% H2O2 for 7 minutes. The nuclei were
stained with hematoxylin.

In Situ Hybridization

In situ hybridization was performed on 5-�m serial sections
of paraffin-embedded tissue blocks. We used the following
chain-specific cDNA probes: MS2, a 1.4-kb EcoRI fragment
containing a downstream part of the collagenous domain of
the �2(IV) collagen gene, and TM27, a 1.8-kb EcoRI frag-
ment containing the proximal part of the collagenous do-
main of the �6(IV) gene. Each probe was labeled with
35S-thymidine 5�-[�-thio]triphosphate by nick-translation to
the specific activity of 2 to 4 � 108 cpm/�g DNA. The
hybridization procedures used in this study were almost as
those described previously.8 Briefly, deparaffinized sec-
tions were treated with Pronase E and acetylated with acetic
anhydride. The slides were washed, dehydrated in ethanol,
and dried in air. The treated sections were processed for in
situ hybridization at 45°C for 18 hours in a mixture contain-
ing the 35S-labbeled cDNA probe (1 �g/ml), yeast tRNA
(500 �g/ml), salmon sperm DNA (80 �g/ml), 50% form-
amide, 10 mmol/L Tris-HCl, 0.15 mol/L NaCl, 1 mmol/L
ethylenediaminetetraacetic acid, 1� Denhardt’s mixture,
and 10% dextran sulfate. After hybridization, the washed
and dried slides were dipped into Kodak (Rochester, NY)
NTB-2 emulation and exposed for 7 days at 4°C. The sec-
tions were counterstained with hematoxylin.

Cell Culture

Human colon cancer cell lines (Caco-2, HCT 116, SW480,
DLD-1, LoVo, COLO 201, HT-29, and WiDr) and a human
foreskin fibroblast cell line (Hs68) were obtained from Amer-
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ican Type Culture Collection (Manassas, VA). Cell cultures
were grown in recommended medium with 10% fetal bovine
serum and incubated in 5% CO2 at 37°C. For the immuno-
histochemical analysis of the expression of the �(IV) chains,
cell lines were cultured in Matrigel (a solubilized BM matrix
extracted from the Engelbreth-Holm-Swarm mouse tumor;
BD Biosciences, Bedford, MA).24 They were incubated at
37°C until the cell suspension gelled, and cell culture media
was added. The gels containing the cultured cells were
incubated for 2 weeks and fixed with 10% formaldehyde
and embedded in paraffin for the immunohistochemical
examination.

5-Aza-dC Treatment

DLD-1, HT29, and WiDr, RT-negative cell lines, were
treated with the demethylating agent 5-aza-deoxycyti-
dine (5-Aza-dC) (Sigma-Aldrich, St. Louis, MO), as de-
scribed previously.25 The cell cultures were plated at a
density of 1 � 105 per 10-cm2 dish, and incubated in the
medium without 5-Aza-dC for 24 hours. Thereafter,
5-Aza-dC was added at a concentration of 1 �mol/L and
5 �mol/L and incubated for 1 week.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR) for Type IV Collagen �

Chains

Total RNA was extracted from 2 � 106 cells of each cell line
with TRIzol reagent (Life Technologies, Inc., Grand Island,
NY) following the manufacturer’s instructions. Five �g each
of total RNA was reverse-transcribed to cDNA with Super
Script First Strand System (Invitrogen, Carlsbad, CA). Prim-
ers were designed to detect the expression of mRNA of
�(IV) chains. The chain-specific sequences were selected
for the primer design from the NC1 domain coding regions:
�1(IV) sense 5�-CAGCCAGACCATTCAGATCC-3�, anti-
sense 5�-GGCGTAGGCTTCTTGAACAT-3�, �2(IV) sense
5�-GCATGAACAAACTCTGGAGTG-3�, anti-sense 5�-CTT-
GATCTCGTCCTCGGCCA-3�, �5(IV) sense 5�-AGAGCA-
TCCAGCCATTCATT-3�, anti-sense 5�-TTCAGCGTTTCT-
GACTGAGG-3�, �6(IV) sense 5�-CAACGAGGTGTGCC-
ACTATG-3�, and anti-sense 5�-TTCAGCGTTTCAGACA-
CAGG-3�. GAPDH was used as the RT-PCR control to verify
the quality and quantity of the template cDNAs: sense 5�-
TGAACGGGAAGCTCACTGG-3� and anti-sense 5�-TC-
CACCACCCTGTTGCTGTA-3�. The PCRs were performed
with Accuprime Taq polymerase (Invitrogen). The PCR
products were visualized on 2% agarose gels stained with
ethidium bromide.

Bisulfite Sequencing

Genomic DNAs from cultured cells were extracted from 2 �
106 cells with the use of TRIzol reagent. The genomic DNAs
from frozen tissues were exacted from each 50 mg of tissue
with an ISOTISSUE kit (Nippon Gene, Toyama, Japan). Ten
�g of EcoRI-treated DNA was modified by sodium bisulfite
treatment as described previously.26 The primers for the

modified sequence of the common promoter region of
COL4A5 and COL4A6 were designed as follows: sense
5�-TGAGGTTTGGGTGAAGAGAAAG-3� and anti-sense 5�-
TCCCAATATTTTCACATCTTC-3�. The PCR reaction was
performed for the amplification of the promoter region. The
PCR product was cloned with a TOPO TA cloning kit (In-
vitrogen) according to the instruction manual. Ten colonies
of transformed competent cells were picked, and incubated
in 5 ml of LB medium with 50 �g/ml of ampicillin for 16
hours. The plasmid from each clone was extracted with
QIAMP DNA mini-kit (Qiagen, Valencia, CA). Cycle se-
quencing was performed with a Bigdye terminator kit (Ap-
plied Biosystems, Foster City, CA), after which the DNA was
sequenced on an ABI310 automated sequencer (Applied
Biosystems).

Luciferase Assays

The 5�-flanking fragment of the COL4A6 gene was used for
generating reporter construct to evaluate the promoter ac-
tivity. The fragments from �192 and �65 (0 indicates the
transcription start site of COL4A6 gene) and from �574 and
�65 were amplified from genomic DNA of Caco-2 cells and
was cloned into pGL3-Basic Vector (Promega, Madison,
WI). The PCR primers for amplification of the promoter re-
gion were designed to yield restriction ends for ligation: kpnI
and sacI (�192Luc sense 5�-GAGGTACCGACTGAGCAC-
CATGAGTCC-3�, �574Luc sense 5�-GAGGGTACCGAGA-
GGGACAGTGAGGCTTG-3�, and anti-sense 5�-CTCTC-
GAGTGTGAGCAGCTGGAAGGTAA-3�). The reporter con-
struct was methylated in vitro with SssI methylase (New
England Biolabs, Beverly, MA), which methylated all cyto-
sine residues within the CpG sites. Each microgram of
plasmid was treated with 3 U of SssI in the presence of 160
�mol/L S-adenosylmethionine at 37°C for 3 hours. Caco-2
cells were cultured in 4-cm2 dishes and transfected with 1.6
�g of reporter constructs with 2.0 �l of Lipofectamine 2000
(Invitrogen). As an internal control, 0.003 �g of phRL-TK
vector (Promega), which expresses Renilla luciferase, was
transfected in each reaction. After a 48-hour incubation, the
luciferase activities were measured with Dual-Luciferase
Reporter Assay system (Promega) according to the instruc-
tion manual.

Statistical Analysis

Data were expressed as the mean � SE. Comparison of
values with and without correspondence between the two
groups was performed using the Wilcoxon test and the
Mann-Whitney U-test. Category data were compared us-
ing the �2 test. Values of P � 0.05 were considered
statistically significant.

Results

Expression of the �(IV) Chains in the Colorectal
Tumor and Normal Tissues

We performed the immunohistochemical study for the
sections of 12 colorectal cancers, 2 cases of tubular
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adenoma and their adjacent normal colonic mucosa. In
all of the normal mucosa (Figure 1, A–H), the �1(IV)/
�2(IV) chains and the �5(IV)/�6(IV) chains were
stained in a continuous linear pattern in the BM of the
surface epithelium and crypts (Figure 1, C–F; black
arrows). As shown in the previous report,13 the �3(IV)/
�4(IV) chains were expressed only in the BM of apical
surface of epithelium (data not shown). The �1(IV)/
�2(IV) chains were also expressed in the BM of the
capillary endothelium (Figure 1, C and D; red arrows)
and smooth muscle cells of the lamina muscularis mu-
cosae, the muscularis propria, and the large blood
vessels. On the other hand, the �5(IV)/�6(IV) chains

were weakly expressed only in the smooth muscle cells
(Figure 1, Q and R; green arrows). In tubular adenoma
(Figure 1, I–M), the �1(IV)/�2(IV) chains and the �5(IV)/
�6(IV) chains were stained in continuously linear pat-
tern in the BM of the adenoma glands (Figure 1, J–M;
blue arrows). In the invasive cancer (Figure 1, N–R),
the �1(IV)/�2(IV) chains were stained in the boundary
between the gland of cancer and the extracellular ma-
trix. The staining for the �1(IV)/�2(IV) chains were vari-
ably discontinuous (Figure 1, O and P; yellow arrows).
However, the staining for the �5(IV)/�6(IV) chains
around the cancer cell nests was completely negative
(Figure 1, Q and R; yellow arrows). In the invasive

Figure 1. Immunohistochemical localizations of the �(IV) chains and their mRNA expressions in the normal colonic epithelium and colon tumors. A–H: Serial
sections of the normal colonic epithelium. �1(IV), �2(IV), �5(IV), and �6(IV) chains are evident in the BM zones of colonic epithelium (black arrows). Red
arrows indicate the �1(IV) and �2(IV) chains of the capillary BM. G: �2(IV) mRNA expression is evident both in the colonic epithelium and stromal cells including
capillaries. H: �6(IV) mRNA expression is evident in the colonic epithelium. I–M: Serial sections of tubular adenoma with low-grade dysplasia. All of the glands
indicate adenoma. �1(IV), �2(IV), �5(IV), and �6(IV) chains are evident in the BM zones of adenoma (blue arrows). N–R: Serial sections of invasive cancer.
All of the glands indicate adenocarcinoma. �1(IV) and �2(IV) chains are discontinuously stained in the BM of the cancer cell nests (yellow arrows). Green
arrows indicate the staining of the BM of the smooth muscle cells in an arteriole as the internal positive controls. A, B, I, N: H&E stain. C, J, O: Immunostaining
for �1(IV) chain. D, K, P: Immunostaining for �2(IV) chain. E, L, Q: Immunostaining for �5(IV) chain. F, M, R: Immunostaining for �6(IV) chain. G: �2(IV) mRNA
by in situ hybridization. H: �6 (IV) mRNA by in situ hybridization. Original magnifications: �100 (A, I–R); �400 (B–H).
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areas of the submucosa and the muscularis propria, no
expression of the �5(IV)/�6(IV) chains was seen
around the cancer cell nests in all of the 12 cases.

To identify the origin of �(IV) chains of epithelial BM, in
situ hybridization was performed on the resected normal
colonic mucosa. The signal for �2(IV) chain mRNA was
evident both in the colonic epithelial cells and the mes-
enchymal cells (Figure 1G). On the other hand, the signal
for �6(IV) chain mRNA was localized predominantly in the
colonic epithelial cells (Figure 1H). These results support
that �6(IV) chains of the glandular BM are produced by
colonic epithelium.

Expression of mRNA for �(IV) Chains in Colon
Cancer Cell Lines

The result of the RT-PCR for the type IV collagen � chains
is shown in Figure 2. Caco-2 is known as a colon cancer
cell line that shows enterocyte-like differentiation.27 This
cell line is useful as a model of enterocytic differentia-
tion.28 Caco-2 cells showed obvious expression of the
�1(IV), �2(IV), �5(IV), and �6(IV) chains. The specificity
of the RT-PCR was confirmed with the direct sequence of
the PCR product (data not shown.). HCT 116 also ex-
pressed these four �(IV) chains. However, SW480,
DLD-1, LoVo, COLO 201, HT-29, and WiDr expressed the
�1(IV) and �2(IV) chains but did not express the �5(IV)
and �6(IV) chains. Thus, the expression of the �5(IV) and
�6(IV) chains is specifically lost in six of eight colon
cancer cell lines at the mRNA level. On the other hand,
the human fibroblast cell line Hs68 expressed the �1(IV)
and �2(IV) chains but did not express the �5(IV) and
�6(IV) chains.

Methylation Profiles of the Common Promoter
Region of COL4A5 and COL4A6 in Colon
Cancer Cell Lines

The genes of the �5(IV) (COL4A5) and �6(IV) (COL4A6)
chains have been found on the X chromosome at seg-
ment q22 and have been arranged in a head-to-head
manner.3 The intergenic region between the transcript
start sites of COL4A5 and COL4A6 is 441 bp, as illus-

Figure 3. A: Genomic map of the sequence between exon 1a of COL4A6 and
exon 1 of COL4A5. Vertical lines and C numbers show the CpG sites. The bottom
numbers indicate the position (bp) from the �6(IV) transcription start site.
Well-known potential interaction sites with transcriptional factors are indicated
as: open box, CTC box; open circles, CCAAT boxes; and filled square, AP1 site.
B: Methylation profiles in the promoter region of COL4A5 and COL4A6 of one
fibroblast cell line (Hs68) and eight colon cancer cell lines. The white circles
show the unmethylated, and the black circles show the methylated. The upper
C numbers coincide with the CpG sites shown in A. The representative five
clones for each cell line are shown in this figure. C: Methylation rates of CpG
sites in the promoter region of COL4A5/COL4A6. The incidence of the methyl-
ation was significantly higher in the RT-PCR-negative colon cancer cell lines
[RT(�): SW480, Lovo, COLO201, DLD-1, HT-29, and WiDr] than the RT(�) cell
lines (Caco-2, HCT116) (P � 0.05, Mann-Whitney’s U-test).

Figure 2. RT-PCR for the NC1 domains of the �1(IV), �2(IV), �5(IV), and
�6(IV) chains in the cell lines. Lane 1: Hs68, a human foreskin fibroblast; lane
2: Caco-2; lane 3: HCT116; lane 4: SW 480; lane 5: DLD-1; lane 6: LoVo; lane
7: COLO 201; lane 8: HT-29; lane 9: WiDr, human colon cancer cell lines.
GAPDH was used as the RT-PCR control to verify the quality and quantity of
the template cDNAs. The size of the RT-PCR products coincided with the
expected length of the designed primers [�1(IV), 258 bp; �2(IV), 233 bp;
�5(IV), 337 bp; �6(IV), 429 bp; GAPDH, 306 bp].
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trated in Figure 3A. We found 12 CpG sites in this region
and designed the promoter to include these CpG sites
and one site downstream from the transcription start site
of COL4A6. To examine the methylation profiles of one
fibroblast cell line and eight colon cancer cell lines, we
sequenced 10 clones of each cell line after bisulfite mod-
ification. The cytosines of the CpG sites that were not
modified into thymine with bisulfite treatment were con-
sidered to be methylated. The methylation profiles of the
promoter region of COL4A5 and COL4A6 in one fibroblast
cell line (Hs68) and eight colon cancer cell lines are
shown in Figure 3B. Caco-2 and HCT116, which ex-
pressed mRNAs for the �5(IV) and �6(IV) chains, showed
no methylation of the CpG sites in the promoter region.
On the other hand, SW480, DLD-1, LoVo, COLO 201,
HT-29, and WiDr, which lacked the expression of the
mRNA for the �5(IV) and �6(IV) chains, showed promoter
methylation. The methylation rate of CpG sites in the
promoter of RT-PCR-positive colon cancer cell lines
[RT(�): Caco-2 and HCT 116] was 0%,and that of the
RT(�) cell lines (SW 480, DLD-1, LoVo, COLO 201, HT-
29, and WiDr) was 50.0%. The methylation rate was sig-
nificantly higher in RT(�) colon cancer cell lines than
RT(�) cell lines (Figure 3C, P � 0.05). Fibroblast cell line
Hs68 did not show methylation of the promoter region
(Figure 3B). This indicates that the loss of expression of
the �5(IV) and �6(IV) chains in this cell line is attributable
to another mechanism except for the promoter
hypermethylation.

Restoration of the �5(IV) and �6(IV) Chain
Expression with the 5-Aza-dC Treatment in
Colon Cancer Cell Lines

The effect of the demethylating agent 5-Aza-dC was ex-
amined with the RT-PCR for the �5(IV) and �6(IV) chains,
as shown in Figure 4. DLD-1 revealed the recovery of the
expression of the �5(IV) and �6(IV) chains with 1 �mol/L
5-Aza-dC. HT-29 and WiDr also showed the recovery of
the expression of the �5(IV) and �6(IV) chains by 5-Aza-
dC. The demethylation of the CpG sites in the promoter
was confirmed with bisulfite sequencing. DLD-1 showed
the decrease of methylation of the CpG sites in a dose-
dependent manner, and the other two cell lines also
showed the same effects (data not shown). The possible
role of the promoter hypermethylation for silencing the
expression of the �5(IV) and �6(IV) chains at the tran-
scriptional level was demonstrated in vitro.

Expression of the �5(IV) and �6(IV) Chains in
Colon Cancer Cell Lines Cultured in Matrigel

The three-dimensional culture of cells in Matrigel to eval-
uate the expression of the �(IV) chains is shown in Figure
5. Caco-2, which expressed the mRNAs for the �5(IV)/
�6(IV) chains, formed a duct-like structure and showed
the linear immunostaining pattern of the �5(IV) and �6(IV)
chains around the cell clusters. DLD-1, which lacked the
expression of the mRNAs, formed cell clusters without

obvious polarity and showed no immunostaining of the
�5(IV)/�6(IV) chains around the cell clusters. However,
after treatment with 5-Aza-dC, DLD-1 expressed the
�5(IV)/�6(IV) chains around the cell clusters as deter-
mined immunohistochemically.

Decrease of the Promoter Activity of the 5�-
Flanking Region of the COL4A6 Gene with the
Methylation of the Reporter Construct

Caco-2 cells, which expressed the �5(IV)/�6(IV) chains,
were transfected with plasmid constructs carrying the

Figure 4. RT-PCR for the NC1 domain of the �5(IV) and �6(IV) chains with
and without being treated with the demethylating agent, 5-Aza-dC in the
RT-PCR-negative colon cancer cell lines (DLD-1, HT-29, and WiDr). Caco-2
was used as a positive control. The demethylation effects were evident in the
RT-PCR-negative cell lines, shown by the re-expression of the �5(IV)/�6(IV)
mRNAs.

Figure 5. Immunohistochemical studies of the �5(IV) and �6(IV) chains in
the colon cancer cell lines (Caco-2, DLD-1) cultured in Matrigel (200�). The
right lane is the result without antibodies for the �(IV) chains as a negative
control. Caco-2 showed partially linear immunostaining of the �5(IV) and
�6(IV) chains in the boundary between the cell cluster and Matrigel (ar-
rows). DLD-1 showed no immunostaining for the �5(IV) and �6(IV) chains.
However, because of the treatment with 5-Aza-dC, the expression of the
�5(IV) and �6(IV) chains were observed around the cell cluster (arrows).
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promoter region adjacent to the E1a of COL4A6. Three
types of plasmids, �574 Luc, �192 Luc, and control
vector without promoter (0 Luc), were tested. The entire
length of intergenic region of COL4A5 and COL4A6 were
included in �574 Luc. The shorter plasmid �192 Luc
included the minimal promoter region for bidirectional
transcription that was reported previously.29 The results
of the luciferase assay are shown in Figure 6. The activ-
ities in �574 Luc and �192 Luc transfectants were 21.3-
times and 6.3-times as potent as that of the control vector
without promoter. With the SssI methylase treatment of
the constructs, the activities of the promoters were sig-
nificantly decreased both in �574 Luc (P � 0.005) and
�192 Luc (P � 0.001). The activity in the control vector
(0 Luc) transfectant was not affected by the SssI treat-
ment. The results revealed that the promoter region of
COL4A5 and COL4A6 could be inactivated by its
hypermethylation.

Methylation Profiles in the Common Promoter
Region of COL4A5 and COL4A6 in the Tissue
Samples

Twelve cases of colorectal adenocarcinoma and two
cases of adenoma were analyzed and compared along
with the matched normal epithelium. Representative
cases of colorectal adenocarcinomas are shown in Fig-
ure 7A. In the female cases, almost half of the clones
showed a certain level of methylation, even in the normal
epithelium. This seems to be related to X chromosome
inactivation. The methylation in the normal epithelium of
male cases was very rare. The average methylation rates
were significantly higher in cancer than in the normal
epithelium in both sexes (Figure 7B). However, there
were cases of males in which no methylation was de-
tected (Figure 7A, case 6), and cases of females in which
no obvious difference between the tumor and the normal
epithelium were seen (Figure 7A, case 10). In such
cases, nevertheless, the immunohistochemical expres-
sions of the �5(IV)/�6(IV) chains were absent, similar to
the methylated cases. These results suggested that the
expression of the �5(IV)/�6(IV) chains were lost by other
unknown mechanisms except for the hypermethylation of

the promoter. Additionally, the methylation rates of indi-
vidual cases showed no significant relationship with the
clinicopathological factors (age, tumor location, Duke’s
classification, histological classification). The two cases
of male colonic adenoma showed no methylation (data
not shown).

Discussion

The cellular origin of type IV collagen of epithelial BM,
from epithelial cells or mesenchymal cells, is still un-
determined. Several immunohistochemical studies in
normal human tissues have shown tissue-specific ex-
pressions of the �3(IV), �4(IV), �5(IV), and �6(IV)
chains.6,8,10–13,30 They showed that the type of �(IV)
chains expressed in the BMs depended on the type of
the epithelium. In the present study by using in situ hy-

Figure 6. Promoter activities of the 5�-flanking region of the COL4A6 gene in
Caco-2 cells. The columns represent the relative activities to the Renilla
luciferase activities of phRL-TK, which was transfected together with each
plasmid. The values are the average of the activities in three samples for each
experiment. The error bar represents the SE. The black and white columns
represent the activities in the transfectants of the constructs without and with
the treatment of SssI CpG methylase.

Figure 7. Methylation profiles in the promoter region of COL4A5 and
COL4A6 in the colon cancer tissues and the adjacent normal tissues. A: Six
representative cases (three males and three females) are shown. B: The
methylation rates of the colon cancer tissues and adjacent normal tissues. The
data were separated into two groups according to sex because there was
physiological methylation in the female X chromosome. The columns rep-
resent the average methylation rates of each of six cancer tissues and the
normal mucosa. The error bar represents the SE. In both sexes, there are
significant differences between the cancer and the normal mucosa (P �
0.05).
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bridization, the localization of the mRNA of �6(IV) chain
was evident in the colonic epithelial cells (Figure 1H).
Caco-2, a colon cancer cell line showing enterocyte-like
differentiation, expressed both the �1(IV)/�2(IV) and the
�5(IV)/�6(IV) chains at the transcriptional level. On the
other hand, the fibroblast cell line Hs68 expressed only
�1(IV)/�2(IV)chains. Additionally, Caco-2 produced the
�5(IV)/�6(IV) chains in the boundary between the epithe-
lial cell clusters and Matrigel in the condition without
mesenchymal cells in the three-dimensional culture sys-
tem, as shown in Figure 5. Consequently, we propose
that the epithelial BM-specific �(IV) chains [�3(IV) to
�6(IV)] are produced predominantly by their epithelial
cells.

In many types of cancer, the epithelial BM-specific
�(IV) chains are lost in the early stage of cancer cell
invasion.8,10–13,31,32 In the present study, we showed the
transcriptional down-regulation of the �5(IV)/�6(IV)
chains in several colon cancer cell lines. During the first
step of cancer cell invasion and metastasis, cancer cells
have to break through the epithelial BM. In this regard,
the degradation potency of the BM by the matrix metal-
loproteinases produced by cancer cells has been the
main focus. Many studies described the up-regulation of
matrix metalloproteinases and other proteinases and the
down-regulation of the tissue inhibitors of metalloprotein-
ase in cancer cells. Except for the degradation mecha-
nism, our results suggest that the normal production and
organization of the epithelial BM might be interrupted
during carcinogenesis.

The regulatory mechanism of the expression of the
�5(IV)/�6(IV) chains is not well understood. Several stud-
ies investigated the mechanisms for the tissue-specific
expression of these molecules. Segal and colleagues29

demonstrated that the binding of bidirectional activator
promoted the coupled expression of the �5(IV) and
�6(IV) chains, and the single expression of the �5(IV)
chain in renal glomerular cells was regulated by another
transcription factor. Sund and colleagues33 revealed that
the growth factors activated the promoter region differ-
entially among the cell types. However, no reports have
hitherto explained the loss of the expression of the �5(IV)/
�6(IV) chains during cancer cell invasion.

Many types of genes are reported to be silenced due
to the abnormal methylation of their promoter regions in
cancer. Laminin-5, one of the components of the BM, was
also reported to be down-regulated by the hypermethyl-
ation of its promoter in several types of cancer.34,35 In this
study, we examined the methylation in the characteristic
bidirectional promoter region between COL4A5 and
COL4A6. The promoter region did not satisfy the criteria
of the CpG island.36,37 However, several genes without
CpG islands in the promoter region are also reported to
be silenced by the methylation of the CpG sites.34,38 In
our study, the loss of expression of the �5(IV)/�6(IV)
chains was closely correlated to the hypermethylation of
the promoter in colon cancer cell lines, and the luciferase
assay showed the methylation of the promoter region was
able to decrease the promoter activity.

Additionally, we showed that the promoter region was
methylated in the normal colonic epithelium of females

(Figure 7). This phenomenon seems to be attributable to
X chromosome inactivation. The hypermethylation of the
CpG islands on the inactivated female X chromosome is
widely known.39 However, not all X chromosome genes
are inactivated; there are several genes that escape X
chromosome inactivation.40 Ke and Collins41 described
that the major reason of escaping X inactivation was the
lack of sensitivity to the promoter hypermethylation. On
the other hand, Guo and colleagues42 reported a case of
severe Alport syndrome in a woman in which the X chro-
mosome without mutation was predominantly inactivated.
Consequently, it could be said that the gene of the �5(IV)/
�6(IV) chains is inactivated in one X chromosome of the
female, and the inactivation is related to the hypermeth-
ylation of the promoter region.

Accordingly, we must analyze the silencing of the pro-
moter region divided by sex. In DLD-1, LoVo, and COLO
201, originating from male tissue, and the colorectal can-
cer tissues of male cases, the expression might be si-
lenced by the methylation of the promoter region on only
one X chromosome. In HT-29 and WiDr, female cell lines,
and the tissues in female cases, the promoter region on
one X chromosome might be premethylated with the X
inactivation, and the expression of the �5(IV)/�6(IV)
chains was silenced because the other X chromosome
was methylated related to the malignant processes.

The questions of what rate of methylation in the pro-
moter was sufficient or which CpG sites of the promoter
were responsible for silencing the transcription were not
determined in this study. In SW 480, a colon cancer cell
line from male tissues, the methylation rate of the CpG
sites in the promoter was only 14%, but the transcription
of �5(IV)/�6(IV) chains were lost. Additionally, there were
cases in which the promoters were not methylated, but
the expressions of the �5(IV)/�6(IV) chains were lost
based on immunohistochemistry. In such cases, other
molecular mechanisms for the loss of expression of the
�5(IV)/�6(IV) chains; mutation, loss of the transcription
factor, changes of the signaling related to growth factors
or cell adhesion, were suggested. Additionally, the loss of
the other components of the BM, such as the �1(IV)/
�2(IV) chains and laminin-5, might cause the loss of the
normal deposition of the �5(IV)/�6(IV) chains in the can-
cer tissues. It would appear that the mechanism of the
loss of the tissue-specific �(IV) chains during cancer cell
invasion is complex and many factors are involved in
these events.

The possible roles of the �(IV) chains for preventing
cancer cell invasion, growth, and angiogenesis have
been reported. Petitclerc and colleagues15 described the
inhibitory effect of recombinant NC1 domains of the
�2(IV), �3(IV), and �6(IV) chains for angiogenesis and
tumor growth. The anti-tumor effects of the recombinant
�2(IV) chain (Canstatin)17,43 and �3(IV) chain (Tumsta-
tin)16,44 have been well investigated. However, the bio-
logical activity of the �6(IV) chain has not been fully
researched. Because the specific loss of the �5(IV)/
�6(IV) chains reported to occur in many types of can-
cers,8,10,12,13,31,32 the further research as to the biologi-
cal role of the �6(IV) chain for cancer prevention is
expected.
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In conclusion, the expression of the �5(IV)/�6(IV)
chains are down-regulated in colorectal cancer. Further-
more, the hypermethylation of their promoter region is
one of the events that is responsible for the loss of ex-
pression of the �5(IV)/�6(IV) chains and remodeling of
BM during the cancer cell invasion.
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