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phenotypic markers. Thus, EBV (+) carcinomas
appeared to lose phenotypic markers during progression
from differentiated to undifferentiated structure
(P<0.02).

Relations between EBV infection and grading of gastritis
surrounding non-neoplastic mucosa

Data for comparisons between EBV (+) and EBV (-)
cases regarding the grade of gastritis surrounding non-
neoplastic mucosa using Updated Sydney System are
summarized in Table 5. The grades of mononuclear cell
and neutrophil infiltration, mucosal glandular atrophy,
and intestinal metaplasia showed no significant
difference between the two groups.

Relations beiween EBV infection and expression of
gastric and intestinal phenotypic markers, and Cdx2 in
intestinal metaplastic glands

Data for comparisons between EBV (+) and EBV ()
cases regarding phenotypic marker and Cdx2 expression
in intestinal metaplastic glands are summarized in Table

6 (Fig. 3). The average score for Cdx2 expression was
significantly lower in EBV (4) than in EBV (-} cases
(P=0.016). Regarding the other phenotypic markers,
there were no significant differences between the two
groups.

Discussion

Cdx2 is important for the maintenance of intestinal
phenotypic expression not only in the normal small and
large intestine (Silberg et al., 2000), but also in intestinal
metaplasia (Mizoshita et al., 2001; Almeida et al., 2003;
Tsukamoto et al., 2004) and carcinomas of the stomach
(Almeida et al., 2003; Mizoshita et al., 2003). Cdx2
nuclear expression can be detected in approximately half
of advanced stomach cancers {Mizoshita et al., 2003)
and about 80% of early lesions (Mizoshita et al.,
2004a,b). Many stomach cancers have expression of
genes associated with induction and maintenance of the
differentiation of small and large intestine, such as Cdx2
and Cdx1 (Chen et al., 2003). However, our present data
provide clear evidence that Cdx2 expression is less
frequent in EBV (+) than in EBV (-) stomach cancers.

Table 5. Conrelation between EBV infection and status of surrounding non-neoplastic mucosa.

The average grades in surrounding mucosa?

Neuteophils Mononuclear Celis Atrophy Intestinal Metaplasia
EBV (+) stomach cancer (n=26} 1.154x0.107 1.692:0.173 1.154=0.120 0.577=0.173
EBV (-) stomach cancer (n=57) 1.17520.087 1.474=0.118 1.140=0.088 0.720=0.120
P-values? P=0.914 P=0.324 P=0.879 P=0.504

 Each score Is averagezstandard error (SE) for Updated Sydney System; B: Each P-value is analyzed by Mann-Whitney U test.

Fig. 1. An EBV {+) stomach
cancer. A. HE staining. B.
Note the lack of Cdx2
nuclear staining in the
cancer cells. C. No MUC2
expression is detected in
: the cytoplasm of tumor
sefls. D. MUCSAC is
present in the cytoptasm of
normal gastric foveolar
epithelium {red arrow), but
not cancer cells. E. No
© MUCE expression s

My: apparentin the cytoplasm of
thildi: tumor cells. F. EBER-1 is
. positive in the nuclei of
; cancer cells, but not normal
gastric foveolar epithelium
{arrow}. x 200; EBER-1,
EBV-encoded small RNA-1,
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Chen et al. (2003) similarly found expression of
intestinal specific genes to be lower in EBV (+) stomach
cancers, as compared with EBV (-) lesions. Regarding
the regulation of MUC2 expression, Yamamoto et al.
(2003) have demonstrated that Cdx2 interacts with the
MUC2 promoter and activates MUC2 transcription. Lee
et al. (2004) have previously shown that there is negative
association between EBYV infection and expression of
MUC?2 in stomach cancers, again in line with the our
present data (Table 2). Therefore, we consider that the
absence of Cdx2 and MUC2 is linked in EBV (+)
stomach cancerss.

We also here demonstrated that stomach cancers are
more likely to be of N type in the EBV (4} group, in line
with the previous report that EBV (+) stomach cancers
have lower MUCSAC and MUC2 expression than their
EBV (-} counterparts (Lee et al., 2004). EBV associated
stomach carcinomas are reported to lack intestinal
phenotypic expression (Chen et al., 2003} and most EBV
(+) stomach cancers were here classified phenotypically
as N or G types (Table 3). Nakamura et al. (2005) also
previously showed the G type to be more common in
EBV (4) cases.

Several reports have shown that EBV (+) stomach

Table 6. Compatison of phenoctypic markers in differentiated and undifferentiated regions in EBV (+) and EBV (-) stomach cancer cases.

Phenotypical marker expression in each region

Case No. EBER-ISH Histology Phenotypes in total area D region U region Ratio of N types in U region?
1 + D=l G G N N=3/6 (50%)
2 + DU ] t I
3 + U=D G G G
4 + U>D G G G
5 + U>D G G N
8 + UsD 1 | N
i - DU Gl Gl Gl N=0/9 {0%}
2 - DU 1 I 1
3 - uU-D G G G
4 - Us>D G G G
5 - UsD G G G
6 - U>D Gl Gl Gl
7 - U»D Gl Gl 1
8 - U=D Gl Gl |
9 - U=D [ 1 1

a; P<0.02 {Fisher's exact test). Abbr.: D, differentiated; U, undifferentiated; G, gastric; |, intestinal; Gi, gastric-and-intestinal-mixed; N, null.

Fig. 2. An EBV (=)
stomach cancet. A. HE
staining. B. Cdx2
nuclear staining is
positive in some cancer
cells. G. MUC2
expression is detected in
the cytoplasm of some
tumor cells. D.
MUCSAC is present in
the cytoplasm of the
cancer cells. E MUC6 is
apparent in the
cytoplasm of some

4 tumor cells. F. EBER-1
% is negative in the nuclei
% of the cancer cells.

% x 200; EBER-1, EBV-
encoded small RNA-1.
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cancers are most often undifferentiated histo-
pathologically, according to the Japanese Classification
of Gastric Carcinomas (Yanai et al., 1997; Wu et al.,
2000; Lee et al., 2004). EBV (+) stomach cancers are
more frequently moderately differentiated tubular
adenocarcinomas (tub2), and solid poorly differentiated
adenocarcinomas (porl) as compared with other
histological types (Carrascal et al., 2003). To avoid bias,
phenotypic expression was here evalvated in
morphologically matched samples for EBV (+) and EBV
(-) cases.

Regarding the histogenesis of EBV associated
stomach eancers, Fukayama et al. (2001) previously
suggested the hypothesis that they develop by clonal
expansion of rare EBV-infected epithelial cells within
stomach mucosa. EBV infection of intestinal metaplastic
cells is unlikely (Fukayama et al., 2001). We have
argued that the origin of stomach cancers is from
progenitor cells specializing towards mucous
differentiation in the fundic/pyloric glands, rather than
intestinal metaplastic glands (Tatemaltsu et al., 2005).
With EBV infection the histogenesis may be from cells
that are specialized towards mucous differentiation in the
fundic/pyloric glands, harboring neither typical gastric
nor intestinal phenotypic expression.

In the present study, inflammatoery response in the
surrounding non-neoplastic mucosa was not statistically

different between EBV (+) and EBV (-} cases. So EBV
may not have significantly induced inflammatory cell
infiltration in our Columbia cases. The Cdx2 expression
in the intestinal metaplastic glands was also lower in
non-neoplastic mucosa of EBV (+) cases, despite no
EBYV infection being observed by in situ hybridization.
However, the presence of EBV in non-carcinomatous
surrounding mucosa of EBV (+) stomach cancers has
been detected by immunostaining of EBNA-1 and latent
membrane protein 1 (LMP-1) (Yanai et al., 1997a,b).
Hayashi et al, (1996) detected EBV in gastric glands
with IM. Yanai et al. (1999) reported the evidence that
all eight lesions of EBER-1-positive gastric carcinomas
had intestinal metaplasia in the background among 8
EBER-1-positive stomach carcinomas, In contrast,
Kaizaki et al. (1999) reported that only 13% of EBV (+)
stomach cancers were surrounded by intestinal
metaplasia, in contrast to 41% of EBV (-) ones. Zur
Hausen et al. (2004) concluded that EBER-1/2
transcripts were restricted to the carcinoma cells in
accordance with exclusive positivity of EBNA-1
immunohistochemistry (IHC) to the tumor cells.
Negative LMP-1 IHC in all cases tested and absence of
EBER-1/2 transcripts in preneoplastic gastric lesions
{(intestinal metaplasia and dysplasia) strongly suggested
that EBV could only infect neoplastic gastric cells,
indicating it as a late event in gastric carcinogenesis,

Fig. 3. Expression of MUC2 and Cdx2 in intestinal metaplastic glands in tissue surrounding adenocarcinomas. EBV {+) (A-C) and EBV {-} (D-F)
stomach cancers, A and D. HE staining. B and E. MUC2 is detectable in the cytoplasm of intestinal metaplastic glands. C and F. No Cdx2 nuclear
staining in intestinal metaplastic glands in an EBV (+} case (C) in conirast to apparent nuclear staining in an EBV (-) case. x 200.
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Thus down regulation of Cdx2 might not be due to
infection of EBV to the surrounding mucosa. EBV (+)
stomach cancer and surrounding intestinal metaplasia
were similar to down regulation of Cdx2. We considered
EBV might have infected the progenitor cell or stem cell
after late event in gastric carcinogenesis and intestinal
metaplasia, and the down regulation of Cdx2 were
similar mechanism to EBV (+) stomach cancer and
surrounding intestinal metaplasia. Further studies of
EBYV infection in non-neoplastic stomach epithelia
appear warranted.

In conclusion, EBV (+) stomach cancers are
characterized by a relative lack of intestinal phenotypic
expression, including Cdx2, and only occasional
presence of gastric phenotypic expression. The
progenitor cell may thus be specialized towards mucous
differentiation in the fundic/pyloric glands.
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It has been well documented that there are two major
pathways in colorectal carcinogenesis. One is the chro-
mosomal instability pathway (adenoma-carcinoma
sequence), which is characterized by allelic losses on
chromosome 5q (APC), 17p (p33), and 18q (DCC/
SMAD4), and the other is a pathway that involves
microsatellite instability. Recent progress in molecular
biology, however, has shown that colorectal carcinogen-
¢sis IS not necessarily clearly divided into these two
pathways, but is in fact more complicated. Other routes,
including the transforming growth factor-B/SMAD path-
way, the serrated pathway, and the epigenetic path-
way, have been reported. Cross talk among these
pathways has also been reported. In the invasion and
metastasis steps of colorectal cancers, many more genes
have now been identified as being involved in proteoly-
sis, adhesion, angiogenesis, and cell growth. Recently
accumulated evidence indicates that colorectal cancer is
a genelically heterogeneous and complicated disease.

Key words: colorectal cancer, chromosomal instability,
microsatellite instability, metastasis

Introduction

ft is now generally accepted that colorectal cancer de-
velops by genetic alterations. Analysis of the molecular
mechanism makes it possible to develop a more tar-
geted approach to prevention and treatment of this
cancer. There are two major pathways in colorectal
carcinogenesis. One is the chromosomal instability
pathway (adenoma-carcinoma sequence), which is
characterized by alielic losses, and the other is a path-
way involving microsatellite instability (MSI). How-
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gver, recent studies have suggested that colorectal car-
cinogenesis is not necessarily clearly divided into these
two pathways. Other routes, including the serrated and
epigenetic pathways, have been reported. There is also
some cross talk among these pathways. Moreover, in
the progression and metastasis steps of colorectal can-
cers, many more gene alterations are involved.

In this review, we describe the latest molecular
biology of carcinogenesis and metastasis in colorectal
Cancers.

Chromosomal instability pathway

Fearon and Vogelstein® proposed a multistep model of
colorectal carcinogenesis, in which muiations in the
adenomatous polyposis coli (APC) gene occur early
during the development of polyps, K-ras mulations
arise during the adenomatous stage, and mutations of
p53 and deletions on chromosome 18q occur concur-
rently with the transition to malignancy. This pathway is
characterized by allelic losses on chromosome 5q
(APCY,Tp (p53), and 18q (DCC/SMAD4), and is there-
fore called the chromosomal instability (CIN) pathway.
One of the cornerstones of the CIN pathway is the
model represented by [amilial adenomatous polyposis
(FAP), in which multiple small adenomas form as a
result of initiation of tumorigenesis, namely, two hits
in the APC gene, followed by mutations of K-rus,
and subsequently muiations of p53 and deletion on
chromosome 18g. It has been surmised that this same
mechanism is also applicable to sporadic colorectal car-
cinogenesis. The genes that have been reported to be
involved in this pathway are listed in Table 1.

APC/B-catenin

APC is a tumor suppressor gene on chromosome 5q
whose germline mutation is responsible for FAP** APC
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Table 1. Oncogene genes and tumor suppressor genes in colorectal cancers

Chromosomal Prevalence of

Function of

Gene location mutation (%) Gene product References
Tumor suppressor genes
5q21 34-72 Inhibition of cell growth via B-catenin degradation 811
P33 17p12 4050 (1 cell-cycle arrest, apoptosis induction 18-21
SMAD 1821 16-25 Growth arrest via p13 and p21 induction 5335
bce 18921 6 Binding to netrin 34
Oncogenes
K-ras 12p12 40-65 Growth promotion via RAF/MAPK, INK, and PI3-K 15, 23-24
B-catenin 31g21 5 Transcription of growth promoting genes (eyelin DI, 12

c-mye, ete.)

APC, adenomatous polyposis coli; DCC, deleted in colorectal cancer

protein, a member of the Wt signal pathway, normally
binds to B-catenin to form a complex with axin and
GSK-38, which is degraded through ubignitylation.*4
When it is inactivated, accumulated B-catenin {ranslo-
cates from the lateral cell membrane to the nucleus,
where it drives the transcription of multiple genes impli-
cated in tumor growth and invasion. The large majority
of APC mutations resultin a premature stop codon and
thus a truncated protein.” APC mutations are identified
in approximately 30%-~70% of sporadic adenomas and
in 34%-72% of sporadic cancers.®" About 50% of
sporadic tumors with intact APC are reported to
show mutations of §-caienin itself, resulting in the accu-
mulation of fi-catenin.!> Thus, the APC/B-catenin path-
way is considered to play a major role in colorectal
Carcinogenesis,

However, recent studies have claimed that the APC/
B-catenin pathway is nol necessarily invaluable first
genetic alterations in colorectal cancer. For example,
Umetani et al.® reported that the frequency of the APC
mutation is 7% in flat tubular adenomas and 36% in
polypoid tubular adenomas. We analyzed APC muta-
tions in aberrant crypt foci (ACF), putative precursors
of adenoma and cancer, by an in vitro synthesized pro-
tein (IVSP)} assay and found no APC mutations i
dysplastic or nondysplastic ACF.**15 Moreover, no B-
catenin accumulation was observed in these lesions.
Although one study reports APC mutations in dysplas-
tic ACF, the positive rate was fow.1¢

P33

p53 is the most commonly mutated tumor suppressor
gene in various kinds of malignant tumors. p53 protein
normally induces G1 cell-cycle arrest to facilitate DNA
repair during replication, or it induces apoptosis. p53
mutations are generally considerad (o oceur at the time
of the transition from adenoma to cancer.® Most muta-
tions occur in highly conserved areas of exons 5 to 8.9
Moreover, (he majority (approximately 80%) are mis-

sense mutations (GC to AT), which occur principally in
five hotspot codons (175, 245, 248, 273, and 282).38 p53
mutations have been identified in 40%-50% of sporadic
cotorectal cancers.? The frequency of p53 mutations is
higher in distal celon and rectal cancers than in proxi-
mal colon cancers.® Patients with cancers involving a
p33 mutation have a worse outcome and shorter sur-
vival time than patients whose cancers do not have a
mutation in this gene.?

K-ras

K-ras mutations have been detected in various kinds
of cancers, particularly in gastroenterological cancers,
including colorectal, pancreatic, and bile duct cancers.
They have been found in 15%-68% of sporadic
colorectal adenomas and in 40%—65% of cancers. 1524
The majority of K-ras mutations occur as an activating
point mutation in codons 12, 13, and 64,22 Mutated
K-ras protein activates a variety of effector pathways,
including RAF/MAPK, JNK, and phosphatidylinositol
3-kinase (PI3-K), leading to constitutive growth
promoiion. Some of the downstream gene targets of
K-ras include the cyclin D1, DNA methyltransferase,
and vascular endothelial growth factor (VEGF)
genes, -9

DCC/SMAD

As noted above, allelic losses on chromosome 18q have
been identified in approximately 70% of primary
colorectal cancers, particularly in advanced colorectal
cancers with hepatic metastasis, imiplying that an 18g
deletion may contribute to the progression of colorectal
cancers.! The DCC (deleted in colorectal cancer) gene
was long ago proposed as a candidate tumor suppressor
gene on 18q.” Point mutations of the DCC gene have
been identified in approximately 6% of sporadic
colorectal cancers.® However, the candidacy of this
gene has recently been called into question. Mice het-
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erozygous for DCC have been reported to lack the tu-
maor predisposition phenotype.® Moreover, other tumor
suppressor genes, including SMAD4/2, have been re-
ported on 18q.** In particular, SMAD4 is currently a
candidate gene because the inactivation of SMAD4 has
been causally associated with progression of cancers.
The detailed role of DCC in colorectal cancers needs
further study.

Microsatellite instability pathway

Microsatellite instability (MSI) is characterized by ex-
pansions or conlractions in the number of tandem re-
peats of simple DNA sequences (microsatellites). MSI
has been identified in colorectal cancer associated with
hereditary nonpolyposis colorecial cancer (FINPCC)
syndrome % and DNA mismatch repair (MMR} en-
zymes, including hMSH2, hMT H1, hPMS1, hPMS2, and
hMSHS6, have since been shown to be responsible for
MSI .24 Moreover, mutations in microsatellites of target
genes such as the transforming growth factor-f (TGF-f3)
gene (Table 2) have also been identified in MSI positive
tumors.*-* Interestingly, MSI is also present in sporadic
colorectal cancers: MSI-H (high-frequency MSI) is
present in 10%-20% and MSI-L (low-frequency MSI)
in 5%-50% of such cancers. In approximatety 80% of
MSI-H sporadic colorectal cancers, hypermethylation
of the hMIHI promoter is observed.s Sporadic can-
cers with the MSI-H phenotype demonstrate distinct

clinicopathological features compared with MSS.

{(microsatellite stable) or MSI-L tumors, occurring pre-
dominantly in the proximal colon and more frequently in
women than in men.” These cancers are also character-
ized by distinct histopathological features, including
mucinous or signet-ring cell differentiation, medullary
features, and excess lymphocyte infiltrations. However,
netther MSI-L nor MSS tumors demonstrate such char-
acteristic features. Moreover, MSI-L and MSS tumors
more frequently have K-ras and p53 mutations and loss
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of heterozygosity (LOH) at 5q, 19p, and 18q. Therefore,
it is still controversial whether MSI-L and MSS {umors
are really different from each other. There is a possibility
that MSI-L tumors develop and progress in association
with both the MSI and CIN pathways. In addition, ap-
proximately 30%—40% of sporadic MSI-H cancers have
APC mutations. Similarly, approximately 36% of spo-
radic MSI-H cancers have p353 mutations. Thus, a subset
of colorectal cancers develop in association with both
MSI and APC or p53 mutations.

TGF-B/SMAD signaling pathway

The TGF-B/SMAD signaling pathway is composed of
TGF-B receptor type I (TGFBRI) and type Ii
(TGFRRII) and SMAD proteins. When TGF-f binds
to TGFRRIIL, which then complexes with TGFBRI,
TGFBRI phosphorylates SMAD2, which binds to
SMAD4. This complex translocates into the nucleus
and induces the Cdk inhibitors, pl5 and p21, leading to
erowth arrest. Mutations leading to the inactivation of
the SMAD4 gene have been found in 16%-25% of
colorectal cancer cases.® Alterations of SMADZ2 have
been identified in 6% of cases.™ In contrast, a TGFSRII
mulation is frequently identified in the 10-bp polyA
tract in MSI-positive tumors.* In MSI-positive tumors
withoui the TGFBRII mutation, mutations of the IGF-
II receptor have been frequently identified.* Both
TGFBRII mutation and SMAD mutation are reported
10 occur with the same timing during carcinogenesis, at
the transition from adenoma to carcinoma.

Recently, studies suggesting cross talk between the
TGF-f and Wat signal pathways have attracted much
attention. A direct physical interaction between TGF-
# and Wat pathway components has been reporied.
That is, the TGF-B and Wnt pathways synergistically
promole carcinogenesis of colorectal cancers through
direct interaction of SMAD proteins and LEF-1.%
Moreover, in helerozygole mice of both APC and

Incidence of mutations (%)

DINA repetitive Sporadic MSI Function of the
Gene sequence (nucleotides) HNPCC positive tumor gene products References
TGFARII (A (T09-T718) 75-83 80-90 Inhibition of cell growth 44
BAX (G)e (114-121) 50-35 11-30 Induction of apoptosis 45
IGFIIR (G); (4089-4096) 13 9 Growth promotion 46
hMSHE {C)s (3049-3036) 33 25-36 Mismatch repair enzyme 47
hMSH3 (A)g (1141-1148) 50-58 3546 Mismatch repair enzyme 48
PTEN {A)s (793-800) — 18.8 Inhibition of cell growth 49
E2F-4 {CAG),; (918-956) 71 4257 Progression of cell-cycle 50

TGFRRIL, TGF- receptor I1; IGFIIR, IGF-If receptor; MSI, microsatellite instability; HNPCC, hereditary nonpolyposis colorecral cancer
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Table 3. Gene alterations in serrated and classical adenoma
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Gene Serrated adenomas {% Classical adenomas {%) References
K-ras 153-20 15-68 58, 60
APC 0-20 30-70 58
P53 5-8 0-25 58, 60
MSI
MSI-H 17-21 3 38,59
MSI-L 5-50 11 38,59, 62

MSI-H, high-frequency microsatellite instability; MSI-L, low-frequency microsatellite instability

SMAD4 genes, intestinal polyps develop into more
malignant tumors compared with those of APC alone.
Thus, one signaling pathway is coordinately associated
with another signaling pathway in the process of
carcinogenesis.

Serrated pathway

Recently, the potential role of serrated adenomas and
hyperplastic polyps in the genesis of colorectal cancer
has gained considerable attention. Serrated adenomas
are histologically defined as adenomas that have the
morphological features of hyperplastic pelyps but which
also contain cytological [eatures of conventional ad-
gnomas. It has been reported that 30%-50% of serrated
adenomas display MSI, mostly at a low level (MSI-L),
whereas they show a low rate of K-ras and APC muta-
tions (Table 3).%% In serrated adenomas with the
MSI-H phenotype, aberrant methylation [CpG island
methylator phenotype (CIMP)] of the AMLH-I gene,
and loss of its expression have been frequently noted ®
Moreover, mutations of the same target genes as those
in MSI-H cancers, for example, TGFBRII, BAX, and
IGFIIR, have also been reported. 7 The genetic alter-
ations of p53 are still controversial. Flowever, several
recent studies have shown low incidences of p53 muta-
tions, similar to those in classical adenoma.®<® Thus,
evidence of the MSI-I serrated pathway in colorectal
cancers has accumulated. Regarding serrated adenoma
with the MSI-L phenotype, expression of the DNA re-
pair gene O-6-methylguanine DNA methyltransferase
(MGMT) has been reported to be lost by methyla-
tion. ¢ However, details remain unclear.

Epigenetic mechanism of colon carcinogenesis

Recent molecular biology studies have revealed that
an epigenetic mechanism plays an important role
in colorectal carcinogenesis. CpG-rich regions located
at the 5 end of coding sequences can undergo
hypermethylation, leading to the silencing of the gene.

Cancers demonstrating methylation and silencing of
multiple genes are described as CIMP positive. The
hMLHI gene is a frequent target of hypermethylation,
which leads to the MSI-H phenotype, as described
above. Many genes other than AMLHI, including
pl6™EA MGMT, estrogen receptor (ER), APC, and
COX-2, have been reported to undergo hyper-
methylation and silercing in human colorectal cancers.®
Recently colorectal adenomas, in particular, villous and
tubulovillous adenomas as well as cancers, have been
reported to show CIMP.

Genes related to invasion and metastasis

The conventional paradigm of invasion and metastasis
of colorectal cancer consists of a complex series of steps,
including proteolysis of the local extracellular matrix
(ECM), adhesion, angiogenesis, dissemination, and cell
growth, Many gene alterations are complexly involved
in these processes (Table 4).

Genes for proteolysis

In the proteolysis step, proteinases, which are produced
by cancer cells or fibroblasts, degrade ECM compo-
nents and enable cancer cells to detach from the pri-
mary site. Of the many kinds of proteinases, matrix
metalloproteinases (MMPs), which currently are known
Lo comprise more than 25 epzymes, appear 10 exert a
dominant effect. MMPs are collectively able to degrade
virtually all ECM components, that is, collagens,
laminin, fibronectin, vitromectin, enactin, and
proteoglycans. In particular, MMP-7 (matrylysin) is
reported to play an important role in the degradation
of BECM. Matrylysin is overexpressed in the majority
of colorectal cancers, and its expression is positively
correlated with melastatic potential®® MMPs other
than matrylysin, including collagenases, gelatinases, and
stromelysin, are also reported to be involved in pro-
teolysis of ECM.%-7 On the other hand, tissue inhibitors
of metalloproteinase (TIMP) in colorectal cancer tis-
sues profect against ECM degradation.” Urokinase
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Table 4. Genes related to invasion and metastasis in colorectal cancers
Genes Characters of gene producls References
Genes for protealysis
MMP-7 (matrylisin) Digestion of fibronectin, laminin, collagen IV, and protoglycans 63.71
MMP-2, -9 (gelatinases) Digestion of gelatins and collagen IV 66,68
MMP-], -8, -13 (collagenases) Digestion of collagens I, IT, IT1, IV, VI, IX, X, and XI 66, 67
MMP-3 (stromelysin-1) Digestion of fibronectin and laminin 70
TIMP-I Tissue inhibitors of MMP 72
uPAR Activation of plasmin-plasminogen system 73
Genes for adhesion
Integrins Binding to laminin, collagen, fibronectin, and vitronectin 74,75
Cadherins Cellcell adhesion 76,77
CD44 Binding to hyaluronan 78
CEA Binding to a receptor on Kupffer cells 79-81
Genes for angiogenesis
VEGF Angiogenesis, MMP-9 induction 82,8488
PD-ECGF Angiogenesis 83
Genes for cell survival and others
TRAIL-R Binding to TRAIL to induce apoptosis 89-93
CXCR4 Binding to SDF-1 to enhance migration and invasiveness 94,95
Drg-1 Cell differentiation 96
c-Met Binding to HGF to enhance motility and invasiveness 97.98

MMP, matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinase; UPAR, urokinase plasminogen activator receptor; CEA,
carcinoembryonic antigen; VEGF, vascular endothelial growth factor; PD-ECGF, platelet-derived endothelial cell growth factor: TRAIL. tumor
necrosis factor related apoptosis-inducing ligand; TRAIL-R, TRAIL receptor; SDF, stromal celi-derived factor; HGF, hepatocyle growth factor

plasminogen activator receptor (uPAR) is another fac-
tor that has been implicated in this process.”

Genes for adhesion

Many adhesion molecules, including integrins,
cadherins, selecting, CD44, ICAM-1, VCAM-1, and
carcinoembryonic antigen (CEA), have been identified
in colorectal cancers. ™ For example, integrins can
bind many ECM molecules, such as laminin, collagen,
fibronectin, and vitronectin. Cancer cells expressing
these adhesion molecules are more likely to adhers
to the ECM, leading to subsequent invasion and
metastasis.

E-cadherin is a cell—cell adhesion molecule that par-
ticipates in a homotypic, calcinm-dependent interaction
to form an epithelial adherens junction. The invasive-
ness and metastatic potential of a broad range of
cancers are often associated with downregulation of E-
cadherin expression.™ Previously, we also reported that
expression of E-cadherin is inversely correlated with
tumor aggressiveness.”” CEA, a well-known human tu-
mor marker, has also been reported to function as an
intercellular adhesion molecule.™ It is well docu-
mented that CEA expression is positively correlated
with liver metastasis. However, the CEA receptor mol-
ecule and the mechanism of their binding are not yel
clarified.

Genes for angiogenesis

Angiogenesis is an important step in the outgrowth of a
primary tumor and also provides a source for hematog-
enous dissemination, progression, and metastasis. Many
potential angiogenic factors have been characterized,
including VEGF and platelet-derived endothelial cell
erowth factor (PD-ECGFL%% Of these factors, VEGF
is the most important, and it has been well examined for
its role in the invasion and metastasis of cancer cells.
Currently, six VEGF molecules (VEGF A-F), are
kanown, and they induce angiogenesis by acting as highly
specific mitogens for endothelial cells. Signal transduc-
tion involves binding to tyrosine kinase receptors
(VEGF receptors; VEGFR) and results in endothelial
cell proliferation, migration, and new vessel formation,
as well as increased vascular permeability 5 This pro-
cess is also closely associated with other signal trans-
ductions such as miiogen-activated protein kinase®
Colorectal cancers with increased VEGF expression are
well known to be associated with a poor prognosis.5$

Genes related 1o cell growth and evasion of
the imnuwune systent

Only a small population of tumor cells lodged in distant
organs have the ability to survive, grow, and evade the
immune system. Many molecular factors are involved in
this process {Table 4}. For instance, tumor necrosis fac-
tor-related apoptosis-inducing ligand (TRAIL), a mem-



190

ber of the TNF family, is known to be expressed in
human hepatic NK cells.®% Recent studies have re-
vealed that a tumor cell that expresses TRAIL receptor
1 (TRAIL-R1) or 2 (TRAIL-R2) is destroyed by NK
cells through apoptosis in the liver, whereas a tumor cell
expressing TRAIL receptor 3 (TRAIL-R3) or 4
(TRAIL-R4) can survive by resisting apoptosis.* Pa-
tients with colorectal cancers with high TRAIL-R1 ex-
pression have been reported show a significantly poorer
prognosts than those with Jow TRATE-R1 expression.®

The gene for chemokine receplor CXCR4, whose
ligand is the chemokine stromal celi-derived factor
(SDF-1} has also been reported to be involved in
metastasis of colorectal cancers.® There is growing evi-
dence that CXCR4 and SDF-1 regulate migration and
metastasis of cancer cells. Zeelenberg et al.® reported
that CXCR4-deficient colon cancer cells did not prolif-
erate but stayed as single cells in the liver, although
the control cells grew there, indicating that CXCR4
plays an important role after the cancer cells colonize
the liver. It has also been reported that other genes
such as Drg-I and ¢-Met play a role in this process of
metasiasis %%

The gene alterations involved in invasion and me-
tastasis occur by various mechanisms, including chro-
mosomal instability, MSI, and promoter methylation,

Epilogue

Rapid advances are being achieved in the understand-
ing of the molecular genetics and epigenetics of
colorectal cancers. Accumulating evidence has shown
that colorectal cancer is heterogeneous and complex.
However, we believe that detailed genetic and molecu-
lar biclogical analyses of colorectal cancer will contrib-
ute to its prevention and diagnosis and to effective
therapeutics in the future.
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Aberrant Crypt Foci: Detection, Gene Abnormalities, and

Clinical Usefulness
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Human aberrant crypt foci (ACF) were first identified as
lesions consisting of large thick crypts in colonic mucosa
of surgical specimens after staining with methylene
blue. Previously we succeeded in identifying ACF by
using magnifying endoscopy and analyzed the number,
size, and dysplastic features of ACF in normal controls
and patients with adenoma or cancer patients. On the
basis of these analyses, we strongly suggested that ACF,
particularly dysplastic ACF, are precursor lesions of the
adenoma-carcinoma sequence in humans. In most spo-
radic ACF, K-ras mutations were positive, but APC mu-
tations were negative irrespective of nondysplastic or
dysplastic features. Conversely, in most ACF from famil-
ial adenomatous polyposis patients, APC mutations
were positive but K-ras mutations were negative. These
resuits may suggest that the molecular mechanism of
sporadic colon carcinogenesis is not necessarily the
same as that of familial adenomatous polyposis, It was
shown that ACF acquired resistance to apoptosis in-
duced by bile salts, whereas normal colonic epithelial
cells are turning over consistently by apoptosis. This
apoptosis resistance was closely associated with gluta-
thione S-transferase P1-1 expression. One of the most
important clinical applications of ACF observation with
magnifying endoscopy is its use as a target lesion for
chemoprevention. Because ACF are tiny lesions, they
should be eradicated during a short time by administra-
tion of chemopreventive agents. in fact, we performed
an open chemopreventive trial of sulindac and found
that the number of ACF was reduced markedly in 2
months. We currently are proceeding with a randomized
double-blind trial targeting ACF.

berrant crypt foci (ACF) were first described by

Bird® as lesions consisting of large thick crypts in
methylene blue—stained specimens of colon from mice or
rats treated with a carcinogen. Peatures of ACF were
described in Bird’s' report as follows: (1) grossly normal-
appearing mucosa, (2) large crypes densely stained with
methylene blue, and (3) often, a wide pericrypral space.

Many studies have shown that ACF are precancerous .

lesions in models of colon chemical carcinogenesis in
animals. In humans, ACF were first identified in whole-
mount preparations of normal-appearing colonic mucosa
with methylene blue staining obtained from surgical
resection from patients with colon cancer.” Subsequently,
oncogenic abnormaliries such as K-ras mutations have
been reported in ACF. Increased proliferative activities
such as proliferating cell nuclear antigen and bromode-
oxyuridine in ACF also were reported. However, these
studies were performed maeinly on sutgical specimens.
Data from normal controls and patients with adenomas,
which could provide essential information about the
refation of ACF to cancer, were lacking until recently.

identification of Aberrant Crypt Foci
Using Magnifying Endoscopy

ACF can be identified in situ by using magnifying
endoscopy with the aid of methylene blue staining, as
previously reporced.? First, the colorectum should be
cleaned thoroughly by pretreatment. A magnifying en-
doscope (models EC-490ZW and EC485-ZW; Fujinon-
Toshiba ES System, Tokyo, Japan) is used throughout
the examination, and all patients undergo complete
colonoscopy. As shown in Figure 1, the colorectal mucosa
was washed with water, sprayed thoroughly with .25%
methylene blue, left to stand for aboutr 2 minutes, and
washed again with water. ACF are classified histologi-
cally as nondysplastic-nonhyperplastic, nondysplastic-
hyperplastic, or dysplastic. These types of ACF can be
idenrified distinctly by magnifying endoscopy (Figure 2).
In general, nondysplastic-nonhyperplastic ACF consist of
crypts with round or oval lumens. Nondysplastic-hyper-

Abbreviations used in this paper: FAP, familial adenomatous polyp-
osis; GST P1-1, glutathione Stransferase P1-1; TUNEL, terminal de-
oxynucleotidyl transferase-mediated deoxyuridine triphasphate nick-
end labeling,

® 2005 by the American Gastroenterological Association
1542-3565/05/$30.00
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Cleaning colorectum thoroughly by pretreatment

v

Insertion of magnifying endoscopy up to cecum
!
Y
Washing with plenty of water

Spraying 0.25% methylene blue
Standing for 2 minutes

Washing again with water

v

Tdentification of ACF

v

Biopsy and analysis for ACF

Figure 1. Ideniification of ACF by magnifying endoscopy. The panel
shows ACF identified by magnifying endoscopy (EC-485-ZW; Fujinon-
Toshiba ES system).

plastic ACF show the crypts with asteroid or dendritic
{or slit-like) lumens. Dysplastic ACFE consist of crypts in
which the epithelial lining is thicker and each lumen is
compressed or not distinct. Generally, dysplastic ACF
show a darker staining with methylene blue.” Similar
ACF also are identified in patients with familial adeno-
matous polyposis (FAP). ACF from FAP patients show a
similar appearance to dysplastic ACF in sporadic cases.
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However, they show much weaker staining and each
crypt lining may be obscure. Histologically, ACF from
FAP patients consist of large crypts in which there are
slight nuclear stratifications and nuclear disorientation,
suggesting dysplastic features.*

We first examined ACE in the entire colorecral mucosa
and found chat ACF was highly prevalent in the rectosig-
moidal colon. To quantify the pumber of ACF and to
minimize the time needed, we confined further exami-
nations to the lower rectal region from the middle Hous-
ton valve to the dentate line.

Analysis of Aberrant Crypt Foci in
Normal Patients, Patients With
Adenoma, and Patients With Cancer

To clarify the significance of ACF in human co-
lonic carcinogenesis, it is imporeant to analyze ACF in
normal people with adenoma and patients with cancer by
using a magnifying endoscope. We found that the num-
ber of ACF, in particular dysplastic ACFE, progressively
increased in normal controls, adenoma patients, and can-
cer patients.” We also found a significant correlation
becween the number of ACF and the number of adeneo-
mas. When ACF were classified into small, medium, or
large according to the number of crypts, there was a clear
correlation between the size of ACF and the number of
adenomss. Moreover, in some cases, ACF were superim-
posed by small polyps. These results strongly suggested
that ACF, particularly dysplastic ACF, are precursor
lesions of adenomas and subsequent cancers (Figure 3).°

It still is concroversial whether nondysplastic ACFE
precede dysplastic ACF or not. However, there is a report
that some ACF contained dysplastic and nondysplastic

Figure 2. Three different types of ACF. Endoscopic appearances of (4) nondysplasiic nonhyperplastic ACF, (B) nondysplastic hyperplastic ACF,
and (C) dysplastic ACF. Histelogic findings of (D) nondysplastic nonhyperplastic ACF, (E) nondysplastic hyperplastic ACF, and (F) dysplastic ACF.
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Figure 3. Colon carcinogenesis through ACF. Accumulating data on
ACF strongly suggest that ACF, particularly dysplastic ACF, are precur-
sor lesions of adencma and subsequent cancer.

fearures in the same lesions.’ We also found and con-
firmed the existence of these kinds of ACE lesions.

Gene Analysis of
Aberrant Crypt Foci

In the adenoma-carcinoma sequence, ir is well
accepted that genetic alterations accumulate in the fol-
lowing order: APC, K-ras, and P53.° This is supported
by many studies on FAP. Therefore, it is important to
compare the genetic abnormalities in sporadic ACF with
those of FAP.”® We analyzed the mutation cluster re-
gion of APC genes by truncation assay and found that
APC mutation was negative in all sporadic ACF irrespec-
tive of nondysplastic and dysplastic features.? Mean-
while, it was detected in all of the dysplastic ACF from
FAP patients. These were somatic mutations because
gesmline mutations were detected in other regions of the
APC gene. Immunofluorescence showed B-catenin accu-
mulation in FAP ACF, but not in sporadic ACF. The
frequencies of K-ras mutations in sporadic ACF were
639%—82%, as shown by the 2-step polymerase chain
reaction restriction fragmenpt length polymorphism
method,* which is consistent with other studies.” How-~
ever, it hardly was detected in FAP ACE. Therefore, it is
surmised that in sporadic colorectal carcinogenesis, K-ras
mutation occurs during the formation of ACFE, which
then become adenomas wherein APC mutations occur,
On the other hand, in FAP, somatic mutation of APC
predominantly occurs during ACF formation, followed
by K-ras mutation.

Resistance of Aberrant Crypt Foci
to Apoptosis Induced by Bile Acids

1t has been suggested that normal colonic epithe-
lial cells undergo apoptosis induced by some cytotoxic
substances such as bile salts. We found that ACKF are
resistant to apoptosis induced by deoxycholic acid, 2
secondary bile acid, s shown by terminal deoxynucleo-
tidyl transferase—mediated deoxyuridine triphospbate
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nick-end labeling (TUNEL) staining in ACF specimens.
Thus, some TUNEL-positive cells were detected in nor-
mal epithelial crypts, whereas much fewer TUNEL-pos-
itive cells were detected in ACF as well as in adenoma.
When the specimens were treated with deoxycholic acid,
the difference became more pronounced.*®

It is well known that cyclooxygenase-2 plays an im-
portant role in colon carcinogenesis through its cytopro-
tective activity. Therefore, we examined the ACF for
cyclooxygenase-2 expression by immunohistochemistry
but found none or little, although it was detected in
adenoma and cancers.™® It also is known that glurathione
S-transfesase P1-1 (GST P1-1), a phase II detoxifying
enzyme, is expressed in colonic adenornas and cancer. We
found that GST P1-1 is expressed in ACF as well as in
adenomas and cancer, and chat it was induced by K-ras
mutation.!? Because GST Pl-1 sequesters xenobiotics
such as bile salts, it is plausible that GST P1-1 serves as
a cytoprotecting facror in ACF.

Clinical Applications of Aberrant
Crypt Foci Observation by
Magnifying Endoscopy

One clinical application of ACF is as a marker to
predict che risk for colorectal cancer. For exzample, on che
basis of our data on ACF in normal patients, adenoma
patients, and cancer patients, we can calculate odds ratios
for adenoma and cancer. Odds ratios for adenoma and
cancer in patients with dysplastic ACF are 4.2 and 10.2,
respectively. Odds ratios for adenoma and cancer in
patients wich large ACF (=20 crypts) are 5.3 and 24.6,
respectively. Thus, the patients who have large and dys-
plastic ACF have a high risk for adenoma and subsequent
cancer.

Perhaps the most imporrant application of ACFisasa
target Jesion for chemoptevention. Currently, the most
common target lesion for evaluation of chemopreventive
agents has been the polyp. However, in using polyps as
a target, the following problems have been raised: polyps
are too large to be eradicated completely and the evalu-
ation of chemopreventive effects on polyps requires a
long period of time. In this context, ACF are the most
appropriate lesions because they are the earliest and
stnallest derectable lesions with a simple genetic alter-
ation (K-ras mutation). Therefore, the advantage in using
ACF are as follows: (1) shore-term treatment for evalua-
tion; (2) complications are less frequent, as in the case
with gastric ulcers caused by nonsteroidal anti-inflam-
matory drngs; and (3) there is good patient compliance
because of the short-term treatment. In fact, we pes-
formed an open chemopreventive trial of sulindac and
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found that the number of ACF was reduced markedly in
only 2 months. We currently are proceeding with a
randomized double-blind trial targeting ACF. The re-
sults will be obtained in the near futare.
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