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Figure 3 Immunohistochemical expression of Dkks in gastrointestinal normal and cancer tissues. A: Normal tissues; B: Esophageal cancer tissues; C: Gastric cancer

tissues; D: Colorectal cancer tissues (x 200).

6/60 (10.0%) of colorectal cancer tissues, respectively. On
the other hand, strong staining of Dkk-1, Dkk-2, Dkk-3,
Dkk-4, and Krm2 was found in 28/59 (47.5%), 9/59
(15.3%), 10/59 (16.9%), 28/59 (47.5%) and 11/59 (18.6%)
of esophageal cancer tissues, in 15/60 (25.0%), 14/60
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(23.3%), 22/59 (37.3%), 33/59 (55.9%) and 7/60 (11.7%)
of gastric cancer tissues, and in 10/60 (16.7%), 12/60
(20.0%), 6/60 (10.0%), 35/60 (58.3%) and 28/60 (46.7%)
of colorectal cancer tissues, respectively (Figure 3B-D and
data not shown). Expression levels of Dkks and Krm2
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Figure 5 Correlation of methylation in.the promoter region with silencing of the Dkk genes in gastrointestinal cancer cell lines. RT-PCR and MSP were carried out using
cDNA and genomic DNA from the indicated cancer cell lines, respectively. In vitro methylated DNA (CpG Genome Universal Methylated DNA from Chemicon Intemational,
Temecula, CA) was used as a posilive control for methylated alleles, while DNA from normal lymphocytes was used as negative confrols.

were not correlated with any of the clinicopathological  CpG island hypermethylation of the Dkk subfamily genes
characteristics. However, in colorectal cancers with beta- . in gastrointestinal cancer

catenin over-expression, Dkk-1 expression levels were Using Blast and CpG island searcher, we found that Dkk-1,
significantly lower in those with lymph node metastasis than Dkk-2, Dkk-3, and Krm2 genes contain CpG islands
in those without lymph node metastasis (P = 0.003). = at their 5'ends and that Dkk-4 has a few CpGs in the
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promoter tegion ( Figure 4). Therefore, we analyzed the
methylation status of the CpG islands of these genes in
cancet cell lines and tissue samples using MSP. Methylation
status was significantly associated with silencing of Dkks
mRNA expression in cancer cell lines (Figure 5 and
data not shown). Methylation status was associated with
silencing of Krm2 mRNA expression in only some cancer
cell lines, such as L.S174T and SW1116 cells (Figure 5E).
In cancer tissues, Dkk-1, Dkk-2, Dkk-3, and Dkk-4 were
hypermethylated in 4/11 (36.4%), 1/11(9.1%), 1/11
(9.1%) and 3/11 (27.3%) of esophageal cancer tissues, in
2/8 (25.0%), 2/8 (25.0%), 2/8 (25.0%) and 3/8 (37.5%)
of gasttic cancer tissues, and in 7/20 (35.0%), 13/20
(65.0%), 7/20 (35.0%) and 4/20 (20.0%) of colorectal
cancet tissues, respectively (data not shown).

To confirm the role of cpigenetic change in silencing
of the Dkk genes, cell lines that lacked the Dkk genes
expression were treated with 5:aza-dC and/or TSA.
Treatment with 5-aza-dC resulted in restoration of Dkk-1
in colo320DM, DLD-1, and SW48 cells, restoration
of Dkk-2 expression in DED-1, SW48, and TE1 cells,
restoration of Dkk-3 expression in colo320DM and

DLD-1 cells, and restoration of Dkk-4 expression in -

DLD-1, SW48, and SW480 cells (Figure 6). However,
treatment with TSA had no effect.

Correlations between expression levels of Dkks and those
of canonical and non-canonical Wnt pathway signal genes
in gastrointestinal cancer ,
There were some binding motifs of beta-catenin
(5-YCTTTGWW-3) in the promoter regions of Dkk-1
and Dkk-4. Dkk-2, Dkk-3 and Krm2 did not have TCFE-
binding motifs in their promoter regions. There were
significant correlations between levels of Dkk-1, Dkk-3,
Dkk-4 and Krm2 and those of beta-catenin expression in
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Figure 6 Reactivation of Dkks
expression by 5-aza-dC treatment
in gastrointestinal cancer cell lines.
Cells were freated indicated.
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colorectal cancet tissues in tissue microarray data obtained
by immunohistochemistty. Dkk-1 (r= 0.500, P < 0.0001),
Dkk-3 (r =:0.326, P = 0.0130), Dkk-4 (» = 0.480,
P =0.0003) and Krm2 (r = 0.454, P = 0.0005) expression
levels showed significant correlations with beta-catenin
over-expression. However, no correlation was found
between expression levels of these molecules and beta-
catenin ovet-expression in gastric or esophageal cancer
tissues (data not shown). We then analyzed expression
levels of beta-catenin and phosphotylated beta-catenin in
Dkk1 or Dkk4-specific siRNA-treated colon cancer cells
with APC mutation (SW480, WiDx, and colo320DM cells)
and SW48 cells with beta-catenin mutation using Western
blot analysis. SW480 and WiDr cells treated with Dkkl-
specific siRNA showed higher levels of beta-catenin
expression and lower levels of phosphorylated beta-catenin
compared with those of the control siRNA-treated cells
(Figure 7). On the other hand, Dkk-1-negative SW48 cells
treated with Dkkl1-specific siRNA showed no difference
compated with the control cells. Colo320DM cells treated
with Dkk4-specific siRNA showed higher levels of beta-
catenin expression and lower levels of phosphotylated
beta-catenin compared with those of the control siRINA-
treated cells (Figure 7). On the other hand, Dkk4-negative
SW48 cells treated with Dkk4-specific siRNA showed no
difference compared with the control cells.

Next, we examined expression of Rac and phosphoty-
lated Rac/CDC42, which Wntd4/5A/11 activates through
Dvl, and €CaMKII and phosphorylated CaMKII to
investigate the effects on Wnt-PCP and Wnt-Ca?’ signal
transduction. Expression of Rac, phospho-Rac, CaMKII,
and phospho-CaMKII was not correlated with any of the
clinicopathological features. Rac activation ratio ((phospho-
Rac) level-(Rac) level/(Rac)level) was negatively correlated
with Dkk-1 in colorectal cancet (r = -0:366, P = 0.0053)
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Figure 7 Western blot analysis in cancer cells treated with Dkk-specific siRNA.

and with Dkk-2 (» = -0.290, P = 0.0299) and Dkk-3 (» =
-0.3880, P = 0.0037) in esophageal cancer, but not in gastric
cancer. On the other hand, CaMKII activation ratio was
positively cortelated with Dkk-2 (r = 0.285, P = 0.0314) and
Krm2 (r = 0.3640, P = 0.0075) in csophageal cancet, but
fiot in_ colorectal cancer or gastric cancer. We analyzed Rac
expression level and the phosphorylation status of Rac in
cells treated with Dkk1-specific siRNA using Western blot
analysis. SW480 and WiDx cells treated with Dkk1-specific
siRNA showed similar exptession levels of Rac and higher
levels of phosphorylated Rac compared with those of cells
treated with the control siRNA (Figure 7). On the other
hand, Dkk-1-negative SW48 cells treated with Dkk1-specific
$iRNA showed no difference compared with the control
cells.

Enhancement of cancer cell growth and invasiveness by
Dkk-1, Dkk-2, Dkk-3, or Dkk-4 siRNA treatment

WST-8 assays and 4n wiro invasion assays after treatment
with specific siRNA for the Dkk genes were petformed
to assess the role of the expression of Dkks in cancer cell
growth and invasiveness. Transfection with siRNA resulted
in over 80% inhibition of mRNA and protein expression
(data not shown). Transfection with Dkk1-specific siRNA
enhanced the growth of SW480 and WiDr cells compared
with control siRNA-transfected counterparts (Figure 8A;
P < 0.01). Transfection with Dkk2-, Dkk3- and Dkk4-
specific siRNA enhanced the growth of TE9, SW480
and ¢col6320DM cells compated with control siRNA-
transfected counterparts, respectively (Figure 8A; P < 0.05,
P < 0.001 and P < 0.001). Transfection with Dkk-1, Dkk-3,
ot Dkk-4-specific siRNA enhanced the invasiveness of
TE-1 cells compared with control siRNA-transfected
counterparts (Figure 8B and C P < 0.01). Transfection with
Dkk-1 ot Dkk-3-specific siRNA enhanced the invasiveness
of TE-8 cells compared with control siRNA-transfected
counterparts (Figure 8B and C, P < 0.01). Transfection
with Dkk-1-specific siRNA enhanced the invasiveness of
SW480 cells compared with control siRNA-transfected
counterparts (Figure 8B and G, P < 0.01).

DISCUSSION

In the present study, we investigated the expression profiles
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and epigenetic alterations of the Dkks and Krm2 genes in
gastrointestinal cancer. Dkks and Krm2 expression levels
were reduced in a certain subset of gastrointestinal cancet
cell lines and cancer tissues. Methylation of Dkk-1, Dkk-2,
Dkk-3 and Dkk-4 was significantly correlated with down-
regulation of expression in gastrointestinal cancer cell lines
and cancer tissues. Moreover, Dkk-1, Dkk-2; Dkk-3 and
Dkk-4 mRNA expression was restored by treatment with
the DNA-demethylating agent. These results suggest that
promoter hypermethylation is an important mechanism
of silencing of Dkk family in gastrointestinal cancet.
Although there were only a few CpGs in the Dkk-4
promoter region, these CpG sites in cancer tissues were
more methylated than in normal tissues. Similarly, the
expression of rat placental lactogen-1 (tPL-I) has been
teported to be controlled by DNA methylation although
the gene has only 17 CpG sites in the 5-flanking region®®.

Opver-expression of Dkk-1, Dkk-2, Dkk-3 and Dkk-4
was also found in a subset of gastrointestinal cancet
tissues. This is not a sutprising result, because of the
following reasons. Thete are binding motifs of beta-
catenin in the promoter regions of Dkk:1 and Dkk-4.
Mualtiple beta-catenin/TCF4 sites in the Dkk-1 gene
promoter have been reported to contribute to Dkk-1
activation, thus initiating a negative feedback loopP. In
fact, Dkk-1 mRNA levels have been increased in a subset
of colorectal cancer tissues compated to normal tissues®l.
In our study, Dkk-1, Dkk-3, Dkk-4 and Krm2 expression
was correlated with beta-catenin over-expfression in
colorectal cancer tissues, Moreover, knockdown of Dkk-1
or Dkk-4 up-regulated levels of beta-catenin exptession
and down-regulated levels of phosphorylated beta-
catenin. Therefore; Dkks and Krm2 could be directly
and/or indirectly induced by Wnt signals, at least in part,
as components of negative feedback loops; but, this
mechanism may be lost ot abolished in a cettain subset of
colorectal cancers by promoter hypermethylation. On the
other hand, no correlation was found between expression
levels of Dkks and Krm2 and beta-catenin over-expression
in ‘gastric or esophageal cancer tissues. Further analysis
is required to clarify the mechanism of over-exptession
of Dkks and Krm2 in a subset of gastric and esophageal
cancers.
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Figure 8 Enhancement of cancer cell growth and invasiveness by Dkk siRNA treatment. A: WST-8 assays after. treatment with specific siRNA for.the Dkk genes were
performed to assess the role of the expression of Dkks in cancer cell proliferation; B and C: In vitro invasion assays after freatment with specific siRNA for the Dkk genes

were performed to assess the role of the expression of Dkks in cancer cell.invasiveness.

Next, we examined correlations of altered expression of
Dkks and Krm?2 with expression of the Wnt non-canonical
pathway genes. It has been reported that the Wnt canonical
pathway activation stabilizes beta-catenin and that the non-
canonical pathway activates Rho, Rac, JNK, and PKC ot
activates CaMK I P9 The TAK1-NLK MAPK cascadeis
activated by the non-canonical Wnt-5A/ Ca®! pathway and
antagonizes canonical Wnt/beta-catenin signaling”?%, In
the present study, Rac activation was negatively correlated
with Dkk-1 expression in colotectal cancer and with Dkk-2
and Dkk-3 in esophageal cancer. These results suggest that
Dkk-1 down-regulation in colorectal cancer and Dkk-2 ot
Dkk-3 down-regulation in esophageal cancer play 4 role
in Rac activation. Moreovet, knockdown of Dkk-1 using
Dkk-1-specific siRNA induced Rac phosphorylation. On
the other hand, CaMK Il activation showed a weak positive
correlation with Dkk-2 and Krm2 in esophageal cancer.

Although further investigation is required, these results
suggest additional effects of Dkks and Krm2 on the Wnt
non-canonical pathway.

In colorectal cancers with beta-catenin over-expression,

Dkk-1 expression levels were significantly lower in those
with lymph node metastasis than in those without lymph
node metastasis. Dkk-1 promoter has been reported to
be hypermethylated in advanced Dukes’ C and Dukes’
D colorectal cancers!’l, Transfection of Dkk-3 has
been repotted to reduce invasion of osteosarcoma and
malignant melanomal’. We further revealed that down-
regulation of Dkks expression by siRNA resulted in a
significant increase in esophageal and colon cancer cell
growth and invasion # vi#ro. Thus, down-regulation of
Dkks may contribute to the more aggressive phenotype of
esophageal and colorectal cancer cells.

Our results indicate that promoter hypermethylation is
an importtant mechanism of silencing of Dkk family in
gastrointestinal cancer. Suzuki ¢f 2/ reported epigenetic
inactivation of secreted frizzled-related proteins (sERPs)
in colorectal and gastric cancer. We reported silencing
of the Wnt inhibitory factor-1 gene due to promoter
hypermethylation in gastrointestinal tumors!"®. Thus,
CpG island promoter hypermethylation is.a common
mechanism of the inactivation of extracellular Wnt

antagonists in gastrointestinal cancer. Activated: Wnt signal
pathway, chatactetized by the stabilization of beta-catenin,
plays an important role in most gastrointestinal cancers.
Modulation of the Wnt pathway, through reversal of
extracellular Wnt antagonists silencing by demethylating
agents, may be a potential target for treatment and/ot
prevention of gastrointestinal cancer.

COMMENTS

Background

Dickkopfs (Dkks). are secreted antagonists of Wnt signaling pathway. Activated
Wht signal pathway, characterized by the stabilization of beta-catenin; plays an
important role in most gasirointestinal cancers. Extracellular Wnt antagonists such
as secreted frizzled-related proteins (SFRPs) and WIF-1 is frequently inaclivated
in gasfrointestinal cancer. Thus, Dkks may be also inactivated in gastrointestinal
cancer.

Research frontiers

Epigenetic transcriptional silencing of tumor. suppressor genes plays a key role
in gastrointestinal cancer and becomes one of the most important research
areas: CpG Island promoter hypermethylation is a common mechanism for
the inactivation of extracellular Wnt antagonists such as SFRPs and WIF-1 in
gastrointestinal cancer.

Innovations and breakthroughs

The expression profiles and epigenetic alterations of Dkks (Dkk1, Dkk2, Dkk3
and Dkkd4) and Kremen2 (Krm2) genes were systematically analyzed in many
gastrointestinal cancer cell fines and tissues by using RT-PCR, tissue microarray
analysis, and methylation specific PCR (MSP).

Applications

Our study demonstrated that down-regulation of the Dkk gene family and
Krm2 gene associated to promoter hypermethylation is: frequently involved in
gastrointestinal tumorigenesis. Hypermethylated Dkks could be a marker for
screening gastrointestinal cancer. Modulation of the Wnt pathway, through reversal
of Dkks and/or Km2 gene silencing by demethylating agents, may be a potential
target for treatment and/or prevention of gastrointestinal cancer.

Peer review

This. paper studied alterations of Dkks and Krm2 in gastrointestinal cancer.
The authors showed that down:-regulation of the Dkks and Krm2 associated to
promoter hypermethylation is frequently.involved in gastrointestinal tumorigenesis.
Hypermethylated Dkks could be a marker for screening gastrointestinal cancer-and
reactivation of Dkks and/or Krm2 gene could be a promising strategy for treatment
and/or prevention of gastrointestinal cancer.
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ApcMiV+ mouse; a mouse model for human familial adenomatosis
polyposis, contains a truncating mutation in the Apc gene and
spontaneously develops intestinal tumors. Our previous study re-
vealed two distinct stages of tumorigenesis in the colon of Apc™i/+
mouse: microadenomas and macroscopic tumors. Microadeno-
mas already have lost their remaining allele of the Apc and all
microadenomas show accumulation of B-eatenin, indicating that
activation of the canonical Wnt pathway is an initiating event in
the tumorigenesis. This study shows that expression of nuclear
P-catenin in macroscopic tumors is further upregulated in com-
parison with that in microadenomas. Kurthermore, transerip-
tional activity of B-catenin/T-cell factor (Tcf) signaling, assessed
using B-catenin/Tef reporter transgenic mice, is higher in the
macroscopic tumors than that in microadenomas. In addition,
the expression level of Dickkopf-1, which is known to be a negative
maodifier of the canonical Wnt pathway, was reduced only in colon
tumors.  These results suggest that activation of B-catenin/Tcf
transcription plays a role not only in the initiation stage but also
in the promotion stage of colon carcinogenesis in Apc™™/* mice.

Introduction

Colorectal carcinogenesis is a multistep process (1). In humans, APC,
KRAS oncogene and p53 genes are thought to play important roles at
different stages of colorectal carcinogenesis (2,3). Of these; mutations
in the APC gene found in the earliest stages of the adenoma—
carcinioma sequence are recognized to play a gate-keeping role in
tumor formation and progression (4). Moreover, germ line mutations
inthe APC gene are known to be responsible for familial adenomatous
polyposis, a dominantly inherited autosomal condition characterized
by. the formation of multiple colonic adenomatous polyps with a high
likelihood to develop colon carcinomas (5,6).

A mutant mouse lineage predisposed to Min is regarded as one of
the models for colorectal tumorigenesis (7). Originally, this lincage
was established from an ethylnitrosourea‘treated C57BL/6] mouse.
The dominant mutation is known to be located in Apc, the mouse
homologue of the human APC gene, resulting in truncation of the
gene product at amino acid 850 (8). ApcMV+ mice develop multiple
intestinal neoplasia in the intestinal tracts. Therefore;"APC is now
regarded as a tumor suppressor gene, and inactivation of both alleles
is considered to be necessary: for tumor formation (9). In mice het-
erozygous for a mutant allele of Apc, the loss of Apc function occurs
almost exclusively by LOH (10,11).

Abbreviations: DKk, Dickkopf-1; PBS; phosphate-buffered saline;: PCR,
polymerase chain reaction; RT-PCR,; reverse transcription—polymerase chain
reaction; Tcf, T-cell factor.

ApcMin’+: mice. have ‘been reported. to: develop intestinal tumors
primarily in their small intestine and only a few tumors arise in the
colon (12). Our previous study revealed the presence of a number of
intramucosal microadenomas (~100 microadenomas) in the colon of
ApcMin’t mice (12). In that study, microadenomas in the colon of the
ApcMiVF mice consisted of a few dysplastic crypts (12): Based on the
multistep carcinogenesis theory in the colon (2-4), such findings sug-
gested that there are, at least, two distinct stages for colon tumorigen-
esis in Apc™+ mice. Importantly, such microadenomas in the colon
were found: to have lost the remaining allele of Apc, thus indicating
that a Joss of the Apc function has already occurred in such crypts (12~
14). In agreement with the presence of Apc LOH, the accumulation of
B-catenin is observed in all microadenomas in the colon of the ApcMin/+
mice (12): These findings suggest that activation of the Wnt signaling
pathway by Apc LOH is the initiating event in the carcinogenesis but
is not sufficient for the development of macroscopic tumors:

It is not clear at this time which event is required for the develop-
ment of macroscopic tumors in the colon of ApcM/+ mice. Although
it has been reported. that K-ras, p53 and B-raf genes. are sometimes
mutated in- colorectal ‘cancers and: such alterations are. expected to
cause progression of colon carcinogenesis (2), no- genetic alterations
of these genes are detected in colon tumors of the ApcMint mice
model (unpublished data).

The purpose of this study was to identify - alterations that are
responsible for the development of macroscopic tumors in the colon
of ApcMi+ mice. It is possible that the increased expression of
the canonical Wnt pathway, accompanied by an increased nuclear
B-catenin level and a decreased Dickkopf-1 (Dkk1) expression, is
associated with the development of macroscopic tumors.

Materials and methods

Animal nee and tr 5

ApcMint mice were obtained from The Jackson Laboratory (Bar Harbor, ME):
They were bred and maintained in a pathogen-free animal facility under stan-
dard 12:12 h light:dark cycle and fed on a basal diet; CE-2 (CLEA Japan,
Tokyo, Japan), and water ad /ibitum until termination of the study (12,15).

s

Dextran sulfate tr

Dextran sodium sulfate (DSS) with ‘a molecular. weight of 36 000-50 000
(ICN: Biochemicals) was dissolved:in distilled :water at: a concentration of
2% (wt/vol). Eight male ApcMV* mice were divided into experimental and
control groups. The animals of experimental groups were administered: 2%
(wt/vol) DSS in drinking water for 1 week from 5 weeks of age. The dose
was determined based on the results of previous studies (16).

B-Catenin/T-cell factor reporter. transgeiic mice;: ApcM™+:  B-catenin/T-cell
factor reporter. inice

For the generation of :B-catenin/T-cell factor (Tcf) reporter mice, the Tcf-
binding site and intron were polymerase chain reaction (PCR) amplified and
cloned using a pTOPFLASH plasmid (Upstate Biotechnology, Lake Placid,
NY) and CDM8 into. a pEGFP-N3 plasmid (Clontech Japan; Tokyo, Japan)
(3.17)..The gene construct: was excised from the vector and the fragment
was microinjected into the pronuclei of fertilized C57BL/6 mouse eggs. Male
B-catenin/Tcf: reporter transgenic: mice (strain. C57BL/6) were bred with
C57BL/6: females: to' produce  transgenic. mice: on.a  C57BL/6 background.
Genotyping: was: done tsing: DNA extracted from tail biopsies of 3- to 4-
week-old pups; and- new breeding harems of 5- to 6:week-old mice were
established to expand the B-catenin/Tcf reporter population: before initiating
separate crosses of the mice with the Apc™M™+ mice: The offspring from these
crosses yielded B-catenin/Tef reporter —:Apc™Mi™+ mice,

Flow cytometry

Splenocytes of f-catenin/Tcf reporter mice were dissected and dissociated with
phosphate-buffered saline (PBS). They were plated at a density of 10° cells/ml
and ‘maintained for 24 hin. Dulbecco’s’ modified: Eagle’s: medium with
50 mmol/1 LiCl, 50 mmol/t NaCl or H>O only for controls (18,19): After 24 h,
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the cells were washed and resuspended in PBS containing 3% fetal calf serum
(staining medium). Cells were filtered through nylon mesh to' remove large
clumps; washed and resuspended in staining medium containing 0.5 pl/mi pro-
pidium iodide (Calbiochem-Novabiochem Corp., San Diego, CA) to eliminate
dead cells. These cells were analyzed by FACS using a Vantage SE flow cy-
tometer (Becton Dickinson, San Jose; CA) (20), and then the data were analyzed
using CELLQuest software (Becton Dickinson). Gating was impleniented based
on wild-type litter mice as a negative control-(data not shown).

Twinor analysis and tissue processing

Animals were killed and their colons were removed and cut open along their
longitudinal axis. For paraffin sections, they were fixed flat in 10% buffered
formalin for 24 'k at room temperature; and for frozen sections, they were fixed
in 4% buffered paratormaldehyde for I h at room temperature (12,14). Colon
tumnors that were macroscopically identified were divided: into. three groups.
The first. was fixed in' 10% buffered formalin with the surrounding: normal
mucosa; the second was fixed in 4% buffered paraformaldehyde; and the third
was snap frozen in liquid nitrogen; stored at —80°C and used for either DNA or
RNAextraction (14,21).

Timmunohistochemical analysis of tissue sections

Paraffin sections (4 pm) were treated with 0.01-M sodium citrate buffer (pH
6.0) four times in 4 microwave oven at high power for 6 min. They were treated
with a methanol solution containing 5% H>0, for 10 min; to block endogenous
peroxidases. After blocking with 2% bovine serum albumin in PBS for 40 min
at room: temperature, they were treated with primary antibodies; anti-B-catenin
(Transduction Laboratories, Lexington, KY; 1:1000), antienhancedgreen
fluorescent protein: antibody (Molecular Probes, Eugene, OR;’ 1:1000); anti:
Myc N262 antibody (Santa Cruz Biotechnology, Santa Cruz, CA; 1:100) and
anti-cyclin D1 antibody (Santa Cruz Biotechnology; 1:100) overnight at 4°C.
For B-catenin’ staining, they were incubated with a tetramethyl rhodamine-
conjugated secondary antibody (Jackson ImmunoResearch; West Grove, PA;
1:250) for 30 min, or for enhanced green fluorescent protein staining, they were
incubated with fluorescein isothiocyanate-conjugated secondary antibody (Da-
kocytomation Japan, Kyoto, Japan; 1:250) for 30 min, before detection was
done using a fluorescence microscope (Olympus Optical Co.; Ltd., Tokyo,
Japan) after 4',6-diamidino-2-phenylindole (Nacalai:Tesque, Kyoto, Japan
staining for'5.min (22). For cyclin D1 and Myc, the sections were incubated
with a biotin-conjugated anti-rabbit secondary antibody (1:250) for 30 min and
avidin conjugate of horseradish peroxidase for 30 min at room temperature
(Vector Laboratories; Burlingame, CA; 1:250). Detection was done with 3,3-
diaminobenzidine tetrahydrochloride (Dakocytomation Japan) for 0.5-10.min
at room temperature and counterstained with hematoxylin (21). After blocking
with 2% bovine serum albumin in PBS for 40 min at room temperature, they
were incubated with: the primary antibody, anti-mDkk 1 antibody (R&D Sys-
tems, Minneapolis, MN; '1:100). overnight at 4°C. They were incubated with
tetramethyl rhodamine-conjugated anti-rat secondary antibody for 30 min at
room temperature. Detection was done using a fluorescence microscope after
4!,6-diamidino-2-phenylindole staining for 5 min. For B-catenin and GFP
staining; digital images of microadenomas (1 = 7), macroscopic tumors
(n = 17)and the surrounding normal crypts were acquired using a fluorescence
microscope (DP-70, Olympus Optical Co.). In the measurement of fluorescent
intensities, the mean intensity of the whole nuclear area of a single cell in
microadenomas, macroscopic tumors and their adjacent normal crypts was
measured by an image-processing software program (NIH image). The average
values of the nuclear fluorescent inteénsity in each crypts of two distinct lesions
and adjacent control mucosa were calculated and the ratio of the value in each
lesion to that in adjacent control crypts were compared by a statistical analysis
using Mann-Whitney’s U-test.

Real-time reverse transcription-polymerase. chain reaction

Total RNA was isolated from snap-frozen tissues using the RNA queous-4PCR
(Ambion; Austin, TX) according to the manufacturer’s protocol. Up to 200 ng
of total RNA was subjected to reverse transcription using Superscript I1I Re-
verse Transcriptase (Invitrogen Life Technologies, Carlsbad, CA). Real-time
reverse transcription—polymerase chain reaction (RT-PCR) amplification was
carried: out in'a final volume of 20 ul containing 10 pl of 2% SYBR green
master mix: (Takara, Kyoto, Japan), T ul of primers (10. imol/l) and 5 il of
cDNA using a LightCycler LO. (Roche Diagnostics, Indianapolis, IN) accord-
ing to the protocols described previously (21). The primers used in the present
study are shown in supplementary Table 1, available at Carcinogenesis Online.
Reaction conditions were activation at 95°C for 10 min, denaturation at 95°C
for. 10 s, annealing 60°C for 10.s and extension 72°C for 6 s. All PCR ampli-
fications. were. done for 40 cycles and a melt curve analysis was used to
examine the specificity of an amplified product. Standard curves were gener-
ated to quantify the expression levels of each target gene in comparison with

the 18S rRNA or B-actin reference genes in each sample. The relative expres-
sion levels of each gene were calculated; dividing the value of these genes by
those of the internal control genes (18S:tRNA or B-actin).

Sodium bisulfite treatinent and sequencing analysis

Genomic DNA from tumors: and control mucosa were subjected to sodium
bisulfite ' modification’ (EZ DNA  Methylation-Gold: Kit, Zymo Research,
Orange, CA) as: described previously (23).  After PCR amplification. using
primers listed in supplementary Table 1, available at Carcinogenesis Online,
the products were cloned into the TOPO vector. The inserted PCR fragments of
the individual clones obtained from each sample were sequenced with both
M13: reverse and M13 forward primers using the ABI Prism Dye Terminator
Cycle Sequencing Kit and an ABI Prism 3100 DNA Sequencer.

Results

Two distinct stages in the colon of ApcM™+ mice

In order to verify the two-stage model of tumorigenesis in the colon of
ApcM™/+ mice, colonic: mucosa of ApcM™+ mice: at three different
ages (5,20 and 35 weeks) were examined in en face histological
sections. The longest diameter of the intramucosal lesions that were
hardly detectable in whole-mount preparations were measured on the
histological sections of the mice at each of the investigated ages. The
sizes of most intramucosal lesions remained within 300 pm and ma-
jority of microadenomas did not grow into a macroscopic tumor even
at 35 weeks: of age; thus suggesting that microadenomas: are self-
limiting lesions (Figure 1A), We further treated Apc™/+ mice with
a potent tumor promoter, DSS in order to determine whether such
microadenomas have a potential to progress into larger lesions and
microadenomas are precursors of macroscopic lesions. Importantly,
the size of microadenomas significantly increased by the DSS: treat-
ment, indicating that microadenomas started to grow by a well-known
strong promoter of the tumorigenesis (Figure 1B). These findings
represent two distinct ‘stages: of tumorigenesis. in-'the colon of
ApcMis mice,

Increased expression of fi-catenin and its target genes in macroscopic
tumors in the colon of ApcM™* mice

hnnunohistochemical analysis of B-catenin protein demonstrated that
although microadenomas already revealed increased levels of nuclear
B-catenin (n = 7), macroscopic tumors had further increased levels of
nuclear B-catenin (n = 17) on the same slide of en face sections
(Figure 2C and D). This was followed by a comparison of fluorescent
signals of nuclear B-catenin. The results showed that the signal in-
tensity of P-catenin in macroscopic tumors was higher than that of
microadenomas (Figure 2E) (P < 0.005 by Maan-Whitney U-test).
Immunostaining revealed that Myc and cyclin D1, well-known targets
of B-catenin/Tcf transcription, were detectable in the nucleus of both
microadenomas (n = 16) and macroscopic: tumors (n = 15).. How-
ever, the strong nuclear staining was observed only in macroscopic
tumors (Figure 2E-1).

Reporter mice for P-catenin/Icf transcriptional activity

In the present study, transgenic mice were generated with a reporter
for P-catenin/Tcf transcriptional activity (Figure 3A). To: confirm
that the reporter mice actually represent transcriptional activity of
B-catenin/Tcf signals in vivo, primary splenocytes of the transgenic
mice were treated with LiCl, an inhibitor of GSK-3 and an activator
of B-catenin/Tcf transcription. Flow cytometry revealed an increased
GFP signal in the splenocytes with the LiCl freatment; suggestmg that
GEP reporter works i vivo (Figure 3B).

B-Catenin/Tcf transcriptional activity in two distinct stages of colon
carcinogenesis

The mRNA expression for GFP in colon tumors and normal colonic
mucosa in ApcM"+ mice with GFP.reporter allele was analyzed by
semiquantitative. RT-PCR. The GFP ‘expression in colon tumors
(n = 12) was significantly higher than that in the normal colonic
mucosa (n = 8, supplementary Figure 1, available at Carcinogenesis
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Online) (P < 0.01 by Mann—-Whitney U-test). We next measured the
fluorescence intensity of immunofluorescent staining of GFP at nor-
mal crypts, microadenomas and macroscopic tumors. The fluorescent
signals in microadenomas have already increased when compared
with those in adjacent normal crypts (Figure 3C and E) (P < 0.005
by Mann-Whitney U-test). However, GFP signals in macroscopic
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tumor were further upregulated in comparison with those in micro-
adenomas (Figure 3C and H) (P < 0.005 by Mann-Whitney U-test).
In this study, three different lines of transgenic mice were generated.
GFP expression in all lines showed the same pattern, excluding the
possibility that the observation depends on the locus in which trans-
genes were integrated.
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Altered expressions of Wnt antagonist genes in colon tumors of
ApcMi+ mice

Previous studies have shown that loss of Apc function and consequent
accumulation of B-catenin occurs in the microadenomas, suggesting
that the B-catenin/Tcf signaling pathway is already activated in the
initiation stage (12). Wnt antagonist genes are epigenetically silenced
in most human colorectal cancers (24-28), and such silencing has
been shown to further increase the transcriptional activity of the
B-catenin/Tcf signaling pathway, regardless of Apc inactivation
(28-30). To investigate the involvement of Wnt antagonists in further
upregulation of B-catenin/Tcf signaling in the macroscopic tumors of
this model, mRNA levels for Wnt antagonist genes in macroscopic
tumors and control mucosa were compared by semiquantitative real-
time RT-PCR. The Wnt antagonist genes examined in the present
study were Sfrpl, Sfip2, Sfrp4, SfrpS, Dkkl, Dkk2, Dkk3 and Dkk4.
Sfrp4, Dkkl and Dkk4 expression was significantly decreased in
macroscopic tumors in comparison with control mucosa (Figure 4)
(P <0.05,P <0.001 and P < 0.001, respectively, by Mann—Whitney
U-test). In contrast, Dkk2 expression was significantly increased in
macroscopic tumors (Figure 4) (P < 0.05 by Mann—Whitney U-test).

Dkkl expression in two distinct stages of colon tumorigenesis

Among three Wnt antagonist genes (Sfip4, Dkkl and Dkk4) that are
downregulated in macroscopic tumors, only Dkk1 is shown to have
the ability to functionally suppress B-catenin/Tcf transcription in the
intestine of mice (29,30). Additionally, it is interesting to note that
decreased DkkI expression is frequently observed in human colon
cancers (26,28). Therefore, the Dkkl expression was examined in
two distinct lesions by immunostaining to determine when the
Dkk1 expression decreased in the course of multistage carcinogenesis
in the colon of ApcM+ mice. Consistent with the results in the
RT-PCR analysis, decreased fluorescent intensities of Dkkl were

observed in macroscopic tumors in comparison with those in the
surrounding control mucosa (5/8) (Figure 5). This was consistent with
the previous RT-PCR results. In contrast, the Dkkl expression in
microadenoma is higher than that of the surrounded control mucosa
(6/6) (Figure 5). These results suggest that Dkk1 expression is de-
creased in the course of the transition from microadenomas to mac-
roscopic tumors.

Methylation status of Dkkl and Sfrp4 promoter regions in colon
tumors of ApcM'* mice

Epigenetic silencing of Wnt antagonist genes in human colon cancers
is often accompanied by DNA hypermethylation (24,30). Since
mouse Dkk4 has no apparent clustering of CpG sites in the promoter
region, the methylation status of Dkk/ and Sfrp4 promoters was
examined by bisulfite sequencing. The promoter region of Dkkl
(27 clones from three colons) and Sfip4 (nine clones from two colons)
was unmethylated in the control mucosa. However, no evidence
of DNA hypermethylation was detected in colon tumors in the
Dkk1 (28 clones from three colon tumors) and Sfrp4 (6 clones from
two colon tumors) promoters, regardless of the mRNA expression
status (Figure 6).

Discussion

Colorectal tumors progress through a series of clinical and histopath-
ological stages, ranging from single crypt lesions to invasive cancers
(2). Accumulating evidence suggests that such progression results
from a series of genetic and epigenetic changes (2,31). However,
how such alterations are linked to the histopathological progression
is not fully understood. A previous study has shown that two lesions,
microadenomas and macroscopic tumors, are distinguishable in the
colon of ApcMiv+ mice (12). In this study, we have shown that
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microadenomas themselves are self-limiting lesions, but such micro-
adenomas can potentially grow into larger lesions by inflammatory
stimuli. Together with previous lines of experiments, these findings
indicate the existence of two stages of tumorigenesis in the colon of
ApcMin’+ mice and suggest that additional stochastic alterations are
required for microadenomas to progress into macroscopic tumors.
Although the loss of the Apc function through LOH is associated with
the initial microadenoma formation (12), the underlying mechanism
of the development of macroscopic tumors remained elusive. A pre-
vious study using a rat model for colon cancer demonstrated that
intramucosal lesions possess a wide spectrum of mutations in the p-
catenin gene, but only lesions with specific mutations that directly
regulate B-catenin levels developed macroscopic tumors (32). Based
on those findings, it is assumed that sufficient B-catenin accumulation
may be required for the development of macroscopic tumors. The
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present study showed that the nuclear accumulation of B-catenin
and the expression of Myc and cyclin D1, well-known downstream
targets of the B-catenin/Tcf signaling pathway, were significantly up-
regulated in macroscopic tumors when compared with microadenomas.
Using B-catenin/Tcf reporter mice, the B-catenin/Tcf transcriptional
activity was measured directly as the amount of GFP in vivo. This
demonstrated an increased GFP expression in macroscopic tumors in
comparison with that in microadenomas. These results suggest that
further activation of the P-catenin/Tcf signaling activity might be
responsible for the development of macroscopic tumors from micro-
adenomas. Although significant evidence suggests that the activation
of B-catenin signaling is an initiating event in the colon tumorigenesis,
the present findings may shed light on the role of B-catenin/Tcf
transcription on the later stage of the tumorigenesis. There may be
a threshold of B-catenin/Tcf transcriptional activity when small lesions
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Fig. 6. Results of bisulfite DNA sequencing of the promoter CpG island region of DkkI and Sfrp4. Numbers represent the positions relative to the transcription
start site. Square, CpG dinucleotide (potential target of methylation); closed square, methylated CpG dinucleotide and open square; unmethylated CpG

dinucleotide.

progress into macroscopic tumors, and only. lesions that exceed that
threshold could grow into a macroscopic lesion. :

A recent study indicated that B-catenin/Tcf signaling in colon can-
cer cells could be further activated by upstream signals regardless of
the constitutive activation of the pathway by downstream mutations
(30). The present study showed altered expression of a number of Wit
antagonist genes in the colon tumors of ApcM+ mice. Importantly,
although the: level of Dkkl protein was decreased in most macro-
scopic tumors, DkKI expression in microadenomas was increased in
comparison with the adjacent normal mucosa. This study suggests
that the decreased levels of Dkk! play a role in further activation
of P-catenin/Tcf transcription. Detailed: analyses are necessary. to
elucidate the functional significance of the decreased DKkl on the
B-catenin/Tcf transcription in colon tumors of Apc™* mice.

The present findings also raised additional questions of the under-
lying mechanism that induces the silencing of Dkkl in macroscopic
tumors; Recently, epigenetic inactivation of Wnt antagonist genes has
been reported in most human colorectal cancers (26). In addition,
mice deficient DNA methyltransferases:-have been shown to block
the development of macroscopic tumors in the colon of ApcMin/+mice
(14,33), suggesting that DNA methylation plays a role in the devel-
opment of macroscopic tumors. In order to determine whether. the
inactivation of Wnt antagonist genes is associated with DNA hyper-
methylation, the methylation status of the promoter region of Dkkl
and: Sfrp4, which were silenced in colon tumors: of Apc™™: mouse
model, was investigated. However, no significant difference in the
DNA methylation status: between macroscopic: tumors and: control
mucosa was detectable, thus suggesting that Dkk/ downregulation
is independent of DNA hypermethylation. ' Accordingly, it is possible
that other epigenetic silencing, such as histone modifications may be
associated with the inactivation and this might provide a useful model
to study the epigenetic silencing that is independent of DNA hyper-
methylation in these tumors. :

Although the fact that most: microadenomas: have the ability to
progress into macroscopic tumors supports the idea that macroscopic
tumors: arise from a. subset of microadenomas, we cannot exclude
apossibility that there are alternative pathways in which normal colon
epithelium is converted into macroscopic tumor cells. Indeed, recent
evidences strongly suggest that histological changes are preceded by
epigenetic alterations. that are associated with the activation of B-
catenin/Tcf transcription in the colon. (30,34). Meanwhile, it is also
possible that microadenomas and macroadenomas may originate from
different cell types in terms of the differentiation state. Therefore;
small ‘adenomatous_lesions may: not be uniform lesions and such
differences might affect the later progression; thus, some microade-
nomas may more easily progress into macroscopic tumors than others,

Further investigations are required to elucidate the multiple genetic
and/or epigenetic pathways of tumor development in the colon.

In summary, these findings suggest that activation of f-catenin/Tcf
transcription, which is accompanied by an'increased nuclear B-catenin
level and decreased Dkk1 expression, plays a'role in the development
of macroscopic tumors in the colon of ApcMi+ mice, In addition, the
B-catenin/Tef repotter transgenic mice described here would be useful
to elucidate the biological role of B-catenin/Tcf transcription in vivo.

Supplementary material

Supplementary Figure 1 and Table 1 can be found at http://carcin,
oxfordjournals.org/
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Silencing of tissue factor pathway inhibitor-2 gene in malignant melanomas
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To identify tumor-suppressor genes inactivated by aberrant meth-
ylation of promoter CpG islands (CGIs) in human malignant mel-
anomas, genes upregulated by treatiment of cells with a demethy-
latmg agent, 5-aza-2/- deoxycytldme (5-aza-dC), were searched for
using oligonucleotide microarrays in melanoma cell lines, HMV-1,
MeWo and WM-115. Seventy-nine known genes with CGIs were
identified as being upregulated (>16-fold), and 18 of them had
methylation of their putative promoter CGIs in 1 or more of 8
melanoma cell lines. Among the 18 genes, TFPI-2, which is
involved in repression of the invasive potential of malignant mela-
nomas, was further analyzed. Ifs expression was repressed in a
melanoma cell line with its complete methylation, and was
restored by 5-aza-dC treatment. It was unmethylated in cultured
neonatal normal epidermal melanocyte, and was induced by ultra-
violet B. In surgical melanoma specimens, TFPI-2 methylation
was detected in S of 17 metastatic site specimens (29%), while it
was not detected in 20 primary site spec)mens (0%) (p = 0.009).
By immunohistochemistry, the 5 specimens with promoter methyl-
ation lacked lmmunoreacnvuy for TFPI-2. The results showed
that TFPI-2 is silenced in human malignant melanomas by meth-
ylation of its promoter CGI and suggested that its silencing is
involved in melanoma metastasis.

© 2007 Wiley-Liss, Inc.

Key words: TFPI-2; silencing;  DNA  methylation; = malignant

melanoma; oligonucleotide microarray

The incidence of malignant melanoma has been steadxly in-
creasing in Western countries over the past few decades.! It is one
of the tumors with the worst prognosis for its tendency to metasta-
size and its resistance to conventional chemotherapy in advanced
stages. Although it is recognized that therapies based on sgemﬁc
molecular targets can be very effective for some cancers,”” the
molecular pathogenesis of malignant melanomas has only been
partially elucidated. Known genenc alterations mclude mutational
activations of N-ras (5-37.5%)" and B-RAF. (80%), and inacti-
vations of CDKN2A (11-44%)"% and PTEN (14%)’ by chromo-
somal deletions. On the other hand, contrary to the initial expecta-
tion that epigenetic aberrations would be infrequent in malignant
melanomas, increasing numbers of genes are shown to be inacti-
vated by methylations of thelr promoter CpG islands (CGIs?i
including CDKN2A (32%),"° RASSFIA (41-50%), 'L TIMP3,
PRDX2 (8%)"® and TSPY (5/5 in males)."*

Genome-wide screening for aberrant methylatlon is useful to
identify genes with ep 5genetxc aberrations, and various techniques
have been developed. ° Most techniques are based on the methyla-
tion status of genomic DNA, including methylation-sensitive-rep-
resentational: difference analysxs (MS-RDA) and restriction land-
mark genomic scanning.'> We previously applied MS-RDA to 3
melanoma cell lines; MeWo, WM-266-4 and MMAC, and identi-
fied silencing of PRDX2," a negative regulator of PDGF signal-
ing.'® Another technique developed by Suzuki er al. utilizes a
demethy]atmg agent, 5-aza-2/-deoxycytidine (5-aza-dC), and a
microarray to identify genes reexpressed by demethylation.!” This
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chemical genomic screening is simple and effective in identifying

genes silenced in cell lines.:” Since only a minor fraction of tu-

mor-related genes: are finally: utilized as molecular targets, we

need to determine more genes involved in melanomas, and chemi-
cal genomic screening is a choice:

In the present study, we performed a chemical genomxc screen-
ing using 3 human melanoma cell lines; HMV-I, MeWo and WM-
115. These ‘cell lines were selected because they had different
origins and. frequencies of methylation'?; HMV-I, MeWo' and
WM-115 originated from a primary lesmn of genital mucosa, a
metastatic: lesion of a lymph node, and a primary. skin: lesion,
respectively, and exhibited frequent; infrequent and intermediately
frequent gene silencing, respectively.

Material and methods
Cell lines, tumor samples and nucleic acid extraction

Human melanoma cell lines, MeWo, VMRC-MELG, A2058;
C32TG and GAK were obtained from the Health Science
Research Resources Bank (Sennan, Japan); G361, SK-Mel-28 and
HMV-I from the Cell Resource Center for Biomedical Research
Institute of Development (Sendai, Japan); COLO 679 and MMAc
from RIKEN BioResource Center (Tsukuba, Japan); WM-266-4
and WM-115 from the American Type Culture Collection (Rock-
ville, MD) and cultured normal human epidermal melanocyte
(HEM) from Cascade Biologics (Portland, OR).

Thirty-seven surgical melanoma specimens, 20 from primary
sites and 17 from metastatic sites, were obtained from 37 patients
in Stages 11T and IV determined by the American Joint Committee
on Cancer with informed consents at Tsukuba University Hospital
and The. University of Tokyo Hospital. Thirty-three specimens
were fixed in formalin and embedded in paraffin and 4 (Cases 6,7,
32, 33) were fresh-frozen. Five lymph nodes specimens were
obtained from 5 nonmelanoma skin cancer cases. For DNA extrac-
tion from paraffin-embedded melanoma specimens, specimens
were sliced into 40-pum-thick tissue sections, deparaffinized and
then dissected by a fine needle. After incubation in a lysis buffer
(50 mM Tris-HCL, pH 8.5, 1 mM EDTA, 0.5% Tween-20, 200
mg/ml of proteinase K} at 55°C over night, DNA was extracted by
the phenol/chloroform procedure. From cultured cells and fresh-
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TABLE I - LIST OF GENES WHOSE PROMOTER CpG ISLANDS WERE METHYLATED IN MELANOMA CELL LINES

Region analyzed

Number Gene Description Anumber < location by MSP. N)Iﬁ;}lxgiz‘\]légn
1 ADFP adipose differentiation-related protein NM.: 001122 9p21 19917683-804! 1/8
2 ANGPTL4 - angiopoietin-like 4 : NM. 139314 19p13.3 8334705-842 2/8
3 APM2 adipose specific 2 NM_ 006829 = :10g23.2 88718121-207 5/8
4 CLDN3 claudin 3 NM. 001306 .7q11.23 72822580-716" 2/8
5 F2RLI coagulation factor II (thrombin) receptor-like 1 NM_005242. . 5q13 7615463-583 1/8
6 FKBPIB FK506 binding protein 1B NM_ 004116 2p23.3 24125969-6063 1/8
7 GREM1I gremlin 1 homolog; cysteine knot superfamily NM_ 013372 15q13-q15 30797292-442 1/8
8 GSTM4 glutathione S-transferase M4 NM._147148 1p13.3 110000074-223 1/8
9 IRX4 iroquois homeobox protein 4 NM: 016358 :5p15.3 1935993-6112! 1/8

10 ISYNAI myo-inositol I-phosphate synthase A1 NM..016368 . :19p13.11 18410001-168! 1/8
11 MTIK metallothionein 1K NM.:.005950: . 16q13 55259557-678" 3/8
12 PDLIM4 PDZ and LIM domain 4 NM: 003687 5q31.1 131621019-118 4/8
13 RRAD Ras-related associated with diabetes NM_: 004165 16q22 65516994:7100* 2/8
14 SPINT2 serine protease inhibitor, Kunitz type, 2 NM: 021102 - 19q13.1 43446926-7042 2/8
5 TAC! tachykinin, precursor 1 NM_003182 - 7q21-q22 97199101-201 6/8
i6 TFPI-2 tissue factor pathway inhibitor 2 NM. 006528 7q22 93358033-228!2 1/8
17 TPM2 tropomyosin 2 (beta) NM 213674 = 9p13.2:p13.1 35680034:298! 2/8
18 WARP von Willebrand factor A domain-related protein . NM_022834 = 1p36.33 1360665-798 2/8

Ipositions in the reverse strand.~Region analyzed by the new set of primers, which is shown as.“MSP 2 in Figure 1a.”

frozen specimens,. DNA was extracted by the phenol/chloroform
procedure or a QuickGene DNA tissue kit S: (FUJIFILM, Tokyo,
Japan). Total RNA was extracted from the cultured cells using
ISOGEN (NIPPON GENE, Tokyo, Japan).

Treatment with 5-aza-2'-deoxycytidine and
ultraviolet-B irradiation

For  5-aza-2'-deoxycytidine (5- aza-dC) treatment melanoma
cells were seeded at a density of 2 X 10°-6 X 107 cells/10-cm
dish on day 0 in RPMI 1640 (Invitrogen, Carlsbad, CA), exposed
to a medium containing 1 pM 5-aza-dC (Sigma-Aldrich, St Louis,
MO) for 48 hr on days 1 and 3 and harvested on day 5. All cell
lines showed mild growth suppression on day 5, compared to
untreated cells. Growth curve of HMV-1 cells and their mor-
phology after 5-aza-dC treatment are shown in Supplementary
Figure 1.

- For ultravxolet—B (UVB) irradiation, HEM was seeded at a den-
sity of 1.5 X 108 cells/10-cm dish on day 0 in Medium 254 (Cas-
cade Blologxcs, Mansfield, UK), irradiated at doses of 0, 10 and
20 mJ/cm? on day 1 and harvested on day 2. HEMs were irradiated
uncovered in phosphate-buffered saline (PBS) to UV generated by
TLZOW/IZ tubes (Philip,
mW/cm?, monitored by a UV radiometer (Model UVR 3036/S2,
‘Topcon, ’I‘okyo, Japan).

Oligonucleotide microarray analysis

Oligonucleotide microarray analysis was performed using Gene-
Chip Human Genome 133 Plus 2.0 (Affymetrix, Santa Clara, CA)
with 54,000 probe sets, 47,400 transcripts from 39,000 genes.
From 7 jg of total RNA, double-stranded cDNA was synthesized
and biotin-labeled cRNA was prepared using a BioArray High-
Yield RNA ftranscript labeling kit (Enzo, Farmingdale, NY).
Twenty microgram of labeled cRNA was fragmented, and hybri-
dized to GeneChips. Hybridization signals were scanned, proc-
essed using GeneChip Operating Software and normalized so that
the average of all the genes on a GeneChip was 500. The p-values
for differential expression (Change p-value) were calculated in
each probe by statistical algorithms based on the Wilcoxon
Signed-Rank test. The “Change p-values” of 0,003 and 0.997,
respectively, were used as thresholds to define genes with
increased and decreased expression.

Methylation-specific PCR and bisulfite sequencing

DNA samples (500 ng each) digested by BamHI were denatured
in'0.3 N NaOH at 37°C for 15 min. The samples in 3.6 N sodium
bisulfite (pH 5.0) and 0.6 mM hydroquinone underwent 15 cycles

Eindhoven, the Netherlands) at 0.51 -

of 30-sec denaturation at 95°C and 15-min incubation at 50°C.
They were: desalted with the Wizard DNA Clean-Up system
(Promega; Madison, WI), and desulfonated in.0.3 N NaOH. DNA
was ethanol-precipitated and dissolved in 20 ul of TE buffer.

Methylation-specific PCR (MSP) was performed with a primer
set specific to the methylated or unmethylated sequence (M or U
set), using 1 ul of the sodium bisulfite-treated DNA. Primers were
designed in the 5 regions of the reported transcription initiation
site of candidate genes (Supplementary Table I). DNA methylated
with SssI. methylase (New England Biolabs, Beverly, MA) and
DNA amplified by GenomiPhi DNA amplification kit (GE Health-
care, Little Chalfont, UK) were used to determine specifically
amplified conditions for M and U sets.”’ Minimum cycles to
obtain visible bands with positive control samples were deter-
mined for each primer set and 4 cycles were added for test sam-
ples. A further 4 cycles were added for paraffin-embedded sam-
ples that were degraded.

For bisulfite sequencing; 1 pl of the sodium bisulfite-treated
DNA was used for PCR with the primers common to methylated
and unmethylated DNA sequences (Supplementary Table I). The
PCR products were cloned into a pCR4-TOPO cloning vector
(Invitrogen) and 10 clones or more were cycle-sequenced for each
sample.

Quantitative real-time reverse transcription-PCR

Total RNA was treated with DNase I (Ambion, Austin; TX),
and cDNA was synthesized from 1 pig of total RNA using a Super-
script ILkit (Life Technologies, Rockville, MD). Quantitative real-
time reverse transcription-PCR (RT-PCR) was performed with the
SYBR Green PCR Master Mix (Toyobo, Osaka, Japan) and a
7,300 Real Time PCR Systems (Applied Biosystems, Foster City,
CA). The number of molecules of a specific gene in a sample was
measured by comparing its amphﬁcanon with: that of standard
samples, which contained 10" to 10% copies of the gene. The
mRNA quantity of each gene was normalized with that of glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH). The primers and
PCR conditions are shown in Supplementary Table II.

Immunohistochemical analysis

Immunohistochemical staining of TFPI-2 was performed using
a mouse monoclonal antlbody against human TFPI-2 (clone 28Aa)
as the primary anfibody.?’ Formalin-fixed and paraffin-embedded
sections were sliced at 4 pm thickness, deparaffinized and heated
in 10 mM citrate buffer (pH 6.0) for 20 min at 95°C. After block-
ing, the sections were incubated with the primary antibody at a
dilution of 100-fold at 4°C for 1 hr, and then with the second anti-
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FiGure 1 — (a) The genomic structure of TFPI-2 in its promoter
region, Veitical ticks show individual GpC sites (top). and CpG sites
(bottom). The regions shown are those analyzed by the initial MSP
(MSP 1), the second MSP. (MSP 2) and the bisulfite sequencing. MP:
minimal promoter region. (b) TEPI-2 expression and methylation of its
promoter: CGL. TFPI-2 expression and methylation were analyzed by
quantitative RT-PCR and MSP, respectively, in 12 melanoma cell lines
(Lanes 1=12) and HEM (Lane 13). M, primers specific to methylated
DNA; U, primers specific to unmethylated DNA. As control fully
methylated and fully unmethylated DNA, genomic DNA methylated
using SssI-miethylase and genomic DNA amplified using phi29 DNA
polymerase (GenomiPhi DNA), respectively, were used. HMV-I did
ot have unmethylated DNA molecules, and lacked TFPI-2 expres-
sion. (¢) TFPI-2 reexpression after 5-aza-dC treatment was confirmed
by quantitative RT-PCR. (d) Methylation of the TFPI-2 promoter CGI
shown by bisulfite sequencing. Thirty-two CpG sites were analyzed in
HEM, MeWo, A2058, HMV-I; and HMV-I after 5-aza-dC treatment,
For each sample; 10 or more clones were sequenced. Closed and open
circles show methylated and unmethylated CpG sites, respectively.
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firmed. Bars, SD. (b) TFPI-2 expression was found to be induced by
UVB 10 and 20 mJ/cm? irradiation. Bars, SD.

TABLE II'- METHYLATION STATUS AND: IMMUNOREACTIVITY
OF: TFPI-2: IN' SURGICAL SPECIMENS

Methylation - [mmunoreactivity

Specimen number. Origin
pe e status

Skin metastasis M
Skin metastasis M/U
Skin metastasis

Lung metastasis
Lymph node metastasis
Skin metastasis

Skin metastasis

Lung metastasis
Lymph node metastasis
Lymph node metastasis
Lymph node metastasis
Lymph node metastasis
Lymph node metastasis
Lymph node metastasis
Lymiph node metastasis
Lymph node metastasis
Lymph node metastasis
Primary

Primary

Primary.

Primary

Primary

Primary

Primary

Primary

Primary

Primary

Primary

Primary

Primary.

Primary.

Primary

Primary

Primary

Primary

Primary

Primary

OO0 =3 QNN P DD =

L bl ++ZZ 0 i+ ++ 220000

C}GCC:CC:C!C;‘CJCJCICCCGCCGCGCGGCCCCGCCCC%KK

=, negative immunoreactivity for TFPI-2; +, positive immunoreactiv-
ity for TFPI-2; NA, not analyzed. Methylation of the TFPI-2 promoter
CGI was observed specificaily in metastatic site specimens, not in pri-
mary site specimens (p = 0.009). No significant differences were seen
in immunoreactivity between primary and metastatic specimens (p >
0.05, %2 test).

body (biotinylated anti-mouse IgG antibody) at a dilution of 250-
fold at room temperature for 40 min. Melanin color was removed
by placing the slides in:0.5% sodium azide at 4°C for 3-5 days.
The binding of the second antibody was visualized by a Vectastain
Elite ABC kit (Vector Laboratories, Burlingame, CA). Slides were
counterstained with hematoxylin.. As a negative confrol, absence
of staining without the primary antibody was confirmed. As a pos-
itive control, staining of vascular epithelium was confirmed.”?
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FiGure 3.~ Methylation statuses of the
TFPI-2: promoter: CGI in surgical mela-
noma specimens. (a¢) MSP of the TFPI-2
promoter CGI in 37 surgical melanoma
specimens and 5 normal lymph nodes
(LN). SssI-DNA: fully methylated DNA;
GenomiPhi: fully unmethylated DNA; M:
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Statistical analysis

The differences in the incidences between the primary sites and
metastatic sites were compared by a " test.

Results

Chemical genomic screening and identification
of 18 genes with promoter methylation

Oligonucleotide microarray analyses were performed using
RNA obtained from human melanoma cells with and without 5-
aza-dC freatment. HMV:I, MeWo and WM-115 cell lines had
107; 112 and 16 genes, respectively, that (/) had signal intensities
of 50 or less in nontreated cells and: 100 or more in treated cells,
and (if) showed an increase of 16-fold or more. Genomic struc-
tures: and chromosomal localizations were analyzed. for these
genes and 38, 35 and 6 genes (total 79 genes), respectively, were
found to have CGls in their 5" regions, and not located on chromo-
some X, which harbors many normally methylated genes.

Methylation statuses of the putative promoter CGIs of these 79
genes were analyzed by MSP in HEM and 8 melanoma cell lines,
including HMV-I, MeWo and WM-115. Eighteen of them were
found to be’ completely methylated (withott unmethylated DNA
molecules) in 1 or more of the 8 melanoma cell lines, but not in
HEM (Table I).

Methylation and expression analysis of the 18 genes,
and identification of TFPI-2

mRNA expression of the 18 genes was analyzed in 12 mela-
noma cell lines and HEM by quantitative. RT-PCR, and associa-

were analyzed in 2 separate PCR due to
sample degradation: For each sample, 10
or more clones' were sequenced, Closed
and ‘open circles show: methylated and
unmethylated CpG sites, respectively.

tion between methylation and transcriptional repression: was
examined. It was found that 9 genes were not expressed in HEM,
that 7 genes (APM2, FKBPIB, GSTM4, ISYNAI, PDLIMA4, TFPI-
2 and TPM2) were expressed in HEM and consistently repressed
in_melanoma cell lines with complete methylation, and that 2
genes (ADFP and MTIK) were expressed even in melanoma cell
lines with complete methylation.

Among the 7 genes that had consistent association’ between
methylation and transcriptional repression, TFPI-2. was known to
possess growth-suppressive functions®* ?® and 'to be silenced in
gliomasg choriocarcinomas, ' pancreatic -cancers and lung can-
cers.?® %! Therefore we decided to focus on TFPI-2 as a‘candidate
tumor-suppressor gene silenced in malignant melanomas.

TFPI-2 minimal promoter activity was reported between —224
and =139 from the transcription initiation site®? (Fig. 1g), and the
methylation status of the region was confirmed by new sets of
MSP primers (Fig. 1b). The same results with the initial screening
were obtained: TFPI-2 was completely methylated in HMV-], par-
tially methylated (both methylated and unmethylated DNA
detected) in GAK, VMRC-MELG and C32TG, and completely
unmethylated in the other 8 melanoma cell lines and HEM. TFP/-
2 was not expressed in HMV-I, but was expressed in most mela-
noma cell lines with unmethylated DNA molecules. Reexpression
of TFPI-2 by treatment of HMV-I with 5-aza-dC was confirmed
by quantitative RT-PCR analysis (Fig. 1c). Further, the results by
MSP were confirmed by bisulfite sequencing (Fig. 1d). The pro-
moter region of TFP[-2 was densely methylated in all DNA mole-
cules in HMV-I, while it was unmethylated in 2 melanoma cell
lines (MeWo and A2058) with high TFEPI-2 expression and HEM.




TFPI-2 SILENCING IN MALIGNANT MELANOMAS

These results showed that TFPI-2 was silenced by methylation of
its promoter CGI in a melanoma cell line.

TFPI-2 induction in response to UVB irradiation

In a steady-state culture, HEM expressed TFPI-2 mRNA only
at a low level. It is generally difficult to distinguish genes that are
functional in a nssue, even with low expression levels, such as Rb,
BRCAT and HIF-1,>7 from genes that are not functional in a tis-
sue and have little expressxon. S To make the distinction; it was
considered informative to examine whether or not TFPI-2. expres-
sion ‘can: be induced in response to cellular: stress. Therefore,
HEMs were: irradiated with increasing doses of UVB. The: effect
of UVB irradiation was confirmed by observing induction of
GADD45A mRNA expression (Fig. 2a). It was found that TFPI- 2
expression was induced at 4.2-fold after treatment with 10 mJ/em?
and 4.6-fold affer that with 20 mJ/em® in' 3 independent treatments
(Fig: 2b).

TEPI-2 methylation and loss of expression

Methylation of the TFPI-2 promoter CGI was analyzed in 37
surgical melanoma specimens (17 metastatic site and 20 primary
site specimens) and 5 normal lymph nodes (negative controls) by
MSP, Methylation was detected only in 5 of the 17 metastatic site
spemmens (29%), while none. in the primary site specimens. (p. =
0.009, %% test) (Table 1f and Fxg 3a). Further, the result was con-
firmed by bisulfite sequencing in 5 representative specimens (Fig:
3b).

Immunohistochemical analysis of TFPI-2 was then performed
on 26 surgical melanoma specimens, including the 5 specimens
with methylated DNA and 21 specimens without methylated
DNA. The remaining 11 of the 37 specimens were excluded due
to excessive melanin deposition even after demelanization or
unavailability of tissue sections. Five of the 5 specimens with
methylated DNA and 10 of the 21 specimens without lacked
immunoreactivity for TEPI-2 (representative results in Fig, 4).
The remaining 11 specimens had TFPI-2 immunoreactivity
(52%).

Discussion

TFPI-2 silencing in human malignant melanomas was identified
by a genome-wide screening using demethylation by 5-aza-dC
and oligonucleotide microarray analysis. Transcriptional silencing
of TFPI-2 by promoter net}(xlylation has been recently reported in

glioma,2 choriocarcinoma, pancreatlc ductal adenocarcinoma
and nonsmall cell Iung cancer.”’ In malignant melanoma, silenc-
ing by promoter methylation has not been reported, but TEPI-2 is
known to suppress the invasiveness of amelanotic melanomas.”?
Our finding that methylation of the TFPI-2 promoter CGI was
present.in 5 of 37 surgical melanoma specimens (13.5%) showed
that silencing by promoter methylation is one of the mechanisms
for TFPI-2 inactivation in malignant melanomas.

TEPI-2, also known as placental protein (PP5) and matrix-asso-
ciated serine protease inhibitor (MSPI), is a 32 kDa Kunitz-type
serine proteinase inhibitor and an extracellular matrix protein that
inhibits plasmin.” Since plasmm is involved in activation of ma-
trix metalloproteinases (MMPs), TFPI-2 can inhibit MMPs,
which are known to be involved in tumor progression.  In various
malignancies, such as choriocarcinoma, glioma, prostate cancer
and lung cancer, tumor—suppresswe functions of TFPI-2 have been
demonstrated. ! Additionally, Konduri ef al. demonstrated
that cell invasion and migration in melanomas can also be
repressed by TFPI-2 introduction.?* In the present study, methyla-
tion of the TFPI-2 promoter CGI was observed exclusively in met-
astatic site specimens (p = 0.009), and it was suggested that
silenicing of TFPI-2 is one of the mechanisms for melanoma me-
tastasis.

Distinction between a tumor-suppressor gene and a gene that
has been methylated as a secondary event of tumorigenesis is im-

305

Case 1 Case 18

FicURE 4 — Representative results of TFPI-2 immunohistochemical
analysis in surgical melanoma specimens. Case | with methylated
DNA showed no immunoreactivity (a,b) while case 18 without meth-
ylated DNA showed it (e,f). Staining of the vascular endothelium on
the same slices was confirmed as positive controls (c,g). Absence of
immunoreactivity was confirmed without anti-TFPI-2 antibody  as
negative controls (d,h).

portant when a gene that appears to be silenced by promoter meth-
ylation is identified.”® Tumior-suppressor genes tend to have low
expression levels in the normal steady-state, but are often induced
in response to cellular stresses.”” 7~ At the same time, genes with
little transcription in a tissue, most of which are not functional in
the tlssue, tend to be methylated in tumor cells.® For the distinc-
tion, in the present study, induction of TFPI-2 expression in
response to UVB irradiation, possibly through MARP kinase signal-
ing activation,** was examined in HEMs.”> TEPL-2 expression
was found to be induced by UVB, which is one of the most com-
mon causes of malignant melanomas and also induces apoptosis.
This suggested that TFPI-2 could have a tumor-suppressive func-
tion and exert it through its roles in responding to cellular stresses,
including induction of apoptosis.

In: the screening process of silenced: genes, 2 genes (ADFP and
MTIK) were found to be expressed even in melanoma cell lines
with complete methylation. This was considered to be due to tem-
porarily assigned transcription start sites in the database, or due to
the presence of unidentified alternative promoters. Such inconsis-
tency is usually solved by experimental identification of the exact
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transcription: start sites and promoters. However; since these 2
genes were expressed anyway, they are not targets of this study
and such experiments were not performed here,

In our previous study, using MS-RDA with 3 methylation-sensi-
tive restriction enzymes, Hpall, Sacll and Narl, putative promoter
CGIs of 5 genes derived from MeWo were found to be completely
methylated in at least 1 of 13'melanoma cell lines, but not in
HEM.!> However, among the 5 genes, none was expressed. in
HEM. On the other hand, in the present study, using a chemical
genomic screening, we identified 5 genes whose putative promoter
CGlIs were completely methylated in 1 or more of the § melanoma
cell lines; but unmethylated in. HEM. Among the five, 2 genes
(AMP2 and TPM?2) were expressed in HEM and were considered
to: be candidate tumor-suppressor: genes. There was no overlap

NOBEYAMA ET AL.

between the 5 genes identified by MS-RDA and the 5 genes identi-
fied by chemical genomic screening. These resulfs suggested that
different genes are identified by the 2 different approaches.

In conclusion, it was demonstrated for the first time in this study
that TFPI-2 is silenced by methylation of its promoter CGI in ma-
lignant melanomas. The specific. presence of its methylation in
metastatic sites suggested that its silencing is one of the mecha-
nisms for melanoma metastasis.
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