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Expression of the KAI1 gene, a metastasis-suppressor for prostate cancer, is reduced in all foci of
prostatic metastasis. The altered regulatory mechanism is not strongly related to mutations or
allelic losses of the KAI1 gene in prostate tumors. Since transcriptional silencing of genes has been
found to be caused by epigenetic mechanisms, we have investigated the involvement of this epige-
netic regulation of KAI1 expression in prostate cancers. The methylation status of the KAI1 pro-
moter region was examined by restriction-enzyme digestion and sequencing, after amplifying a
331-bp fragment in the GC-rich promoter region from 4 human prostate cancer cell lines treated
with bisulfite. The same 4 cell lines were also exposed to various concentrations of the demethylat-
ing agent, 5-aza-2′′′′-deoxycytidine (5-AzaC) and/or the histone deacetylase inhibitor, trichostatin A
(TSA). To clarify the influence of epigenetic modification on reduced KAI1 mRNA expression in
the tumor cells, RT-PCR and northern-blot analyses were performed. Bisulfite-sequencing data
showed a few methylated CpG islands in the promoter. RT-PCR analysis of 5-AzaC and/or TSA-
treated cells indicated reversal of suppression of KAI1 transcription in two cell lines (PC-3 and DU-
145), although the expression could not be detected by northern blots. From these results, it is sug-
gested that epigenetic change is not the main mechanism of KAI1 down-regulation, though there
remains a possibility that methylation in a more upstream region might be associated with this reg-
ulation.
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The KAI1 gene, located in the p11.2 region of human
chromosome 11, is a metastasis-suppressor for prostate
cancer and possibly for cancers of breast, lung, and
bladder.1–4) The KAI1 gene was originally isolated from
the Dunning rat prostate cancer system after introduction
of human chromosome 11 by micro-mediated cell trans-
fer.1) Although several studies have suggested that the
product of this gene is involved in various physiological
and pathological processes including interactions between
neighboring cells and between cells and extra-cellular
matrix, the biological functions of KAI1 protein have not
been defined conclusively.

The mechanism that alters expression of the KAI1 gene
in prostate tumors is not strongly related to either mutation
or loss of an allele.5) Recently, transcriptional silencing of
genes without genetic alterations has been found to be
caused by DNA methylation and histone acetylation/
deacetylation, so-called epigenetic mechanisms.6) Methyl-

ation might directly inhibit the binding of transcription
factors or methyl-cytosine binding proteins (MeCP1, 2),
which interact with other structural compounds of the
chromatin, making the DNA inaccessible to transcription
factors through histone deacetylation and stabilizing struc-
tural changes in chromatin.7) We and others have shown
that DNA hypermethylation plays an important role in the
inactivation of VHL, p16 (MTS1 /CDKN2), E-cadherin,
and androgen receptor in human cancers.8–11)

To clarify the involvement of epigenetic regulation in
KAI1 expression, we analyzed the methylation status of
the KAI1 5′ regulatory region using the bisulfite PCR
method12, 13) in four prostate cancer cell lines. Additionally,
we analyzed KAI1 expression in these four cell lines after
treatment with a demethylating agent, 5-aza-2′-deoxycyti-
dine (5-AzaC) and/or the histone deacetylase inhibitor, tri-
chostatin A (TSA).

MATERIALS AND METHODS

Cell culture and reagents  Four cell lines derived from
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metastatic human prostate cancers, LNCaP, PC-3, DU-145,
and TSU-Pr1, were used for this study. The origins and
characteristics of these cell lines have been described
previously.14–18) All cells were cultured in RPMI 1640 sup-
plemented with 1% ampicillin and 10% fetal bovine serum
(FBS), in a 5% CO2 atmosphere at 37°C. Each culture was
treated for 7 days with freshly prepared demethylating
agent, 5-AzaC (Sigma Chemical, St. Louis, MO), at con-
centrations of 0.5–2.0 µM and/or histone deacetylase
inhibitor, TSA, at the concentration of 50 ng/ml.
Bisulfite modification  Genomic DNA was extracted
from all cell lines using standard protocols. Four micro-
grams of each DNA in a 50 µl volume of water was dena-
tured with NaOH (final concentration, 0.2 M) and
incubated at 37°C for 15 min. A freshly prepared solution
containing sodium bisulfite (final concentration, 3.1 M, pH
5.0) (Sigma) and hydroquinone (final concentration, 0.5
mM) (Sigma) was added to the denatured DNA. This mix-
ture was incubated at 55°C for 16 h in darkness. After the
reaction, DNA was desalted with a Wizard DNA clean-up
system (Promega, Madison, WI), desulfonated by addition
of NaOH (final concentration, 0.3 M), and incubated at
37°C for 15 min. The solution was neutralized by addition
of ammonium acetate (final concentration, 3.0 M), and the
DNA was ethanol-precipitated, dried, and re-suspended in
20 µl of TE buffer (pH 8.0).
PCR amplification and restriction-enzyme digestion
Primers were designed to discriminate between methylated
and unmethylated alleles following bisulfite treatment, and
to discriminate between DNA modified by bisulfite treat-
ment and DNA that was not modified.

In the first step, bisulfite-treated DNA was amplified
using as a sense primer 5′-AGGGTAGGGTAGGATTAG-
GAA-3′ (KAI1-1S; −494 to −474) and as an antisense
primer 5′-CTCCTTTTCACCCACCAACTACT-3′ (KAI1-
1AS; +206 to +228). Thermal cycling was performed in
35 cycles of 94°C for 30 s, 50°C for 60 s, and 72°C for 60
s, followed by a final extension at 72°C for 5 min. Next, a
331-bp fragment was amplified using 2 µl of the first-
round reaction mixture and the following primers under
similar conditions, except for annealing at 55°C. In this
case the primers were KAI1-2S: 5′-AGGTTGGTTGGGG-
TAYGGTTAT-3′ (Y=C or T; −179 to −156) and KAI1-
2AS: 5′-AAAACXAAAACTAAAACTAACTTTACC-3′
(X=A or G; +126 to +152). Locations of the primers
were determined on the basis of the published KAI1 pro-
moter sequence.19)

After ethanol precipitation, PCR products were digested
by BstUI, TaqI, and EcoRI, electrophoresed on 2% aga-
rose, and visualized with ethidium bromide.
Genomic sequencing  The 331-bp PCR products ampli-
fied from bisulfite-treated genomic DNA were subcloned
into T-easy vector (Promega) and sequenced with vector-
specific primer (Sp6 and T7) by means of the ABI prism

310 sequencer. Ten clones of each product were
sequenced. Then, the methylation rates of individual CpGs
(1st to 33rd) in the four cell lines were calculated.
RT-PCR analysis and Southern blotting  Total RNA
was purified from cells cultured with or without 5-AzaC
and/or TSA. First-strand cDNA synthesis was performed
with 1 µg of the total RNA, using a cDNA synthesis kit
(QIAGEN, Chatsworth, CA) according to the manufac-
turer’s protocol. For PCR amplification we used a 1 µl ali-
quot of each reaction mixture. To obtain reproducible
quantitative performance of the RT-PCR assay for KAI1,
we titrated the amount of starting cDNA and the number
of amplification cycles. All subsequent assays were car-
ried out using the parameters that yielded amplification of
both KAI1 and β-actin DNA within a linear range. On the
basis of the nucleotide sequence of KAI1, 5′-AGTCCTC-
CCTGCTGCTGTGTG-3′ was used as the sense primer
and 5′-TCAGTCAGGGTGGGCAAGAGG-3′ as the anti-
sense primer. These primers amplified a 1031-bp fragment
(nucleotides 65–1095). The reaction mixture was sub-
jected to 30 cycles of PCR amplification consisting of 40 s
at 94°C, 40 s at 60°C, and 90 s at 72°C. Amplification of
β-actin DNA under the same conditions served as the
internal PCR control; the sense primer for β-actin was 5′-
CAAGAGATGGCCACGGCTGCT-3′ and the antisense
primer was 5′-TCCTTCTGCATCCTGTCGGTA-3′. Com-
plementary DNA obtained from benign hyperplastic pros-
tate tissue served as a positive control. The amplified
DNA samples were electrophoresed on 1% agarose gels,
and bands were visualized with ethidium bromide. The
same gel was used for Southern blotting, with the 1031-bp
fragment labeled with digoxigenin serving as a probe.
Immunohistochemistry  All cell lines, treated with 5-
AzaC or not, were cultured in chamber slides and were
immunostained with mouse monoclonal anti-human C33
antibody. Normal kidney tissue was used as a positive con-
trol.

RESULTS

Methylation status of the KAI1 promoter region in
prostate cancer cell lines  To determine if methylation in
the promoter region was heterogeneous, we amplified a
331-bp fragment of each DNA after bisulfite treatment.
This fragment represents the most GC-rich area within the
5′ regulatory region of KAI1. The sequence contains 33
CpG dinucleotides, as well as the transcription-initiation
site and several putative binding sites for transcription fac-
tors (Fig. 1A).

We digested the 331-bp PCR fragments with BstUI,
TaqI, and EcoRI, but no digestion products were observed
in any bisulfite-treated cell line (Fig. 1B). We sequenced
the 331-bp fragments to detect methylated CpGs and
found a few methylated CpGs in four cell lines. Methyla-
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tion rates of individual CpGs were at most 20% (Fig. 1, C
and D).
Restored expression of KAI1 mRNA in prostate cancer
cell lines treated with 5-AzaC and/or TSA  It remained
possible that methylation elsewhere in the promoter region
might be inhibiting KAI1 expression in the tumor cells. To
address this possibility and to examine the influence of
histone deacetylation, the four cell lines were exposed to
various concentrations of the methylase inhibitor 5-AzaC
and/or the histone deacetylase inhibitor TSA. RT-PCR

analysis of 5-AzaC-treated cells demonstrated restored
expression of the KAI1 gene in the PC-3 and DU-145 cell
lines, but no activation of KAI1 mRNA expression
occurred in LNCaP and TSU-Pr1 (Fig. 2A). Restored
expression of KAI1 was evoked by TSA treatment in DU-
145 cells, but not in PC-3 cells. Combined 5-AzaC/TSA
treatment increased reactivation for KAI1 in both PC-3 and
DU-145 cells (Fig. 2B). In LNCaP and TSU-Pr1, KAI1
expression was not increased by 5-AzaC and/or TSA
treatment. However, northern blot analysis and immuno-
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DC

undigested Bst UI Taq I EcoRI

PC-3

DU-145

TSU-Pr1

Fig. 1. Methylation analysis of the KAI1 promoter region in prostate-cancer cell lines. (A) Schematic illustration of the region around
the transcription-start site (between residues −735 and +351 as previously defined). The 331-bp sequence amplified for methylation
analysis is shown here. Within this fragment, CpG pairs are shown in bold type and numbered from 1 to 33. Sequences analyzed by
restriction enzymes are underlined as follows: TaqI (TCGA), solid lines; BstUI (CGCG), wavy lines; EcoRI (GAATTC), dotted line.
Putative binding motifs for transcription factors are indicated by double underlines, and primer sequences are boxed. (B) Restriction-
enzyme analysis of the bisulfite-treated KAI1 promoter region in DNAs from four metastatic prostate cancer cell lines, LNCaP, PC-3,
DU-145, and TSU-Pr1. (C) Methylation rates of individual CpGs (1st to 33rd) in the four cell lines. (D) Sequence analysis of the 331-
bp fragment from one of the PC-3 clones; methylation has occurred at the 14th CpG island.
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histochemical study failed to demonstrate expression of
KAI1 in any cell line after treatment with 5-AzaC (data not
shown). No morphological changes were seen in any cell
line after treatment with 5-AzaC and/or TSA.

DISCUSSION

KAI1 is widely expressed in human tissues, and down-
regulation of this gene is associated with the metastatic
phenotype of several human malignancies including carci-
nomas of the prostate, lung, breast, bladder, pancreas, and
colon. In normal prostatic tissue, high levels of KAI1 pro-
tein are expressed on the plasma membranes of epithelial
but not stromal cells, whereas its expression is reduced in
70% of primary prostatic tumors and in all metastatic
foci.5) A previous report from our laboratory indicated that
both Gleason grade and clinical stage are inversely corre-
lated with the percentage of KAI1-positive cancer cells in
a prostate tumor.20) Furthermore, we demonstrated in the
Dunning prostate cancer system that down-regulation of
KAI1 is associated with the acquisition of high metastatic
ability.21) The combined evidence indicated to us that loss
of KAI1 protein is involved in the progression of human
prostate cancer.

Although the KAI1 gene was isolated originally from
the Dunning rat prostate cancer system after introduction
of human chromosome 11, the mechanism causing down-
regulation of the KAI1 gene in prostate cancers is not
clear. Mutation in, or allelic loss of, the KAI1 gene is not
frequent in prostate-cancer tissues.5) The present study
revealed that expression of KAI1 was re-activated by 5-
AzaC in two of the four prostate cancer cell lines exam-

ined (PC-3 and DU-145). However, northern-blot and
immunohistochemical analyses showed no activated
expression of KAI1 mRNA or increase in KAI1 protein in
any cell line after treatment with 5-AzaC. This discrep-
ancy may be explained by the comparatively higher sensi-
tivity of the RT-PCR experiments.

A recent report by Jackson et al. provided only negative
evidence for hypermethylation of KAI1 CpG islands in
invasive bladder tumors or cell lines derived from such
tumors22); i.e., their RT-PCR analyses showed no activa-
tion of KAI1 mRNA after treatment with 5-AzaC. In the
present study, we found restored expression of KAI1 in
PC-3 and DU-145 cell lines treated with 5-AzaC alone and
5-AzaC/TSA by RT-PCR. Combined with bisulfite
sequencing data, it is suggested that epigenetic change is
not the main mechanism of KAI1 down-regulation, though
we can not rule out the possibility that methylation in a
more upstream region might be associated with this regu-
lation.

Since Mashimo et al. reported that expression of KAI1
may be controlled, in part, by p53,23) further study will be
needed to clarify the exact mechanism that regulates
expression of KAI1 in prostate cells.
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Fig. 2. RT-PCR analysis of KAI1 mRNA expression in prostate cancer cell lines. BPH, benign prostatic hyperplasia. (A) Four cell
lines were treated with or without 5-AzaC (0.5–2.0 µM). (B) PC-3 and DU-145 cells were exposed to 5-AzaC (0.5 µM) and/or TSA
(50 ng/ml).
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