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Effect of 5-Aza-2'-deoxycytidine on
SLLC22A18 in glioma U251 cells
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Abstract. SLC22A18 [solute carrier family 22 (organic
cation transporter) member 18] is located within the 11p15.5
cluster, and may be a new tumor suppressor gene; evidence of
SLC22A18 hypermethylation is documented in several types
of human cancers. In order to determine whether SLC22A18
hypermethylation is involved in glioma, we determined the
SLC22A18 gene protein expression, mRNA expression and
methylation status in glioma U251 cells before and after treat-
ment with 5-Aza-2'-deoxycytidine (5-Aza-CdR), and observed
the change in growth. Glioma U251 cells treated with 5-Aza-
CdR were analyzed by flow cytometry to identify any change
in their cell cycle profiles. Tumors induced via the injection of
untreated U251 cells were measured. Immunohistochemistry,
reverse transcriptase-polymerase chain reaction (RT-PCR) and
PCR-based methylation assay were carried out to determine
SLC22A18 gene protein expression, mRNA expression and
methylation status in glioma U251 cells before and after treat-
ment with 5-Aza-CdR. The treated cells showed an increase in
their proportion in G1, from 79.2 to 83.5%, and a decrease in S
phase, from 12.4 to 5.8%. The apoptotic rate increased from 6.4
to 15.8%. Tumors induced via the injection of untreated U251
cells were approximately 1.46 cm? in size, whereas the tumors
induced by U251 cells treated with 5-Aza-CdR averaged
0.88 c¢cm’ in size. The expression levels of SLC22A18 protein
and mRNA in U251 cells were increased following treatment
with 5x107 M 5-Aza-CdR. Prior to 5-Aza-CdR treatment, the
SLC22A18 gene demonstrated hypermethylation and therefore
could not be cleaved by Hpall and Mspl. It is known that
only the DNA digested with Hpall or Mspl can be amplified.
Following treatment with 5-Aza-CdR, the SLC22A18 gene
became demethylated, and could then be cleaved by both of the
enzymes, and this failed to be amplified. 5-Aza-cdR may induce
glioma U251 cell division and apoptosis and enhance demeth-
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ylation and protein and mRNA expression of SLC22A18. The
hypermethylation of SLC22A18 may be related to the tran-
scriptional silencing of this gene. The growth inhibitory effects
of 5-Aza-CdR treatment in vivo remain recognizable.

Introduction

Gliomas are a major class of human intrinsic brain tumors.
They include generally well-differentiated low-grade astro-
cytomas, anaplastic astrocytomas, and the most malignant
brain tumor of adulthood, glioblastoma multiforme. Although
the molecular mechanisms of glioma remain poorly under-
stood, an increasing number of genetic abnormalities have
been recognized; for example, the SLC22A18 [solute carrier
family 22 (organic cation transporter) member 18] and the
c-Met genes (1-3). We previously found that inactivation of
the tumor-suppressor gene SLC22A18 was observed in a
significant proportion of patients with glioma (1). An essential
mechanism of gene inactivation is aberrant methylation in
the promoter region of the gene (1). Evidence of SLC22A18
hypermethylation has also been documented in several types
of human cancers (4-7). However, to our knowledge, there
are few studies on the SLC22A18 gene in glioma. 5-Aza-2'-
deoxycytidine (5-Aza-CdR) is thought to act by inhibiting
DNA methyltransferase that methylates cytosine residues in
eukaryotic DNA (8). Several researchers have used it as an
experimental tool for demethylation (9,10). This drug appears
to be incorporated into the cellular DNA where it acts as a
non-competitive inhibitor of the maintenance methylase (9,11).
Methyl moieties are thus passively removed when the DNA
undergoes replication and, indeed, numerous inactive cellular
and viral genes are activated following exposure to 5-Aza-CdR
(12). In order to determine whether SLC22A18 hypermethyl-
ation is involved in glioma, we determined the SLC22A18
gene protein expression, mRNA expression and methylation
status in glioma U251 cells before and after treatment with
5-Aza-CdR, and observed the change in growth.

Materials and methods

Cell culture. U251 cells (human glioma cells from Wuhan
University, China) were incubated at 37°C in RPMI-1640
medium supplemented with 10% calf serum, 100 U/ml peni-
cillin and 100 pg/ml streptomycin, in an atmosphere of 5%
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CO, at saturation humidity. The cell line was subcultured
2-3 days later, at an initial concentration of 5x10* cells/ml.
Cells in logarithmic growth were used in all experiments.

5-Aza-CdR treatment. Cells (~1x10°/ml) were plated in the
vial and treated with 5x107 M 5-Aza-CdR (Sigma Co.) for
24 h. The medium was replaced following 24 h of drug treat-
ment, and cells were cultured for 9 days, to ensure complete
recovery from the immediate toxic effects of 5-Aza-CdR (13).
Untreated cells were analyzed under similar conditions, as a
control.

Determination of cell cycle profile. Cells (2x10%100 ml vial)
were plated and treated with 5x107 M 5-Aza-CdR. Cells were
fixed after 7 days with 700 ml/I ethanol and stained with prop-
idium iodide (50 mg/l; Crze Co.). DNA content at each cell
cycle stage was determined via flow cytometry.

Effects of 5-Aza-CdR on tumorigenicity. U251 cells (2x10°)
were injected into the right flank of 4-week-old Balb/c
male nude mice 10 days after treatment with 5-Aza-cdR.
Untreated cells were injected into the left flank under the same
conditions, as a control. Tumor sizes were measured 4 weeks
after injection.

Immunohistochemistry. Cells were plated in 60-mm tissue
culture dishes containing cover glasses overnight. The cover
glasses were washed in PBS, fixed for 30 min in 70 ml/1 ethanol
and washed twice in PBS. Quenching of the endogenous
peroxidase activity was obtained by treatment with 0.3 ml/l
H,O, in methanol. The sections were blocked with 10 ml/1
goat serum in PBS and incubated with 3 g anti-SLC22A18
polyclonal antibody (Santa Cruz Biotechnology Inc., Santa
Cruz, CA, USA) at 48°C overnight, then incubated with horse-
radish peroxidase (HRP)-conjugated antibody for 30 min at
room temperature. Following three washes of 5 min in PBS,
they were developed in a substrate solution of HRP. A nega-
tive control test omitting the SLC22A18 antibody was also
performed to confirm the absence of non-specific reactions.
The manufacturer provides the presence (+) and absence (-)
controls. The expression of the SLC22A18 gene was observed
under a light microscope and analyzed using the figure analysis
method.

Reverse transcriptase-polymerase chain reaction (RT-PCR).
Total RNA was extracted from U251 cells by a modification
of the guanidinium thiocyanate-acid phenol method and
quantified based on the measured absorbance at 260 nm.
Complementary DNA (cDNA) was synthesized using 2 ug
RNA, 106 U/l reverse transcriptase (Gibco, Inc.) and 0.5 g/l
oligodeoxythymidine, in a total volume of 20 pl. The reac-
tion was performed at 42°C for 60 min and terminated by
heating at 99°C for 5 min. Primer sequences and condi-
tions for the RT-PCR product were previously described
(forward primer, 5'-GCTTCGGCGTCGGAGTCAT-3'
and reverse primer, 5'-~AGCCTGGGCGTCAGTTTT-3")
(14). The housekeeping gene GAPDH was used as an
internal control for the RT reaction (forward primer,
5'-GGGAGCCAAAAGGGTCATCATCTC-3' and reverse
primer, 5-CCATGCCAGTGAGCTTCCCGTTC-3") (14). For
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amplification of cDNA, 2 ul cDNA product was subjected to a
PCR-based technique using 2.5 units of 7ag DNA polymerase,
1 pul each of forward and reverse primers and 200 Imol/l of
each dNTP. PCR consisted of 35 cycles at 94°C for 1 min, at
62°C for 1 min and at 72°C for 1 min, followed by a final exten-
sion at 72°C for 5 min. RT-PCR products were resolved on 2%
agarose gel by the figure analysis method.

PCR-based methylation assay. DNA was isolated with the
TriPure isolation reagent. A PCR assay relying on the inability
of certain restriction enzymes, such as Hpall or Mspl, to
cut methylated sequences was used to analyze the meth-
ylation status of SLC22A18. DNA digests were performed
according to the manufacturer's instructions (Boehringer
Mannheim Co.). DNA (1 ug) was digested for 2 h with
10 units of enzyme per g DNA. Digested DNA (200 ng)
was amplified with primers flanking the restriction sites. The
primer set used for methylation analysis of SLC22A18 was
5'-CGTTTTTGTAAAGGTAGGTATTCGA-3' (sense) and
5-AAACTAAAAAAAACAAAACAACCG-3' (antisense)
(14). The amplification product was 146 bp. Conditions were:
94°C for 3 min, 35 cycles at 94°C for 1 min, 57°C for 30 sec
and 72°C for 40 sec, followed by incubation at 72°C for 1 min.
PCR products were resolved on 2% agarose gel. To rule out the
possibility of incomplete restriction, all samples were digested
twice with each of the enzymes in independent experiments.
PCR ampifications from each of the duplicate digests were
repeated at least twice to ensure reproducibility of the results.

Statistical analysis. The data are expressed as the means + SE.
The results were analyzed by the analysis of variance test.
P<0.05 was considered to denote statistical significance.

Results

Cell cycle arrest following treatment with 5-Aza-CdR. U251
cells treated with 5-Aza-CdR were analyzed by flow cytom-
etry to identify any change in their cell cycle profiles. The
treated cells revealed an increase in their proportion in Gl,
from 79.2 to 83.5%, and a decrease in S phase, from 12.4 to
5.8%. The apoptotic rate increased from 6.4 to 15.8%. These
results indicated that 5-Aza-cdR may induce cancer cell divi-
sion and apoptosis.

Effects of 5-Aza-CdR on tumorigenicity. Tumors induced
via the injection of untreated U251 cells were ~1.46 cm® in
size, whereas the tumors induced by U251 cells treated with
5-Aza-CdR averaged 0.88 cm’ in size. This demonstrated that
the growth-inhibitory effects of 5-Aza-CdR treatment in vivo
were still recognizable.

Effect of 5-Aza-CdR on SLC22A18 protein expression. The
positive 5-Aza-CdR-treated cells revealed mostly cytoplasmic,
homogeneous and brown staining. Following treatment with
5x107 M 5-Aza-CdR, U251 cells revealed a higher expres-
sion of SLC22A18 protein than untreated cells. We observed
under a light microscope five fields in every slide at random,
and measured the staining degree of every 124 positive cells
by the figure analysis method. The IOD was 92.23+28.24
and 382.74+42.35, respectively, in the untreated and the
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Figure 1. Immunohistochemical demonstration of SLC22A 18 protein expres-
sion in U251 cells (SABC, x400). (A) Before treatment with 5-Aza-CdR;
(B) after treatment with 5-Aza-CdR.

treated group. This revealed a significant difference (P<0.05).
Although SLC22A18 protein expression alterations are compli-
cated and still undefined, our data revealed that SLC22A18
protein expression could be silenced by hypermethylation of
the SLC22A18 gene (Fig. 1).

Effect of 5-Aza-CdR on SLC22A18 mRNA expression. Fig. 2
reveals that the expression level of SLC22A18 mRNA in
U251 cells was increased following treatment with 5x107 M
5-Aza-CdR. These results demonstrated a strong correlation
between hypermethylation of SLC22A18 and the transcrip-
tional silencing of this gene.

Effect of 5-Aza-CdR on SLC22A18 gene methylation status.
Prior to 5-Aza-CdR treatment, the SLC22A18 gene revealed
hypermethylation, and therefore could not be cleaved by Hpall
and Mspl. It is known that only DNA digested with Hpall or
Mspl can be amplified. Following treatment with 5-Aza-CdR,
the SLC22A18 gene became demethylated, and could then be
cleaved by both of the enzymes, and this failed to be ampli-
fied. Our experiment demonstrated that hypermethylation in
SLC22A18 and 5-Aza-CdR enhanced demethylation (Fig. 3).

Discussion

Gliomais a deadly human tumor. Even with improved diagnosis
and comprehensive therapy, the prognosis of glioma remains
dismal (15). Studies of the underlying molecular mechanisms
involved in glioma formation and progression provide tremen-
dous opportunities to identify key molecules which may serve
as additional targets for drug design in the treatment of brain
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Figure 2. Effects of 5-Aza-cdR on SLC22A18 mRNA expression in
U251 cells. Cells were treated with 5x107 M 5-Aza-CdR for 24 h; after
culturing for 9 days, SLC22A18 mRNA was determined by RT-PCR.
Lane M, the marker of standard DNA molecular mass; lane 1, treated with
5-Aza-CdR; lane 2, untreated.

-146 bp

Figure 3. Detection of aberrant methylation of the SLC22A18 gene in
glioma U251 cells. Lane M, molecular weight marker; lane 1, neither treated
with 5-Aza-CdR nor digested with Hpall or Mspl; lane 2, untreated with
5-Aza-CdR but digested with Hpall; lane 3, untreated with 5-Aza-CdR but
digested with Mspl; lane 4, treated with 5-Aza-CdR but not digested with
Hpall or Mspl; lane 5, treated with 5-Aza-CdR and digested with Hpall;
lane 6, treated with 5-Aza-CdR and digested with Mspl.

tumors. Mutations and overexpression of several oncogenes,
including c-Met, PDGF and c-myc, have been identified
in glioma patients (3,16). Loss of heterozygosity has been
found in several chromosomes in patients with glioma using
molecular analysis. Many of these chromosomal segments
contain known tumor-suppressor genes (17,18), such as p16
on 9p, pS3 on 17p and RB on 13q. More recently, SLC22A18
was located within the 11p15.5 cluster, and has been assigned
a number of different nomenclatures (4,5). Blast homology
analysis suggests that SLC22A18 is a member of a family of
polyspecific transporters and multidrug resistance genes (5).
SLC22A18 has been shown to be a tumor-suppressor candi-
date and a substrate for RINGI105 (6). Structural mutations in
SLC22A18 are rare, with isolated reports of point mutations
in a breast cancer cell line, a rhabdomyosarcoma cell line (5),
and Wilms' and lung tumors (4). Exonic deletions in Wilms'
tumors and loss of heterozygosity in hepatoblastomas have
also been reported (4,7), indicating that SLC22A18 may play
a role in tumorigenesis. We previously found that inactiva-
tion of tumor-suppressor gene SLC22A18 was described in a
significant proportion of patients with glioma (1). An essential
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mechanism of gene inactivation is aberrant methylation in
the promoter region of the gene (1). Evidence of SLC22A18
hypermethylation has also been documented in several types
of human cancers (4-7). However, to our knowledge, there are
few studies on the SLC22A18 gene in glioma.

Numerous investigations described reactivation of genes
by 5-Aza-CdR by acting on various loci of the inactive
X chromosome (19) and the E-cadherin gene (20). In order to
detect similar methylation changes in glioma U251 cells, we
also used 5-Aza-CdR. In this study, U251 cells treated with
5-Aza-CdR revealed demethylation of the SLC22A18 gene.
The SLC22A18 mRNA and protein levels were increased
dramatically, the cell cycle was arrested in Gl1, the apoptotic
rate increased and the implanted tumors grew more slowly.
Our results show that: i) SLC22A18 hypermethylation is asso-
ciated with glioma U251 cells; ii) MTase is increased in U251
cells; iii) the 5'CpG island of the SLC22A18 promoter was not
methylated completely in glioma U251 cells; iv) the SLC22A18
gene may be reactivated by inhibiting the activities of MTase;
v) SLC22A18 methylation may be a common event during the
establishment of the cell line in vitro; and vi) the SLC22A18
gene encodes a cell cycle regulatory protein that belongs to the
cyclin-dependent kinase inhibitory protein family and regu-
lates the G1/S phase cell cycle transition; therefore, reactivated
SLC22A18 may affect the growth of glioma U251 cells. The
induction of SLC22A18 activation by 5-Aza-CdR in vivo and
the decreased tumorigenicity observed in animal experiments
suggest the chemotherapeutic potential of 5-Aza-CdR in the
management of cancer.
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