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A novel DNMT3B subfamily, ADNMT3B, is the predominant
form of DNMT3B in non-small cell lung cancer
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Abstract. De novo promoter DNA methylation represses
gene transcription and is a common mechanism to inactivate
tumor suppressor genes in tumorigenesis. DNMT3B plays an
important role in de novo DNA methylation. We report here
the identification of a novel DNMT3B subfamily, termed
ADNMT3B, whose expression is initiated through a promoter
located at intron 4 and exon 5 of the DNMT3B gene. At least
7 transcriptional variants of ADNMT3B have been observed
as the result of alternative pre-mRNA splicing. Predicted
proteins derived from these variants suggest that 4 of the
variants share a conservative enzymatic domain but contain a
variable PWWP motif, a putative DNA binding structure,
whereas 3 of the variants lack the enzymatic domain due to
predicted premature translational termination. In non-small
cell lung cancer (NSCLC) cell lines, ADNMT3B variants are
frequently expressed and are the predominant forms of
DNMT3B. Similarly, ADNMT3B variants are frequently
expressed in primary NSCLC but are not detectable or are
expressed at low levels in corresponding normal lung tissue.
Our results indicate that ADNMT3B is the major expression
form of DNMT3B in NSCLC and may play an important role
in the development of aberrant promoter methylation during
lung tumorigenesis.
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Introduction

DNA methylation plays an essential role in normal develop-
ment of mammalian embryo by regulating gene transcription
through genomic imprinting, X chromosome inactivation, and
genomic stability (1-4). It is believed that DNA methylation
patterns in somatic cells are established during gametogenesis
and early embryonic development via consecutive waves of
demethylation and de novo methylation (5). DNMT3 consists
of DNMT3A and DNMT3B and has been shown to be the major
de novo DNA methyltransferase (6,7) that preferentially
methylates cytosine in CpG sites. The methylation in CpG-
rich promoter regions would result in transcriptional silencing
of the corresponding genes.

Okano et al found that murine Dnmt3a and Dnmt3b are
highly expressed in the undifferentiated ES cells but are
down-regulated during development and maintained at a low
level in somatic cells (6). They further revealed that, at E7.5,
Dnmt3b was highly expressed in the embryonic ectoderm,
neural ectoderm, and chorionic ectoderm while a weak
expression was detected in mesodermal and endodermal cells
(8). The expression of Dnmt3a was moderate in embryonic
ectoderm and weak in mesodermal cells until E8.5 and E9.5,
at which point Dnmt3a expression became ubiquitous with
increased expression in the somites and the ventral part of the
embryo (8). These observations suggest that the two types of
enzymes may function differently in development.

Human DNMT3B is highly homologous to the mouse
gene and contains 24 exons spanning approximately 47 kb of
genomic DNA. Two alternative 5' exons of DNMT3B, both
resulting in full-length DNMT3B (DNMT3B1 and DNMT3B2),
have been reported (9). Three transcription variants resulting
from alternative splicing have also been reported (DNMT3B3-
5) (9). Some of the variants lacking DNA methyltransferase
activity may compete with variants with enzyme activity
resulting in DNA hypomethylation (10), suggesting a complex
role of DNMT3B variants. Increased expression of DNMT3B
has been frequently observed in human cancer cell lines and
primary tumors compared to most normal tissues except testis,
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Figure 1. Identification of ADNMT3B. (A) Expression of the DNMT3B 5'-region measured using RT-PCR with different 5' primers located at exon 2 (El),
exon 4 (E2), and exon 6 (E3) of DNMT3BI1, respectively. (B) Primer extension analysis showing transcription starting points of ADNMT3B.

pancreas, thyroid, and bone marrow (9-11). However, the
level of DNMT3B expression in tumors does not consistently
correlate with the promoter methylation status of genes (11-13).
We report here the identification of a new class of DNMT3B
transcripts expressed through a novel promoter, termed
ADNMT3B. We further demonstrate that ADNMT3B is the
predominant form of DNMT3B in NSCLC, suggesting an
important role of ADNMT3B in DNA methylation control
and lung tumorigenesis.

Materials and methods

Cell lines and primary tissues. Homan NSCLC lines H157,
H226, H292, H460, H522, H1299, H1944, and A549 were
purchased from the American Type Cell Culture (Rockville,
MD). Cells were cultured in DMEM supplemented with 10%
heat-inactivated FCS, 2 mM L-glutamine, 100 IU/ml penicillin,
and 100 mg/ml streptomycin at 37°C in the presence of 5%
CO,.

Twelve paired primary tumor tissues and corresponding
normal lung tissues from patients with primary NSCLC were
obtained from surgically resected specimens collected in
the Department of Pathology at The University of Texas
M.D. Anderson Cancer Center and stored at -80°C until the
experiment. The study was approved by the Institutional
Review Boards of The University of Texas M.D. Anderson
Cancer Center.

RNA extraction and RT-PCR. The total RNA for each cell line
and clinic sample was isolated using Tri reagent (Molecular
Research Center, Inc., Cincinnati, OH) according to the manu-
facturer's instructions. Approximately 1 ug of total RNA
from each sample was used to conduct a reverse transcription

reaction in a 20-ul volume using SuperScript II RNase H-
reverse transcriptase (Gibco BRL Life Technologies Inc.,
Grand Island, NY). The synthesized cDNA was either used
immediately for PCR amplification or stored at -20°C for
further analysis.

The mRNA expression levels of total DNMT3Bs were
detected using a primer set of the forward primer, S1 (5'-
GAG TTG GGC ATA AAG GTA GG-3'), and the reverse
primer, 1AS1 (5'-TGA GGT ACA CGG TAT GAC C-3'),
located at exon 17 and the 3'-untranslation region of
DNMT3BI, respectively. The 5'-end forward primers, E1 (5'-
CAT GAA GGG AGA CAC CAG GC-3"), E3 (5'-ATG CCA
AAG CTC TTC CGG GA-3"), and E5 (5'-TGG AGA TGG
AGA CAG TTC AG-3'), and the reverse primer, 1AS1, were
also used to detect DNMT3Bs (Fig. 1A).

PCR was performed in a 12.5-ul volume containing 0.5 u1
of reverse transcription products, 7% dimethylsulfoxide,
1.5 mM deoxynucleotides (dNTPs), 6.7 mM MgCl,, 16.6 mM
(NH,),SO,, 67 mM Tris, 10 mM B-mercaptoethanol, 6.7 yM
ethylene diamine tetra acetic acid (EDTA), 0.5 yuM of both
the forward and the reverse primer, and 0.625 U of HotStar
Taq DNA polymerase (Qiagen, Inc., Chatsworth, CA).
Amplification was carried out in a thermal cycler (PCR
Express, Hybaid, Middlesex, UK) with an initial denaturing
step at 95°C for 15 min, followed by 35 cycles at 95°C for
30 sec, 58-62°C for 1 min, and 72°C for 1 min, with a last
extension step at 72°C for 10 min. The PCR products were
mixed with 6X loading buffer containing 0.5 mg/ml ethidium
bromide and separated by electrophoresis on a 2% agarose
gel.

Primer extension and nuclease S1 mapping. To determine the
exact starting site of the ADNMT3B transcript, standard primer
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extension and S1 mapping methods were used with the [y-3*P]-
ATP end-labeled antisense primer, 3B6AS (5'-GGT AGC
CGG GAA CTC CAC GG-3"). For primer extension, briefly,
1 pug of total RNA was mixed with [*?P]-labelled primer. The
mixture was incubated at 70°C for 15 min and then at room
temperature for 10 min. Extension reactions (20 ul) consisted
of 50 mM Tris (pH 8.3), 75 mM KCI, 3 mM MgCl,, 10 mM
dithiothreitol, I mM each dNTP, and 200 U SuperScript™ II
reverse transcriptase (Gibco BRL Life Technologies Inc.).
Reactions were incubated at 37°C for 15 min. The products
were mixed with loading buffer (95% formamide, 20 mM
EDTA, 0.05% bromophenol blue and 0.02% xylene cyanole
FF), denatured at 98°C for 5 min, and then separated on a
12% acrylamide-7 M urea denatured gel. Radioactive signals
were detected by autoradiography.

Nuclease S1 mapping was performed with a 1080-bp DNA
fragment which was amplified using the forward primer,
E4INT-1 (5'-TGC TGT GAC AGG CAG AGC AG-3"), and
the reverse primer, ESAS (5'-TCT GTG TCG TCT GTG AGG
TC-3"). After cloning this fragment into a PCR® 2.1-TOPO®
vector (Invitrogen Corp., Carlsbad, CA), a 320-bp fragment
of single-strand DNA probe used for S1 nuclease mapping
was generated by single-primer PCR using [**P]-labelled
internal primer 3B6AS. The PCR condition was the same as
above. This single-strand 320-bp PCR product was separated
in a 2% agarose gel and purified using a QIAquick gel
extraction kit (Qiagen Inc.) followed by recovering in 50 pl
Tris-buffer (10 mM Tris-HCI, pH 8.5).

The total RNA from different samples was co-precipitated
with 50 ng of recovered 320-bp [**P]-labelled probe. Samples
were dissolved in 30 ul of hybridization buffer (40 mM
MOPS, pH 6.4, 1 mM EDTA, 0.4 M NaCl and 80% for-
mamide) and incubated at 85°C for 15 min. After overnight
hybridization at 54°C based on the GC content of the projected
fragment, the samples were digested for 1 h at 37°C with S1
nuclease (Gibco BRL Life Technologies Inc.) in the buffer
containing 30 mM sodium acetate, pH 4.6, 1 mM zinc acetate,
5% glycerol, and 0.28 M NaCl. The resulting products were
detected as described in primer extension section.

Construction of DNMT3B6 promoter and luciferase assay.
The first 1080-bp ADNMT3B promoter was amplified with
the primer set of E4INT-1 and E5AS. This fragment contains,
355 bp upstream of the ADNMT3B transcription starting site,
the first exon and intron of ADNMT3B. After inserting the
fragment into the pGL3-basic vector (Promega Corp., Madison,
WI), the plasmids containing both forward (F) and reverse
(R) directions were used for transient transfection. To
compare the functional difference of C/T polymorphism in
the ADNMT3B promoter region, both pGL3 T-type and C-type
promoters were constructed.

Lung cancer cell line A549 and H157 (ATCC, Manassas,
VA) was used for transient transfection using FuGENE 6
transfection reagent (Roche Diagnostics Corp., Indianapolis,
IN) according to the manufacturer's instructions. The plasmid,
pCH110 (Amersham Pharmacia Biotech, Inc., Piscataway, NJ),
was used as the internal control for monitoring the transfection
efficiency. The signal was detected using a luciferase assay
system (Promega Corp.) in a luminometer (Lumat 9507,
EG&G Berthold). The values of luciferase activity were

203

normalized against those of -galactosidase expressed by
plasmid pCH110.

Detection of individual ADNMT3B splicing variants. The
expression levels of specific DNMT3B and ADNMT3B variants
in NSCLC cell lines and primary tissues were determined using
specific primer sets corresponding to individual DNMT3B and
ADNMT3B variants. For ADNMT3BI1, we used 1S, 5'-TGG
AAG GCC ACC TCC AAG C-3', as the forward primer and
1AS, 5'-GCC TGC ACG ACG CAC CTT CG-3', as the reverse
primer; for ADNMT3B2, 2S 5'-AGA TCA AGG GCT TCT
CCT GG-3' and 2AS 5'-GAG TCT TGT TCT CTG GTT
GCG-3'; for ADNMT3B3, 3S 5'-GTT CAG AGT ATC AGG
TCT CTG C-3' and 1AS; for ADNMT3B4, 3S and 2AS; for
ADNMT3B5, 45 5'-GTT CAG AGT ATC AGA GAA CAA
GAC-3', and 3AS 5'-CTG CCA CAA GAC AAA CAG CC-3'
for ADNMT3B6, 5S 5'-GTT CTC CGA GAG AAC AAG
AC-3', and 4AS 5'-CAG TAA GAC TGA TAG CCA TCG-3';
and for ADNMT3B7, 6S 5'-TGC TCT GGA GAG AAC AAG
AC-3', and 5AS 5'-GAG ACA CAT GTA ACA GCT CC-3'.
A common forward primer, E1 5'-TGC TAA GCT ACA
CAC AGG AC-3', was used for the DNMT3B variants, and
specific reverse primers were used to distinguish individual
variants as follows: 1AS for DNMT3Bs corresponding to
ADNMT3BI and ADNMT3B3; 2AS for DNMT3Bs cor-
responding to ADNMT3B2 and ADNMT3B4; 6AS, 5'-CGA
GTC TTG TTC TCT GAT ACT C-3', for DNMT3B
corresponding to ADNMT3B5; 7TAS, 5'-CGA GTC TTG
TTC TCT CGG AG-3', for DNMT3B corresponding to
ADNMT3B6; and 8AS, 5'-CGA GTC TTG TTC TCT CCA
G-3', for DNMT3B corresponding to ADNMT3B7.

Results

To determine the expression levels of DNMT3BI in normal
lung tissue and lung cancer tissue, we analyzed 12 pairs of
primary NSCLC tissue and corresponding normal lung tissue
using RT-PCR with a set of primers located at exon 17 and
exon 23 of DNMT3BI respectively. We found that DNMT3B1
expression was either undetectable or at trace levels in the
vast majority of normal lung tissue analyzed while it was
detectable in all NSCLC tissue with 50% (6/12) of the tumors
expressed at a high level. To validate the finding, we designed
several additional sets of primers that allowed us to amplify
DNMT3BI mRNA at different exon locations closer to its
transcriptional initiation site. We found that the expression
level of the gene was much lower when using a primer located
at exon 2 (E1) or exon 4 (E4) compared to a primer located at
exon 6 (ES) of DNMT3BI1 (Fig. 1A), suggesting the presence
of additional transcripts excluding exons 2-4. To confirm this
observation, we tested other primer sets at these regions and
the results were consistent with the previous observation (data
not shown). To exclude the possibility of contamination with
homologue molecules in the RT-PCR products, we performed
direct sequencing analysis of each RT-PCR product. The
sequences matched perfectly to the originally reported corresp-
onding transcript sequence of DNMT3B1 [GenBank accession
number (AN): AL035071].

To determine the exact starting point(s) of the novel tran-
scriptions, we performed primer extension assay using RNA
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Figure 2. Promoter of ADNMT3B. (A) Activity of ADNMT3B promoter detected using luciferase assay. (B) Effect of a T-C transition (polymorphism) on
promoter activity of ADNMT3B. The larger arrow indicates the position of the polymorphism. Based on the polymorphism, the promoters are defined as C-type
or T-type. F indicates forward direction of the promoter and R indicates reverse direction of the promoter.
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Figure 3. Alternative splicing of ADNMT3B. (A) High level expression of ADNMT3B variants in lung cancer tissue compared to corresponding normal lung
tissue. (B) The structure scheme of DNMT3B1 and ADNMT3B variants. N indicates normal tissue and T indicates cancer tissue.

templates from lung cancer tissue and NSCLC cell lines and
a primer (3B6AS) located at exon 5 of DNMT3BI. We
identified two major transcriptional initiation sites located at
nt 23990 and nt 23994 within exon 5 of DNMT3BI (GenBank
AN: 15306493), respectively (Fig. 1B). This partial exon 5

was then named as the first exon of the novel transcript(s)
containing either 28 bp or 24 bp depending on which tran-
scriptional initiation site it derives from. We further validated
the finding by using nuclease S1 RNA mapping analysis (data
not shown). We designated the new transcript from these
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Figure 4. Alternative or aberrant splicing variants of ADNMT3B subfamily. (A) Location of the primers used to amplify individual ADNMT3B variants in this
study. (B) Expression patterns of ADNMT3B variants in NSCLC cell lines; 1-7 represent ADNMT3BI-7, respectively. (C) Expression patterns of DNMT3Bs,
with more proximal exons corresponding to ADNMT3BI-4 and ADNMT3B6. (D) Multiplex PCR using primer sets for DNMT3B1 and ADNMT3B1 with
different ratios in concentration (concentration of DNMT3BI primer set was serially diluted from 1 to 9 and serially increased from 1 to 9; 1, DNMT3B1 primer
set alone; 9, ADNMT3BI primer set alone; 5, equal concentrations for both primer sets). The upper band represents the DNMT3BI product and the lower band
represents the ADNMT3BI product. The lower panel shows relative intensity of the product bands.

starting sites as ADNMT3B because it lacks exons 1-4 of
DNMTS3B.

To determine the existence of a potential promoter upstream
of the newly identified transcript, we constructed a 1080-bp
DNA fragment containing, 355 bp upstream of the ADNMT3B
transcriptional initiation site, the first exon and intron of
ADNMT3B and partial exon 2 into a vector containing a
reporter gene. We performed a promoter activity assay and
found promoter activity of the DNA fragment (Fig. 2A). We
further constructed serial plasmids with both sense and reverse
sequences of the DNA fragment and various deletions. Using
these constructs, we found that the core promoter activity of
ADNMT3B is in a 477-bp fragment containing one repressor
element and three cis-acting elements (data not shown).
Interestingly, a common T—C transition polymorphism was
found in the promoter region of ADNMT3B located -286 bp
from the transcriptional initiation site, which may change a
TFIID (CTcTATTCCA) binding site to GATA-1 (TCTATC)
binding site. We noticed a stronger promoter activity with the
T form than the C form (18-fold vs. 12-fold compared to the
control, respectively) (Fig. 2B).

Because of the presence of various sizes of RT-PCR
products using these primer sets, we suspected that ADNMT3B

might contain multiple splicing variants (Fig. 3A). By directly
sequencing the individual fragments, we found at least seven
variants (by including or excluding different combinations
of exons 3,4, 5, and 6 of ADNMT3B), which we designated
as ADNMT3B1-7 (Fig. 3B). A comparative analysis of the
putative amino acid sequences of the variants showed that
ADNMT3B lacked 199 amino acids at the N-terminal,
compared with DNMT3B1, and that ADNMT3BI and
ADNMT3B2 contained a complete PWWP motif; other
variants either contained a partial PWWP motif or no such
structure; ADNMT3B5-7 lacks the enzymatic domains because
of a premature termination that results from frame shifting
after alternative splicing (Fig. 3B).

To detect individual ADNMT3B variants, we designed
specific PCR primer sets on the basis of their splicing patterns
(Fig. 4A). We detected ADNMT3BI1 and ADNMT3B?2
expression in all 13 NSCLC cell lines analyzed, ADNMT3B4
expression in 12 of the 13 cell lines, and ADNMT3B6
expression in 7 of the 13 cell lines; in contrast, expression of
ADNMT3B3, ADNMT3BS5, and ADNMT3B7 were less
frequent (Fig. 4B). Interestingly, the DNMT3B variants were
expressed less frequently and at lower levels in these cell
lines (Fig. 4C). In a multiplex PCR analysis, we determined
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Figure 5. Expression of ADNMT3B variants in primary lung cancer tissue and corresponding normal lung tissue. (A) Examples of ADNMT3B variant
expression patterns in paired normal lung tissue and primary lung cancer tissue. (B) Expression patterns of DNMT3B and ADNMT3B variants in paired normal
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the relative amplification efficiencies of the primer sets for
DNMT3B and ADNMT3B using DNA templates containing
various concentrations of DNMT3B and ADNMT3BI (Fig. 4D).
The robust amplification of DNMT3B1 (Fig. 4D) indicated
that the lack or very low levels of RT-PCR products in the
cell lines reflected the low level of the corresponding DNMT3B
transcripts.

To determine whether the expression profiles observed in
the NSCLC cell lines also exist in the primary NSCLC, we
analyzed 12 pairs of primary NSCLC tumors and corresponding
normal lung tissue. We found that the expression of
ADNMT3Bs but not DNMT3Bs was frequent in the primary
tumors whereas the expression of the variants was mainly
non-detectable or weakly expressed in the corresponding
non-cancerous lungs (Fig. 5). Nine (75%) of the 12 tumors
expressed at least one variant, similar to the cancer cell line
data.

Discussion

DNA methyltransferases play an important role in initiation
and maintenance of cytosine methylation in human genome.
Although the role of DNMT]1 is primarily to maintain DNA
methylation status and the role of DNMT3s relates to de novo
DNA methylation, recent studies have shown that these
molecules not only possess distinct activities (6,8,14) but
also interact with each other in complex biological processes
to regulate patterns of DNA methylation in human genome
(15-18). The dominant-negative effect of DNMT3b4, which
lacks methyltransferase enzymatic motifs, in competing with
DNMT3b3 to result in DNA hypomethylation on pericentro-
meric satellite regions (10) suggests an important role of the
isoforms of the gene. The identification of ADNMT3B and its
multiple splicing variants in this study further complicate the

role of DNMT3B family members in regulating DNA
methylation in physiological and pathological conditions.

ADNMT3B derives from a novel promoter located upstream
of exon 5 of DNMT3BI with a putative translation initiation
site at exon 6 (exon 2 of ADNMT3B). As a result, the predicted
proteins of ADNMT3Bs lack 200 amino acids at the N-terminal
of DNMT3B]1 but maintain the PWWP domain in several
variants (ADNMT3B1-4). Therefore, these putative proteins
may share some common function, such as DNA methyl-
transferase activity, with DNMT3B but possess other distinct
biological features. Because predicted ADNMT3B5-7 lack the
enzymatic domain of DNA methyltransferase, their bio-
chemical functions may be more distinct than those of their
other family members.

In previous studies, DNMT3B has been found to be more
highly expressed in cancer cell lines and primary tumors than
in normal tissue; however, an association between the
expressional level of DNMT3B and promoter methylation of
tumor suppressor genes was not established (11-13,19). One
possible explanation was that DNMT3B expression may be
regulated in the cell cycle and that the increased expression
observed in tumors is merely a reflection of increased cell
proliferation (13). Studies have shown that both DNMT3B and
DNMT] genes are necessary for maintaining the methylated
promoters of tumor suppressor genes (20,21). Another study
showed that DNMT3b4, a DNMT3B variant lacking methyl-
transferase enzymatic motifs, might act as a dominant-negative
factor to reduce DNA methylation (10), suggesting that splicing
variants of DNMT3B may play distinctive roles in regulating
DNA methylation. The identification of ADNMT3Bs in this
study adds additional complexity to the current knowledge of
DNMT3B in biological systems.

The high expression of ADNMT3Bs but not DNMT3Bs in
both NSCLC cell lines and primary tumors suggests the
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importance of the A form in lung tumorigenesis. Because the
tumors express different patterns of ADNMT3B variants, it is
possible that the expression of variable ADNMT3Bs rather
than the overall expression levels plays a role in promoter
methylation in lung tumorigenesis. Further studies are needed
to address this issue.

A common sequence polymorphism is found in the
promoter of ADNMT3B, which affects promoter activity. In
accordance with the notion that ADNMT3Bs is involved in
early lung tumorigenesis, individuals carrying the T-type
promoter, which has a higher promoter activity, had a >2-fold
increased risk of lung cancer in a large case-control epi-
demiological study (22). Together, these data support the role
of ADNMT3Bs in regulating promoter methylation during
lung tumorigenesis.

Acknowledgements

This study was supported by the Department of Defense,
Grant DAMD17-01-1-01689-1.

References

1. Jaenisch R: DNA methylation and imprinting: why bother?
Trends Genet 13: 323-329, 1997.

2. Jones P and Gonzalgo M: Altered DNA methylation and genome
instability: a new pathway to cancer? Proc Natl Acad Sci USA 94:
2103-2105, 1997.

3. Robertson KD and Wolffe AP: DNA methylation in health and
disease. Nat Rev Genet 1: 11-19, 2000.

4. Surani MA: Imprinting and the initiation of gene silencing in
the germline. Cell 93: 309-312, 1998.

5. Monk M, Boubelik M and Lehnert S: Temporal and regional
changes in DNA methylation in the embryonic, extra-embryonic,
and germ cell lineages during mouse embryo development.
Development 99: 371-382, 1987.

6. Okano M, Xie S and Li E: Cloning and characterization of a
family of novel mammalian DNA (cytosine-5) methyltrans-
ferases. Nat Genet 19: 219-220, 1998.

7. Li E and Jaenisch R: DNA Alterations in Cancer. Ehrlich M
(ed). Eaton Publishing, Natick, MA, pp351-365, 2000.

8. Okano M, Bell DW, Haber DA and Li E: DNA methyltrans-
ferases Dnmt3a and Dnmt3b are essential for de novo methylation
and mammalian development. Cell 99: 247-257, 1999.

9. Robertson KD, Uzvolgyi E, Liang G, Talmadge C, Sumegi J,
Gonzales FA and Jones PA: The human DNA methyltransferases
(DNMTs)1, 3a and 3b: coordinate mRNA expression in normal
tissues and overexpression in tumors. Nucleic Acids Res 27:
2291-2298, 1999.

207

10. Saito Y, Kanai Y, Sakamoto M, Saito H, Ishii H and Hrohoshi S:
Overexpression of a splice variant of DNA methyltransferase 3b,
DNMT3b4, associated with DNA hypomethylation on pericentro-
meric satellite regions during human hepatocarcinogenesis. Proc
Natl Acad Sci USA 99: 10060-10065, 2002.

11. Oue N, Kuraoka K, Kuniyasu H, Yokozaki H, Wakikawa A,
Matsusaki K and Yasui W: DNA methylation status of hMLH1,
pl6(INK4a), and CDHI is not associated with mRNA expression
levels of DNA methyltransferase and DNA demethylase in
gastric carcinomas. Oncol Rep 8: 1085-1089, 2001.

12. Yakushiji T, Uzawa K, Shibahara T, Noma H and Tanzawa H:
Over-expression of DNA methyltransferases and CDKN2A
gene methylation status in squamous cell carcinoma of the oral
cavity. Int J Oncol 22: 1201-1207, 2003.

13. Sato M, Horio Y, Sekido Y, Minna JD, Shimokata K and
Hasegawa Y: The expression of DNA methyltransferases and
methyl-CpG-binding proteins is not associated with the
methylation status of pl4(ARF), pl6(INK4a) and RASSF1A in
human lung cancer cell lines. Oncogene 21: 4822-4829,2002.

14. Liu K, Wang YF, Cantemir C and Muller MT: Endogenous
assays of DNA methyltransferases: evidence for differential
activities of DNMT1, DNMT2, and DNMT3 in mammalian
cells in vivo. Mol Cell Biol 23: 2709-2719, 2003.

15. Bachman KE, Park BH, Rhee I, Rajagopalan H, Herman JG,
Baylin SB, Kinzler KW and Vogelstein B: Histone modifications
and silencing prior to DNA methylation of a tumor suppressor
gene. Cancer Cell 3: 89-95,2003.

16. Rhee I, Jair KW, Yen RW, Lengauer C, Herman JG, Kinzler KW,
Vogelstein B, Baylin SB and Schuebel KE: CpG methylation is
maintained in human cancer cells lacking DNMT 1. Nature 404:
1003-1007, 2000.

17. Leu YW, Rahmatpanah F, Shi H, Wei SH, Liu JC, Yan PS and
Huang TH: Double RNA interference of DNMT3b and DNMT1
enhances DNA demethylation and gene reactivation. Cancer
Res 63: 6110-6115,2003.

18. Jair KW, Bachman KE, Suzuki H, Ting AH, Rhee I, Yen RW,
Baylin SB and Schuebel KE: De novo CpG island methylation
in human cancer cells. Cancer Res 66: 682-692, 2006.

19. Girault I, Tozlu S, Lidereau R and Bieche I: Expression analysis
of DNA methyltransferases 1, 3A, and 3B in sporadic breast
carcinomas. Clin Cancer Res 9: 4415-4422,2003.

20. Rhee I, Bachman KE, Park BH, Jair KW, Yen RW, Schuebel KE,
Cui H, Feinberg AP, Lengauer C, Kinzler KW, Baylin SB and
Vogelstein B: DNMT1 and DNMT3b cooperate to silence genes
in human cancer cells. Nature 416: 552-556, 2002.

21. Kim GD, Ni J, Kelesoglu N, Roberts RJ and Pradhan S: Co-
operation and communication between the human maintenance
and de novo DNA (cytosine-5) methyltransferases. EMBO J 21:
4183-4195,2002.

22. Shen H, Wang L, Spitz MR, Hong WK, Mao L and Wei Q:
Identification of a new genetic variant in the novel Dnmt3b
promoter and its association with promoter activity and risk of
lung cancer. Cancer Res 62: 4992-4995, 2002.



