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Abstract
DNA methylation is an epigenetic mark essential for
mammalian development, genomic stability, and imprinting.
DNA methylation patterns are established and maintained
by three DNA methyltransferases: DNMT1, DNMT3A, and
DNMT3B. Interestingly, all three DNMTs make use of
alternative splicing. DNMT3B has nearly 40 known splice
variants expressed in a tissue- and disease-specific manner,
but very little is known about the role of these splice variants
in modulating DNMT3B function. We describe here the
identification and characterization of a novel alternatively
spliced form of DNMT3B lacking exon 5 within the
NH2-terminal regulatory domain. This variant, which we term
DNMT3B3Δ5 because it is closely related in structure to
the ubiquitously expressed DNMT3B3 isoform, is highly
expressed in pluripotent cells and brain tissue, is
downregulated during differentiation, and is conserved in
the mouse. Creation of pluripotent iPS cells from fibroblasts
results in marked induction of DNMT3B3Δ5. DNMT3B3Δ5
expression is also altered in human disease, with tumor cell
lines displaying elevated or reduced expression depending
on their tissue of origin. We then compared the DNA binding
and subcellular localization of DNMT3B3Δ5 versus
DNMT3B3, revealing that DNMT3B3Δ5 possessed
significantly enhanced DNA binding affinity and displayed
an altered nuclear distribution. Finally, ectopic overexpression
of DNMT3B3Δ5 resulted in repetitive element
hypomethylation and enhanced cell growth in a colony
formation assay. Taken together, these results show that
DNMT3B3Δ5 may play an important role in stem cell
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maintenance or differentiation and suggest that sequences
encoded by exon 5 influence the functional properties of
DNMT3B. (Mol Cancer Res 2009;7(10):1622–34)

Introduction
DNA methylation, occurring at the C-5 position of cytosine
within the CpG dinucleotide, represents a heritable mark of
transcriptional repression important for regulating chromatin
structure, genome stability, and genomic imprinting in mammals (1). Genomic methylation patterns are catalyzed by a family of three DNA methyltransferases (DNMT), DNMT1,
DNMT3A, and DNMT3B. In addition, a coregulatory methyltransferase-like protein, DNMT3L, modulates activity and targeting of DNMT3A and DNMT3B (2). In general, DNMT1
acts predominantly as a maintenance methyltransferase, copying DNA methylation patterns during DNA replication from
the parental to the newly synthesized daughter strand (3).
DNMT3A and DNMT3B are critical for de novo DNA methylation during embryogenesis and germ cell development (4).
The DNMT3s also play a role in maintenance DNA methylation, suggesting both overlapping and unique functions for each
DNMT family member (5, 6). Dnmt3L resides in a complex with
Dnmt3a and Dnmt3b in murine embryonic stem (ES) cells and
the NH2-terminal domain of Dnmt3L interacts with the histone
H3 tail only when unmethylated at the lysine 4 (K4) position (7).
Dnmt1 and Dnmt3b are essential for murine embryonic development, whereas Dnmt3a-deficient mice survive for several
weeks after birth (4). Humans with hypomorphic mutations in
DNMT3B display immunodeficiency, centromere instability, facial anomalies (ICF) syndrome, characterized by hypomethylation of the long satellite repeat tracks (satellite 2 and 3 repeats)
within pericentromeric heterochromatin primarily affecting
chromosomes 1, 9, and 16. ICF patients also display immune
deficiencies, facial abnormalities, and a variable degree of mental retardation and developmental delay (4, 8, 9). Although critical for mammalian development, properly regulated DNA
methylation patterns are also required for normal cell growth
control. For example, alterations in genome-wide patterns of
DNA methylation are a hallmark of all transformed cells. Tumor cells display a global loss of DNA methylation from the
repetitive fraction of the genome and less frequently from single
copy genes. This contributes to aberrant gene expression and reduced genomic stability. In addition, CpG islands associated
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FIGURE 1. Identification of
a novel alternative splice variant
in the human DNMT3B locus
whose expression correlates with
pluripotency. A. Schematic
showing the splicing structure of
the human DNMT3B gene with
23 exons. Translation begins in
exon 2 (open boxes, untranslated
exons). Bold arrows, the alternatively spliced regions examined
in the article. A blowup of the
exon 2 to 7 region of DNMT3B
shows the location of the
PWWP domain, the primers
used in semiquantitative RTPCR (bold arrows below exons)
and quantitative RT-PCR (bold
arrows above exons). *, putative
sumoylation site. B. Representative ethidium bromide–stained
agarose gel photo showing expression of the newly identified
splice variants DNMT3BΔ5 and
DNMT3BΔ(4+5), top. Ectopic expression of DNMT3B3Δ5 in
HCT116 cells yields a stable protein product of the expected molecular weight. DNMT3B1,
DNMT3B3, and DNMT3B3Δ5
were expressed in HCT116 cells
following transient transfection
and detected with the Express
antibody epitope tag (bottom). *,
nonspecific amplification product
confirmed by DNA sequencing.
C. DNMT3BΔ5 expression is
regulated during differentiation.
Expression of DNMT3B isoforms
during differentiation of NCCIT
EC cells over 20 d with retinoic
acid, relative to GAPDH expression. D. Quantitative RT-PCR
analysis of DNMT3B1-6 and
DNMT3BΔ5 expression, relative
to GAPDH, in human pluripotent
cell lines (left), two neural stem
cell lines (SCP), and one glioma
tumor initiating cell line (H1228,
middle), and the relative expression for each of the cell lines
(right). hES, human ES cells.

with tumor suppressor genes, which are normally unmethylated,
acquire aberrant DNA hypermethylation resulting in potent
long-term gene repression and loss of cell growth control (1).
The exact mechanism by which cells establish normal DNA
methylation patterns, and how these patterns become disrupted
in cancer, remain largely unknown.
DNMT3B is of interest not only because of its important
role in development, but also because of its strong links to cancer. Structurally, the NH2-terminal region of DNMT3B contains a PWWP domain (encoded by exons 6-7) and a plant
homeodomain (encoded by exons 12-13). The PWWP domain
is involved in recruiting DNMT3B to pericentromeric heterochromatin and nonspecific DNA binding, whereas the plant
homeodomain mediates protein-protein interactions and the ability of DNMT3B to repress transcription in a histone deacetylase–
dependent manner (10-12). DNMT3B is aberrantly overexpressed
in many tumor types (13-15) and antisense-mediated depletion of
DNMT3B results in apoptosis and demethylation of aberrantly
methylated tumor suppressor genes in cancer cells (16). By over-

expressing Dnmt3b in the ApcMin/+ murine colon cancer mouse
model, Linhart et al. (17) recently showed that Dnmt3b contributes directly to aberrant methylation in cancer. Dnmt3b1 expression resulted in elevated numbers of tumors and an
increase in the average size of colonic microadenomas.
Alternative splicing is a complex and highly regulated
process, which, like genomic DNA methylation patterns, is frequently disrupted in cancer. At least 15% of all disease-causing
single nucleotide base changes affect splicing. Alternative
splicing is thought to occur in at least 70% of all genes and may
be regulated differentially during development and in a tissuespecific manner. The four main types of alternative splicing
events include exon skipping, alternative splice donor and acceptor sites, mutually exclusive exon usage, and intron retention.
Exon skipping is most common in normal tissues, whereas intron
retention, which may lead to reading frame shifts and premature
termination, is more common in cancer cells (18). Interestingly,
all three catalytically active DNMTs are subject to tissue- or
developmental-stage specific alternative splicing. DNMT3B,
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however, has emerged as the one having the most alternatively
spliced isoforms by far. Nearly 40 different DNMT3B isoforms
generated by alternative splicing and/or alternative promoter
usage have been reported (19-21). In normal tissues, for example, human testis expresses two additional isoforms, termed
DNMT3B4 and DNMT3B5, which, due to alternative splicing,
result in truncated and presumably inactive proteins. Interestingly, a DNMT3B splice variant arising from skipping of exons
21 and 22 within the COOH-terminal catalytic domain
(DNMT3B3), also resulting in an inactive enzyme, is one of the
most widely expressed forms of DNMT3B in somatic cells (14).
In the present study, we sought to better understand a novel
DNMT3B3-like splice variant lacking exon 5 immediately adjacent to the PWWP domain, which we identified and have
termed DNMT3B3Δ5. This variant was initially isolated from
a pluripotent embryonic carcinoma (EC) cell line and represented a significant fraction of the total DNMT3B transcripts.
Consistent with its association with pluripotency, we detected
DNMT3B3Δ5 expression in ES cells, neural stem cells, and
induced pluripotent stem (iPS) cells. DNMT3B3Δ5 was also
highly expressed in fetal and adult brain but present at low levels in most other somatic tissues. Expression of DNMT3B transcripts lacking exon 5 was elevated in tumor cell lines,
particularly those derived from the liver and skin, but decreased
in those derived from glia (glioma), breast, and colon. Functionally, purified recombinant DNMT3B3Δ5 displayed increased DNA binding affinity and when ectopically expressed
in vivo, altered subcellular localization compared with
DNMT3B3. Ectopic expression of DNMT3B3Δ5 in colon cancer cells resulted in hypomethylation of centromeric and pericentromeric repeats and elevated colony formation efficiency.
These results therefore suggest that the exon 5 region of
DNMT3B plays an important role in stem cell function and differentiation and that alternative splicing of DNMT3B generates
proteins with distinct functions in vivo.

Results
Identification and Cloning of a Novel DNMT3B Splice
Variant in Human Cells
While cloning full-length DNMT3B and its known splice
variants from human EC cells and fetal brain tissue by PCR
(which were used because both are known to express high levels
of DNMT3B), we noted two slightly smaller forms consistently
amplifying (Fig. 1A and B). We cloned and sequenced these and,
upon alignment to the sequence of full-length DNMT3B, noted
that these two isoforms were related to DNMT3B3 (a commonly
expressed splice variant lacking exons 21 and 22; ref. 14), but
lacked exon 5 or both exons 4 and 5 (Supplementary Fig. S1;
Fig. 1A and B, top). We have termed these two variants
DNMT3B3Δ5 and DNMT3B3Δ(4+5), respectively. We also
use “DNMT3BΔ5” or “DNMT3BΔ(4+5)” for situations where
the splicing in other regions of DNMT3B is not determined because we cannot exclude the possibility that exon 4-exon 5 alternative splicing also occurs in the context of other DNMT3B
isoforms. The fusion of exon 4 to exon 6 in DNMT3BΔ5 preserves the normal DNMT3B open reading frame. Ectopic
expression of DNMT3B3Δ5 upon transient transfection of
HCT116 cells confirmed that alternative splicing yields an inframe product of the expected size that seemed as stable as other
DNMT3B isoforms (Fig. 1B, bottom). Exons 4 and 5 are immediately NH2 terminal to the PWWP domain, which is encoded by
sequence in exons 6 and 7 (Supplementary Fig. S1; Fig. 1A).
This region also has relatively little homology with DNMT3A
(data not shown). Because DNMT3BΔ(4+5) was detectable
only in human fetal brain (data not shown; Fig. 1B), we focused our remaining studies on DNMT3BΔ5.
DNMT3BΔ5 Expression Is Dynamically Regulated During
Stem Cell Differentiation
Given the association of DNMT3BΔ5 expression with pluripotent EC cells, where it was first identified, we sought to
FIGURE 2.

Conservation
of alternative splicing at the
murine Dnmt3b locus and its expression during differentiation.
A. Schematic structure of the murine DNMT3b gene. Labelling is
as in Fig. 1A. A blowup of exons
3 to 8 is also shown. B. Representative ethidium bromide–
stained agarose gel showing expression of Dnmt3bΔ6, the murine homologue of DNMT3BΔ5,
in the P19 EC cell line using semiquantitative RT-PCR. C. Expression of murine Dnmt3b1-6 (all
transcripts including exon 6) and
Dnmt3bΔ6 during in vitro differentiation of ES cells by leukemia inhibitory factor withdrawal and
embryoid body formation, relative
to Gapdh (left). Ratio of expression of Dnmt3bΔ6 to Dnmt3b1-6
(black columns) and Oct4 expression (gray columns) during ES
cell differentiation. Values are
set relative to those at day zero
(set at 100%, middle). Ratio of
Dnmt3bΔ6 to Dnmt3b1-6 expression in ES cells, MEFs, and iPS
cells derived from MEFs.
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FIGURE 3. Expression of
DNMT3BΔ5 in normal human
and murine tissues. A. Representative semiquantitative
RT-PCR amplification of
DNMT3B transcripts containing exon 5 (DNMT3B1-6, top
band) and those lacking exon
5 (DNMT3BΔ5, bottom band)
for select human tissues. *,
nonspecific amplification
product confirmed by DNA
sequencing. B. Expression
of DNMT3B transcripts with
(black columns) and without
(gray columns) exon 5 by
quantitative real-time RTPCR for each of the human
tissues shown. Values are
presented relative to amplification of GAPDH as a loading
control. C. Ratio of expression of DNMT3B transcripts
with exon 5 to DNMT3BΔ5 to
emphasize the amount of
DNMT3B transcripts lacking
exon 5 relative to the total
DNMT3B mRNA level. D. Expression of Dnmt3bΔ6 in murine tissues and cell lines
relative to Gapdh (top) and the
ratio of Dnmt3b transcripts with
exon 6 relative to those lacking
exon 6 (bottom). Columns,
mean of at least three independent PCR amplifications; bars,
SD. DPC, days postcoitum.

investigate its expression during differentiation in several human model systems. We therefore designed both semiquantitative (located in exon 3 and exon 6) and quantitative real-time
reverse transcription-PCR (RT-PCR) primers (which specifically recognize the DNMT3BΔ5 isoform by having one

primer span the unique exon 4-exon 6 junction) to examine
expression of DNMT3BΔ5. Moderate to high-level expression of DNMT3BΔ5 was detected not only in human EC
cells before differentiation, but also in a human ES cell line
and in two human neural stem cell lines (Fig. 1C and D). To

Mol Cancer Res 2009;7(10). October 2009

Downloaded from mcr.aacrjournals.org on November 28, 2021. © 2009 American Association for Cancer
Research.

1625

Published OnlineFirst October 13, 2009; DOI: 10.1158/1541-7786.MCR-09-0018

1626 Gopalakrishnan et al.

FIGURE 4. Expression of DNMT3BΔ5 in human tumor cell lines. A. Representative semiquantitative RT-PCR amplification of DNMT3B transcripts with
(top arrow) and without exon 5 (bottom arrow) for select cell lines. B. Expression of DNMT3B transcripts containing exon 5 (black columns) compared with
transcripts lacking exon 5 (gray columns) by quantitative RT-PCR for each of the 58 human cell lines shown (top). Values are presented relative to amplification of GAPDH as a loading control. Ratio of expression of DNMT3B transcripts with exon 5 to DNMT3BΔ5 (bottom, thick gray columns). Columns, mean
of at least three independent PCR amplifications; bars, SD. U2-OS is derived from an osteosarcoma, HEC59 from endometrial cancer, MOLT-4 from acute
lymphoblastic leukemia, and HEK293 and G-401 from kidney cancer. C. The ratio of expression of DNMT3BΔ5 relative to DNMT3B1-6 (+Ex 5) transcripts in
tumor cell lines derived from each tissue (having at least four cell lines) from B was averaged (gray columns) and graphed relative to the same ratio from
corresponding normal tissues (two independent tissue preparations, black columns, Fig. 3).
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FIGURE 5. Comparison of the DNA binding affinities of DNMT3B3 and
DNMT3B3Δ5 for a human Sat2 DNA probe. A. Representative EMSAs
using purified recombinant DNMT3B3 (left) and DNMT3B3Δ5 (right). An
increasing amount of each protein is used (indicated by the wedge, concentrations from left to right are 50, 100, 150, 200, 250, 300, 350, 400, 450,
and 500 nmol/L) with a fixed amount of Sat2 DNA probe (3 ng). Right,
mobility of the free and DNMT3B-bound probes. B. Calculation of DNA
binding affinity (KD). EMSAs for each protein and concentration (50-700
nmol/L range) were run at least in triplicate and the percent shift at each
protein concentration calculated. Values were fitted and the KD was calculated using the Hill equation. Points, mean; bars, SD. C. Coomassie blue–
stained 10% SDS-PAGE gel showing the purified 6×-His–tagged
DNMT3B3 and DNMT3B3Δ5 used in the EMSA reactions.

study this further, we differentiated NCCIT EC cells with retinoic acid for 20 days and monitored expression of DNMT3B.
DNMT3BΔ5 expression increased up to day 10, relative to
exon 5–containing transcripts, then declined markedly (Fig. 1C).
Upon differentiation of neural stem cells with retinoic acid, there
was a marked decrease in expression of DNMT3BΔ5 relative
to exon 5-containing DNMT3B transcripts (DNMT3B1-6), consistent with the NCCIT data. In contrast, the glioma tumor–
initiating cell line (tumor stem cell) H1228 displayed the opposite
trend, where DNMT3BΔ5 increased upon differentiation with
retinoic acid (Fig. 1D, middle and right). Given the strong
association of DNMT3BΔ5 expression with pluripotency, we
confirmed that another DNMT3B isoform associated with pluripotency, DNMT3B1 (22), was coexpressed in cells expressing
DNMT3BΔ5 (Supplementary Fig. S2). Taken together, these
results show the existence of a novel DNMT3B splice variant
whose expression is strongly associated with pluripotency.
Conservation of Alternative Splicing in the Homologous
Region of Murine Dnmt3b (Exon 6) and Its Association
with Pluripotency
The murine and human DNMT3B genes are highly conserved (88% identity at the amino acid level), with murine
Dnmt3b possessing one extra noncoding exon at its 5′-end
(Fig. 2A). The region equivalent to exon 5 in human DNMT3B

is therefore exon 6 in murine Dnmt3b. These regions are ∼83%
identical at the amino acid level. To examine the possible conservation of a DNMT3BΔ5-like transcript in murine cells (except
lacking exon 6 instead of exon 5), we designed semiquantitative (located in exon 5 and exon 7) and quantitative real-time
RT-PCR primers (spanning the unique exon 5-exon 7 junction;
Fig. 2A). We were indeed able to detect Dnmt3bΔ6 (homologous to DNMT3BΔ5 in human) expression in the murine P19
EC cell line (Fig. 2A and B).
We then extended these studies by using murine R1 ES cells
to further examine Dnmt3bΔ6 expression during differentiation. Dnmt3bΔ6 expression was initially high but declined
up to day 4 of differentiation, after which it began to increase
again out to 18 days (Fig. 2C). This expression pattern is consistent with a number of other differentiation-associated genes such
as osteocalcin (23). Oct4, a gene required for maintenance of
pluripotency, declined over the entire differentiation period as
expected (Fig. 2C, middle, gray columns). Finally, it has recently
been shown that pluripotent ES-cell like cells can be derived
from differentiated somatic cells by the ectopic expression of
four pluripotency-associated transcription factors, Oct4, Sox2,
Klf4, and c-Myc (24). Because Dnmt3bΔ6 is most highly expressed in ES cells and downregulated during differentiation,
we expected that an iPS line would show elevated Dnmt3bΔ6
expression compared with the parental culture. We therefore generated iPS cells from mouse embryo fibroblasts (MEF) and confirmed that they were bona fide iPS cells by criteria such as
expression of Nanog, alkaline phosphatase positivity, and morphology (Supplementary Fig. S3). MEFs expressed very little
Dnmt3bΔ6 compared with Dnmt3b transcripts containing exon
6, whereas the iPS line expressed significantly elevated levels of
Dnmt3bΔ6 that exceeded even the established R1 ES cells
(Fig. 2C, right). These results therefore show that expression
of DNMT3BΔ5 and the homologous Dnmt3bΔ6 splice variant is strongly associated with “stemness” and is dynamically
regulated during differentiation. These variants may therefore
have important functions in maintaining the stem cell phenotype or regulating differentiation.
DNMT3BΔ5 Expression in Normal Tissues and
Transformed Cell Lines
DNMT3B transcripts lacking exon 5, as assessed by qRTPCR, represented a significant fraction of the total DNMT3B
transcripts in EC and ES cells. To examine DNMT3BΔ5 expression more broadly, we assessed its levels in a panel of normal human tissues, which revealed that DNMT3BΔ5 was
moderately expressed in several tissues, particularly human
brain (Fig. 3A and C). Examination of the ratio of transcripts
containing exon 5 to those lacking exon 5 confirmed that
DNMT3BΔ5 represented a major fraction of DNMT3B transcripts in adult neural tissues. Fetal brain expressed the highest
level of DNMT3BΔ5 of all tissues we examined. Several other
tissues, including colon, heart, and breast, also expressed significant levels of DNMT3BΔ5 relative to transcripts that include exon 5 (Fig. 3C).
Given that splicing is often altered in transformed cells (18)
and that altered splicing of DNMT3B in tumor cells has been
well documented (20, 21), we examined expression of
DNMT3B transcripts with and without exon 5 by qRT-PCR
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in a panel of 58 tumor cell lines (Fig. 4A and B). There were
several notable changes in expression in tumor cells compared
with the respective normal tissue from which they were derived
(Fig. 3). For example, colorectal carcinoma cell lines generally
expressed moderate levels of DNMT3B transcripts with exon 5
but very low levels of DNMT3BΔ5 compared with normal colon (Fig. 4C). Similar results were observed for lines derived
from breast and brain tumors. In contrast, expression of
DNMT3BΔ5 was elevated, relative to transcripts containing
exon 5, in tumor cell lines derived from liver, skin (melanoma),
and lung (Fig. 4C). Cell lines such as MOLT-4, HEK293, and
G-401 expressed high levels of both forms of DNMT3B
(Fig. 4B). Taken together, this analysis shows that the ratio
of exon 5–lacking to exon 5–containing DNMT3B transcripts is markedly altered in some tumor cells, which could
contribute to the DNA methylation abnormalities in tumor
cells if the lack of exon 5 alters the functional properties
of DNMT3B.
We also investigated expression of Dnmt3bΔ6, the murine
homologue of DNMT3BΔ5, in a panel of murine cell lines and
tissues. Consistent with human EC cells, the murine P19 EC
cell line expressed moderate levels of Dnmt3bΔ6 as well as
Dnmt3b transcripts that include exon 6, whereas Dnmt3bΔ6
expression was nearly undetectable in the immortalized fibroblast line NIH3T3 (Fig. 3D). In fetal tissues, overall expression
of Dnmt3b transcripts was generally higher and Dnmt3bΔ6 represented a small but significant fraction of the total Dnmt3b
mRNA level in fetal brain, liver, whole embryo, and adult testis
(Fig. 3D).
Fun ction al Diffe renc es be twee n D NM T3B 3 and
DNMT3B3Δ5 In vitro and In vivo
The exon 5 region of DNMT3B does not contain any known
functional motifs, but is immediately adjacent to the PWWP
domain. Exclusion of exon 5 could alter an as yet unknown
function of the extreme NH2-terminal region of DNMT3B or
change the amino acid context of the PWWP domain and,
therefore, alter its properties. To assess the role of exon 5 in
DNA binding, we expressed and purified full-length recombinant human 6×-His–tagged DNMT3B3 and DNMT3B3Δ5 by
infection of Sf9 insect cells with recombinant baculovirus followed by lysis and metal chelating affinity purification. This
method yielded highly pure preparations of both proteins
(Fig. 5). We then compared their DNA binding affinities using an electrophoretic mobility shift assay (EMSA) with a
fragment of human satellite 2 (Sat2) derived from chromosome 1 as the DNA probe. Sat2 is a known DNMT3B target
sequence that is consistently hypomethylated in ICF syndrome patients (8, 25). A range of protein concentrations
was used with a fixed amount of Sat2 DNA probe. EMSA
reactions were resolved on agarose gels and bandshifts visualized by SYBR Green staining. Each DNMT3B isoform exhibited a concentration-dependent increase in the amount of
shifted probe (Fig. 5A). EMSA bandshifts were quantitated
and the percent shift, relative to the concentration of
DNMT3B, was plotted and the KD calculated using the Hill
equation. Interestingly, DNMT3B3Δ5 (KD = 119 nmol/L) possessed significantly higher affinity for the Sat2 DNA probe
compared with DNMT3B3 (KD = 246 nmol/L; Fig. 5B). The

sigmoidal shape of both binding curves also suggested cooperative binding of DNMT3B. These results therefore indicate
that sequences encoded by exon 5 play a role in DNA binding
or influence the three dimensional structure of the adjacent
PWWP domain.
We next examined the subcellular localization of
DNMT3B3Δ5 compared with DNMT3B3 by transiently
transfecting tagged versions of each into HeLa cells followed by immunofluorescence microscopy. In HeLa cells,
DNMT3B3 displayed two exclusively nuclear localization
patterns: (a) punctate with enrichment in heterochromatic
regions and (b) diffuse nuclear accumulation (Fig. 6).
DNMT3B3Δ5 also showed these two staining patterns; however, the frequency of each pattern differed markedly. DNMT3B3
displayed the punctate distribution much more frequently than
DNMT3B3Δ5 (Fig. 6). In addition, DNMT3B3Δ5 accumulated less at heterochromatic regions in the diffuse staining
pattern. Taken together, the EMSA and immunofluorescence
studies reveal that DNMT3B3Δ5 has properties distinct from
DNMT3B3 and may therefore regulate genomic methylation
patterns differently from other DNMT3B isoforms.
Ectopic Expression of DNMT3BΔ5 Alters Repetitive
Element DNA Methylation and Enhances Clonogenic
Growth
To determine how DNMT3B3Δ5 expression may affect genomic DNA methylation patterns in vivo, we created HCT116
colon cancer cell lines stably expressing DNMT3B3Δ5. Parental HCT116 cells expressed DNMT3B3Δ5 from the endogenous locus at extremely low levels (Fig. 4). We confirmed

FIGURE 6.

Immunofluorescence localization of DNMT3B3 and
DNMT3B3Δ5 in human cells. GFP-DNMT3B3 and FLAG-DNMT3B3Δ5 expression plasmids were transfected into HeLa cells. Forty-eight hours later,
cells were fixed, stained with anti-FLAG antibody, and photographed with a
fluorescence microscope. All images were deconvolved and a representative of each is shown. Quantitation of the percent of transfected cells expressing either the diffuse or the punctate localization patterns of
DNMT3B3 and DNMT3B3Δ5 is indicated below the images. Blue, DNA;
green, DNMT3B3 or DNMT3B3Δ5. Bar, 10 μm.
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FIGURE 7. DNMT3B3Δ5 expression alters DNA methylation in vivo. BGS analysis of (A) centromeric α satellite, and (B) pericentromeric Sat2 repeats in
parental HCT116 cells and two HCT116 clones stably overexpressing DNMT3B3Δ5 (clones 2 and 3). Each row of circles represents the DNA methylation
pattern (○, unmethylated; , methylated CpG) of an individual cloned and sequenced DNA molecule. Right, the total percent methylation for all analyzed
clones. Two independent DNMT3B3Δ5 clones were examined with comparable levels of transgene expression (Supplementary Fig. S4). C. Summary of
BGS data with statistical significance shown for the stably transfected DNMT3B3Δ5 lines (left) and HCT116 3BKO cells transiently transfected with DNMT3B3
or DNMT3B3Δ5 (right). Data are presented relative to the parental line or empty vector transfected cells (set at 100%). *, significance relative to parental or
empty vector; **, significance for DNMT3B3Δ5 relative to DNMT3B3 using the χ2 test. For the transient transfection experiments, 12 to 16 clones were
sequenced for each construct/transfection (data not shown) and used in the calculations.

•

two HCT116 clones with significantly elevated expression of
DNMT3B3Δ5 by quantitative RT-PCR and Western blotting
(Supplementary Fig. S4). Interestingly, the level of endogenous
exon 5–containing DNMT3B transcripts was suppressed in the
stable DNMT3B3Δ5 clones compared with the parental
HCT116 cells, suggestive of a regulatory interplay between the
endogenous and ectopically expressed forms of DNMT3B. For
reasons that are unclear, we were unable to establish HCT116
cell lines stably expressing DNMT3B3. We then examined
two repetitive regions of the genome known to be DNMT3B targets, the pericentromeric Sat2 repeat (also analyzed by EMSA
above) and the centromeric α satellite (αSat) repeat (25). Sat2
is invariantly hypomethylated in ICF syndrome patients, whereas a subset of ICF patients also lose methylation from the αSat
repeat (26, 27). The equivalent regions (major and minor satel-

lite) in murine Dnmt3b knockouts and an ICF mouse model also become hypomethylated (28). Using bisulfite genomic
sequencing (BGS), we determined that both αSat and
Sat2 repeats were densely methylated in parental HCT116
cells (∼67% and 82%, respectively; Fig. 7A and B). The
DNMT3B3Δ5-expressing clones, however, showed ∼17% and
∼12% reductions in DNA methylation at the αSat and Sat2 repeats, respectively (Fig. 7). These decreases were significant for
both regions (P = 0.0014 for αSat and P < 0.001 for Sat2) as assessed by the χ2 test. The relative changes in total DNA methylation at each region examined is also summarized graphically in
Fig. 7C. These results therefore suggest that aberrant expression
of DNMT3BΔ5 during tumorigenesis could contribute to the
genomic DNA methylation defects that are a hallmark of transformed cells.
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FIGURE 8. Ectopic expression of DNMT3B splice variants modulates
clonogenic growth of HCT116 parental and 3BKO cells. Cell lines were
transfected with the indicated expression plasmids and expressing cells
were selected with G418. Surviving colonies were stained and counted.
All transfections were repeated at least thrice; columns, mean; bars, SD.
Empty, unmodified parental expression vector; *, significance relative to
parental or empty vector; **, significance for DNMT3B3Δ5 relative to
DNMT3B3 using the Student's t test.

To further examine DNMT3B3Δ5's capacity to modulate
centromeric DNA methylation levels and compare this to the
closely related and also catalytically inactive DNMT3B3 splice
variant, we used a series of transfections into HCT116 cells in
which the DNMT3B gene has been genetically inactivated by
homologous recombination (3BKO; ref. 29). These cells retain
most of their DNA methylation and there is no endogenous
DNMT3B to confound our interpretations. The transient transfection method also allows us to directly compare the effect of
ectopic expression of DNMT3B3Δ5 with DNMT3B3, which
we were unable to do with the stable cell lines. We therefore
transiently transfected expression plasmids for DNMT3B3,
DNMT3B3Δ5, or empty parental expression vector into
HCT116 3BKO cells. After 48 h of incubation, we analyzed
the DNA methylation status of the αSat and Sat2 regions by
BGS. Results from this experiment, which are summarized as

the percent methylation relative to the empty vector control, reveal that ectopic expression of DNMT3B3Δ5 reduced centromeric and pericentromeric DNA methylation levels by 24 and
28%, respectively. Ectopic expression of DNMT3B3, which is
also catalytically inactive, resulted in 12% and 8% decreases in
DNA methylation at the αSat and Sat2 regions, respectively,
nearly half the reduction we observed in the DNMT3B3Δ5
transfections (Fig. 7C). RT-PCR analysis indicated that
DNMT3B3 and DNMT3B3Δ5 were expressed at comparable
levels in the transiently transfected populations (data not
shown). Although the DNA hypomethylation at the αSat region
did not reach statistical significance, the reduction in methylation at Sat2 did reach significance for the DNMT3B3Δ5 transfections (P = 0.001, χ 2 ). In addition, the degree of DNA
hypomethylation at Sat2 was significantly greater in the
DNMT3B3Δ5 transfection than in the DNMT3B3 transfection
(P = 0.001). Taken together, these results suggest that expression of catalytically inactive DNMT3B splice variants is indeed
capable of modulating genomic DNA methylation levels. In addition, our data show that not all splice variants behave similarly just because they lack catalytic activity. In the case of
DNMT3B3Δ5, this may be due to its enhanced DNA binding
affinity, potentially blocking access of catalytically active
forms of DNMT3B or DNMT3A (which interacts with
DNMT3B) to their target sites in the genome.
We observed tumor cell lines with increased and decreased
DNMT3BΔ5 expression relative to corresponding normal tissues (Fig. 4), suggesting that this variant may possess growth
modulatory properties dependent on the cell or tissue type. To
examine this further, we performed colony formation assays using the same expression plasmids used for the transient transfection/BGS analysis described above. In this case, we used
both HCT116 parental and 3BKO cells. Plasmids were transfected and expressing cells were selected with G418 for 14
days. Following this period, surviving colonies were stained
and counted. Ectopic expression of DNMT3B3Δ5 resulted in
a small but significant increase in colony number in parental
HCT116 cells (P = 0.005, Student's t test). Although the change
in colony number in DNMT3B3-transfected HCT116 cells was
not significantly different than the empty vector control, it was
significantly different from the DNMT3B3Δ5 transfected
HCT116 cells (P = 0.02; Fig. 8, top). Results in 3BKO
HCT116 cells showed a similar trend, although the magnitude
of the increases was greater, especially for the DNMT3B3Δ5
transfected cells (Fig. 8). DNMT3B3Δ5 expression resulted in
nearly double the number of colonies compared with empty
vector transfected 3BKO cells (Fig. 8, bottom, all differences
were significant). Taken together, these results indicate that expression of catalytically inactive DNMT3B splice variants influence genomic DNA methylation patterns and cell growth
suggesting that improper levels of these variants may contribute
to both the global DNA methylation defects as well and the deregulated growth phenotypes that are hallmarks of tumor cells.

Discussion
In the present study, we have identified and characterized a
novel conserved splice variant of DNMT3B, DNMT3B3Δ5,
which is associated with stemness and with adult and fetal
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neural tissue. This transcript is similar to the widely expressed DNMT3B3 variant but also lacks exon 5 in human
DNMT3B or exon 6 in murine Dnmt3b. Although not yet
tested, both DNMT3B3Δ5 and Dnmt3b3Δ6 would be expected to be catalytically inactive because DNMT3B3 is also
inactive (30) but exon 5 skipping may occur in the context of
other DNMT3B isoforms, which are active. Aside from brain
and testis, DNMT3BΔ5 expression is limited in adult tissues
and is altered in tumor cell lines. Generally, cell lines derived
from low-expressing tissues display elevated DNMT3BΔ5
expression, whereas those derived from moderate/highexpressing tissues display reduced DNMT3BΔ5 expression.
DNMT3BΔ5 and Dnmt3bΔ6 are dynamically regulated during
differentiation of ES, EC, and neural stem cells and conversion
of differentiated, low Dnmt3bΔ6–expressing fibroblasts to iPS
cells results in marked upregulation of Dnmt3bΔ6. Finally, we
show that DNMT3B3Δ5 possesses distinct biochemical properties compared with its “parent” isoform, DNMT3B3, and that
elevated expression of DNMT3B3Δ5 causes centromeric hypomethylation and enhances clonogenic growth, suggesting that it
may differentially regulate DNA methylation or chromatin
structure in stem cells and contribute to methylation defects
in cancer if inappropriately expressed.
Interestingly, DNMT3B is extensively alternatively spliced
with nearly 40 isoforms identified thus far (14, 20, 21). A recent study also reported the identification of a transcript with a
similar structure to Dnmt3bΔ6 in murine ES cells, supporting
our findings (31). The role of these splice variants in establishing normal tissue DNA methylation patterns and possibly contributing to aberrant DNA methylation characteristic of tumor
cells is largely unknown. DNMT3B4, a variant highly expressed in human testis, is overexpressed in hepatocellular cancers. Elevated DNMT3B4 expression results in pericentromeric
satellite DNA hypomethylation, which is associated with genomic instability, and increased cell proliferation (32). In keeping with this result, we have shown that ectopic expression of
DNMT3B3Δ5 in cells that normally express it at a very low
level results in hypomethylation of sequences at and adjacent
to the centromere. In another study, seven novel DNMT3B
transcripts originating from within intron 4 and retaining a portion of exon 5 were detected in non–small cell lung cancer
cells. Some of these transcripts (termed the ΔDNMT3B family)
extended through the end of the gene and thus may be catalytically active, whereas others displayed variable inclusion of
exons 7 to 9 and premature termination at exon 11 or 17 due
to frameshifts (20). Expression of ΔDNMT3B transcripts was
associated with poorer clinical outcome and with hypermethylation of the RASSF1A tumor suppressor gene in non–small cell
lung cancer patients (33). In the most extensive study to date,
Ostler et al. (21) identified over 20 new DNMT3B isoforms in
cancer cells. Most of the alternative splicing they reported resulted in premature translation stop signals that truncate
DNMT3B before the catalytic domain. Other transcripts involved alternative usage of exons 4 to 6, indicating that this
area of DNMT3B, like the exon 21 to 22 region, is a hotbed
of alternative splicing activity. The most abundant splice variant identified by Ostler et al. (21), termed DNMT3B7, was ectopically overexpressed in HEK293 cells and resulted in altered
gene expression and promoter CpG island hypermethylation

(34). Although the reductions in DNA methylation that we
observed at the centromeric and pericentromeric satellite regions upon ectopic expression of DNMT3B3Δ5 would seem
relatively minor, hypomethylation of this magnitude was recently reported in a BGS-based analysis of the Sat2 region in
glioma (35) and the α satellite region is also a well-established
target of DNA hypomethylation in many cancers (36). Results
from these studies, along with our colony formation assay data,
suggest that hypomethylation mediated by inappropriate expression of certain DNMTB splice variants may lead to oncogenic
changes that could contribute to transformation. Elevated expression of truncated catalytically inactive splice variants of
DNMT3B was also highly predictive of ovarian cancer compared with normal ovarian epithelium (37). These studies therefore indicate that expression of certain DNMT3B splice variants
in tumor cells results in functional consequences to cell growth
and both gene-specific and repetitive region DNA methylation patterns.
What are the functions of alternatively spliced forms of
DNMT3B such as DNMT3B3Δ5 or DNMT3B4? One possibility is that they result in proteins with altered functions, either
gain or loss. Many of the DNMT3B variants are expected to be
catalytically inactive because they lack exons 20 and 21 in the
catalytic domain or lack the catalytic domain entirely (21). One
advantage of expressing an inactive variant in differentiated somatic cells is that it may help keep unauthorized de novo methylation, and the consequent aberrant gene silencing, in check.
Because many of these transcripts, including DNMT3B3Δ5,
are differentially expressed during development and differentiation, it would seem more plausible that they have altered functions, due to exclusion of particular exons that are important for
modulating methylation patterns during these processes. Such
functions may include altered DNA binding, as we have shown
here, or altered DNA target site preference. A catalytically
inactive isoform of DNMT3B, such as DNMT3B3Δ5, with
enhanced DNA binding affinity but retaining a similar genomic site preference as the catalytically active DNMT3B
isoforms (which we can only hypothesize is the case at this
time), may be able to block access of the active isoforms to
the DNA and consequently lead to hypomethylation of
DNMT3B target sites. Because DNMT3B interacts with both
DNMT3A and DNMT3L, and DNMT3L stimulates DNMT3
activity (38-41), another intriguing possibility is that certain
splice variants differ in their ability to make these interactions. Mutations that eliminate Dnmt3a-Dnmt3a or Dnmt3aDnmt3L interactions eliminate Dnmt3a catalytic activity (41).
Catalytically inactive DNMT3B variants that still retain their
ability to interact with DNMT3A might reduce the catalytic
activity of DNMT3A or alter its target site preference. Such a
mechanism may account for the hypomethylation we observe
upon DNMT3B3Δ5 overexpression. Alternatively, if transcripts such as DNMT3B3Δ5 still interact with DNMT3L,
they may titrate DNMT3L away from active isoforms of
DNMT3A and DNMT3B, thus indirectly modulating genomic DNA methylation levels. Comparison of the activities
and interaction partners of DNMT3B splice variants will be
an important area of future research that should provide important insights into the regulation and maintenance of genomic DNA methylation patterns in mammalian cells.
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Materials and Methods
Tissue Culture and Cell Lines
All tumor cell lines were purchased from the American Type
Culture Collection and grown in McCoy's 5-A media supplemented with 10% fetal bovine serum and 2 mmol/L L-glutamine
(Invitrogen). Creation of iPS cells and the growth and differentiation conditions of neural stem cell lines (SCP23 and SCP27),
murine ES cells, and NCCIT EC cells is described in the Supplementary Materials and Methods. Creation and characterization of
stable DNMT3B3Δ5-expressing HCT116 cells are also described in the Supplementary Materials and Methods.
DNMT3B Isoform Cloning and Sequencing
Total RNA was prepared from cell lines by Trizol extraction
(Invitrogen). Multiscribe reverse transcriptase (ABI) was used
to prepare cDNA from 2 μg of total RNA according to the
manufacturer's protocol. RT-PCR primers used to amplify
full-length human DNMT3B are 5′-GGC TGG ATT CAT
GAA GGG AGA CAC CAG GCA T-3′ (F) and 5′-GCC TGT
CGA CCT ATT CAC ATG CAA AGT AGT CCT TCA GAG
G-3′(R). Use of these primers led to the identification of
DNMT3B3Δ5. All PCR products were cloned using the TOPO
TA cloning kit (Invitrogen) and sequenced using the M13 forward and reverse primers and gene-specific internal primers
(available upon request). Apart from the major DNMT3B
splice variants DNMT3B1 and DNMT3B3, a new smaller
PCR product was observed, which lacked exons 5, 20, and
21 (DNMT3B3Δ5). The exon 4 to 6 junction resulted in a transcript that was in-frame with the normal DNMT3B coding region. While analyzing the expression of DNMT3BΔ5 in
normal tissues by semiquantitative RT-PCR, we identified an
additional novel PCR product in fetal brain, which was also
cloned and sequenced. This product, which lacked both exons
4 and 5, was termed DNMT3BΔ(4+5). Sequences were aligned
with existing National Center for Biotechnology Information
Genbank entries for DNMT3B and DNMT3B splice variant sequences with accession numbers NM_006892, NM_175848,
NM_175849, NM_175850.
Recombinant Protein Expression and Purification
The DNMT3B3 and DNMT3B3Δ5 coding sequences
were cloned into the pFastBacHT vector (Invitrogen) and used
to produce recombinant hexahistidine (6×-His)–tagged
DNMT3B3 and DNMT3B3Δ5 upon infection of Sf9 insect cells
cultured in Sf900II medium (Invitrogen). Recombinant baculovirus production and titering using the Bac-to-Bac Baculovirus
Expression System (Invitrogen) was done according to the
manufacturer's instructions and as we have described previously (42). Recombinant 6×-His–tagged proteins were subsequently purified with Ni-NTA agarose beads (Novagen) as
described (42).
EMSA
Creation of the satellite 2 probe for EMSA is described in
the Supplementary Materials and Methods. Recombinant
DNMT3s were incubated with 3 ng human Sat2 probe in reaction buffer containing 10 mmol/L HEPES (pH 7.5), 50 mmol/L
KCl, 1 mmol/L EDTA, 0.1% Triton-X 100, 5% glycerol,
0.1 mmol/L DTT, and 5 μmol/L S-adenosyl- L-methionine
(New England Biolabs). Enzyme concentrations used in the

binding reactions ranged from 0 to 700 nmol/L. The binding
reaction was done on ice for 30 min after which the samples
were resolved on a 0.7% agarose gel in 1× HEE running buffer
[10 mmol/L HEPES (pH 7.5), 1 mmol/L EDTA, 0.5 mmol/L
EGTA] at 65 V for 2.5 h. Gels were stained for 30 min with
SYBR Green I (Invitrogen) and visualized with a Bio-Rad
gel documentation system. The percent shift was quantitated using Quantity One 4.6.1 (Bio-Rad). All EMSAs
were repeated at least in triplicate. The relative quantity
of shifted material was calculated in Quantity One using
the sum of the intensity of the bands in each lane. The
curve was fit and the K D calculated using the Hill equation
in SigmaPlot 8.0.
RT-PCR
Two micrograms of total RNA per sample were reverse transcribed with Multiscribe reverse transcriptase (ABI) using the
manufacturer's protocol. One microliter of cDNA was used per
reaction for both semiquantitative and quantitative (Q) RT-PCR
reactions. Semiquantitative RT-PCR primers are as follows: human DNMT3B 5′-CAG AGG CCG AAG ATC AAG CTC-3′
(F) and 5′-TCC ACT GTC TGC CTC CAC CTG-3′ (R), and
murine Dnmt3b 5′-CAA GCT CCC GGC TGT CTA AGA-3′
(F) and 5′-CAT ACC CTC CTG ATC TCC ATC-3′ (R). We
also used other DNMT3B primers specific for alternative splicing within the catalytic region (exons 21-22) and the NH2terminal region of DNMT3B (exons 10-11) that have been
described previously (14, 22). As an internal loading control,
h u ma n g l yc e r a l d e hy d e - 3 - p ho s p ha t e d e hy d r og e n a s e
(GAPDH) expression was measured using primers 5′-TTG
GTA TCG TGG AAG GAC TC-3 (F) and 5-ACA GTC
TTC TGG GTG GCA GT-3′ (R). Murine Gapdh expression
was measured using primers 5′-CAC TTG AAG GGT GGA
GCC AAA AG-3′ (F) and 5′-GTG GAT GCA GGG ATG
ATG TTC TG-3′(R). The same human and murine GAPDH primers were used for both the semiquantitative and qRT-PCR reactions. QPCR was done using human DNMT3B full-length
specific primer 5-AGA AAG CCC AGA TGT CCG AAC-3′
(F) or human DNMT3BΔ5-specific primer spanning the junction between exons 4 and 6 (unique to this variant) using primer
5′-GAA AGC CCA GCT TCC CTG AGA C-3′ (F) and the
common reverse primer 5′-AGT TGT GTC CTC TGT GTC
GTC TGT-3′ (R). Murine Dnmt3b full-length specific primer
5′-CGC CAC CAT GTG CAG GAG TAC-3′ (F) or a
Dnmt3bΔ6-specific primer spanning the junction between
exons 5 and 7 (specific for Dnmt3bΔ6, the murine equivalent
of human DNMT3BΔ5) 5′-GAA AGC CCG GCT TCT CGG
AGA C-3′ (F) and the common reverse primer 5′-GAC GCT
CTT AGG TGT CAC TTC TTC C-3′ (R) were used.
DNMT3B expression was normalized to GAPDH expression using the formula (2 (Ct(GAPDH)-Ct(DNMT3B) ). Fold expression of DNMT3BΔ5 was calculated by dividing the
relative expression of the splice variant (lacking exon
5/6) by the relative expression of DNMT3B isoforms including these exons. Oct4 qRT-PCR primers are 5′-GGT
GGA GGA AGC CGA CAA CAA T-3′ (F) and 5′-CAC
CAG GGT CTC CGA TTT-3′ (R). Normal tissue RNAs
were purchased from Clontech.
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Transfections, Western Blotting, and Immunofluorescence Microscopy
The pcDNA4 HisMax-DNMT3B constructs (described in
the Supplementary Materials and Methods) were transiently
transfected into HCT116 cells using TransIT LT-1 (Mirus) according to the manufacturer's instructions. Forty-eight hours after transfection, cells were harvested for whole cell extract
using lysis buffer [10 mmol/L Tris (pH 7.5), 150 mmol/L NaCl,
1 mmol/L EDTA, 1% Triton-X 100]. Whole cell extracts were
resolved on a 10% SDS-PAGE gel and transferred to polyvinylidene difluoride membrane overnight for Western blotting.
Protein expression was detected using the anti-Express antibody from Invitrogen (1:1000). For immunofluorescence, cells
were grown on 22-mm2 glass coverslips in six-well plates and
transfected with GFP-DNMT3B3 or FLAG-DNMT3B3Δ5 expression constructs (Supplementary Materials and Methods) using TransIT LT-1. Cells were fixed with 4% paraformaldehyde
in 1× PBS (pH 7.0) 48 h posttransfection, permeabilized with
0.5% Triton X-100, and incubated with anti-FLAG primary antibody (Sigma anti-FLAG M2) diluted 1:50 in 1× PBS with 0.1%
Tween 20 for 1 h at room temperature. Cells were then washed
thrice with PBST, subsequently incubated with anti–mouseTRITC–labeled secondary antibody, then counterstained with
Hoechst 33342 to visualize DNA. Images were captured using
a Nikon TE2000 inverted microscope and deconvolved using
Nikon Elements software.
BGS
Genomic DNA extracted from stably or transiently transfected cells was bisulfite treated as described (43). Bisulfitetreated DNA was used as template to amplify PCR products
corresponding to satellite α with primers 5′-GGA TAT GTG
GAT AGT TTT GAA G-3′ (F) and 5′-TTC CTT TTT CAC
CAT AAA CCT C-3′(R) and satellite 2 (chr. 1) with primers
5′-GAA TTA TTG AAT AGA ATT GAA TGG-3′ (F) and 5′TAA ATA ATA ACT CCT TTC ATT T-3′ (R). PCR products
were gel purified using the Qiaex II gel extraction kit (Qiagen)
and cloned using the TA Cloning kit (Invitrogen). Cloned products were sequenced in a 96-well plate format using the M13
reverse primer at the University of Florida Interdisciplinary
Center for Biotechnology Research and methylation levels
were analyzed.
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