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The roles of DNA methyltransferase-2 (DNMT2) en-
zymes are controversial; whether DNMT2 functions pri-
marily as a nuclear DNA methyltransferase or as a cyto-
plasmic tRNA methyltransferase, and whether DNMT2
activity impacts development, as dnmt2 mutant mice or
Drosophila lack phenotypes. Here we show that mor-
pholino knockdown of Dnmt2 protein in zebrafish em-
bryos confers differentiation defects in particular organs,
including the retina, liver, and brain. Importantly, proper
organ differentiation required Dnmt2 activity in the cy-
toplasm, not in the nucleus. Furthermore, zebrafish
Dnmt2 methylates an RNA species of ∼80 bases, consis-
tent with tRNA methylation. Thus, Dnmt2 promotes
zebrafish development, likely through cytoplasmic RNA
methylation.
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DNA methylation provides a mechanism for the stable
and heritable silencing of transcription (Goll and Bestor
2005); methylated cytosines in CpG-rich regions are
bound by transcriptional repressors of the methyl-bind-
ing domain (MBD) families, which interact with chro-
matin-silencing machinery (Klose and Bird 2006). Meth-
ylation of cytosines is catalyzed by DNA methyltrans-
ferases (DNMTs), which can be classified into three
families: DNMT1/2/3 (Goll and Bestor 2005). Generally,
vertebrates bear only one Dnmt1 gene and one Dnmt2
gene, but contain several Dnmt3-family genes. Changes
in DNA methylation accompany embryonic develop-

ment (Morgan et al. 2005), and mice lacking Dnmt1 or
Dnmt3b die during early embryogenesis, whereas those
lacking Dnmt3a die 4 wk after birth (Li et al. 1992;
Okano et al. 1999). In zebrafish, Dnmt1 promotes tis-
sues-specific terminal differentiation of multiple organs
(Rai et al. 2006).

In contrast to the DNMT1 and DNMT3 families, the
functional importance of the DNMT2 family in verte-
brates has remained elusive; mice lacking Dnmt2 did not
display any defects, and no reduction in global DNA
methylation levels were observed in Dnmt2−/− ES cells
(Okano et al. 1998). Drosophila bear extremely low lev-
els of DNA methylation; however, mutation of Dnmt2
led to methylation loss (Kunert et al. 2003). Also, Dnmt2
overexpression in flies moderately increased DNA meth-
ylation, but the increased methylation observed was not
restricted to a CpG context, as cytosine methylation of
CpA and CpT was observed (Kunert et al. 2003). These
results would appear to support a role for Dnmt2 in DNA
methylation; however, omission of Dnmt2 in flies did
not confer an observable phenotype (Kunert et al. 2003).
Certain lower eukaryotes like Schizosaccharomyces
pombe and Dictostylieum bear a Dnmt2 homolog but
lack Dnmt1 or Dnmt3 homologs (Goll and Bestor 2005;
Jeltsch et al. 2006). S. pombe lacks detectable DNA
methylation, suggesting that its Dnmt2 ortholog has an
alternative function, although no phenotype resulted
from Dnmt2 (PMT1) omission (Wilkinson et al. 1995). In
Dictostylieum, <0.2% of CpG regions are methylated,
and this methylation is largely restricted to repetitive
regions and retrotransposons (Katoh et al. 2006). Here,
loss of the distant Dnmt2 homolog dnmA reduced meth-
ylation levels twofold and conferred a late developmen-
tal defect, raising the possibility that repeat methylation
has a developmental consequence (Katoh et al. 2006).
DNMT2 displays very weak DNA methyltransferase ac-
tivity in vitro, in spite of a high degree of identity with
DNMT1 and DNMT3B in its catalytic domain, enzymes
with relatively robust activity in vitro (Hermann et al.
2003; Goll and Bestor 2005). Thus, certain studies pro-
vide a measure of support for DNMT2 as a DNA meth-
yltransferase, while other studies question whether
DNA is the primary target.

In support of an alternative target, DNMT2 was re-
cently shown to reside mainly in the cytoplasm in hu-
man cells (Goll et al. 2006). Importantly, DNMT2 was
shown to methylate cytosine 38 in the anti-codon loop of
tRNAAsp in mice, Arabidopsis and Drosophila (Goll et
al. 2006). However, as no function is known for tRNAAsp

methylation at that position, and as there is no pheno-
type conferred in higher eukaryotes from loss of Dnmt2
(Goll et al. 2006), the biological purpose of the enzymes
of the DNMT2 class in vertebrates remains unknown.
These studies raise at least two important questions:
First, what biological process in higher eukaryotes relies
on Dnmt2? Second, does DNMT2 protein function in
the nucleus, consistent with DNA methylation, or
rather in the cytoplasm, through an RNA target such as
tRNAs? Here we show that the catalytic activity of
Dnmt2 in the cytoplasm, but not the nucleus, is impor-
tant for proper terminal differentiation of particular or-
gans in the zebrafish, establishing a role for this protein
in vertebrate development.
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Results and Discussion

To examine the role of dnmt2 in zebrafish development,
we first characterized the expression pattern of dnmt2
using whole-mount in situ hybridization during early
embryonic development. (We note that, by convention,
zebrafish genes are depicted in lowercase.) dnmt2 RNA
was present at the eight-cell stage, prior to zygotic tran-
scription, suggesting that a pool of dnmt2 mRNA is con-
tributed from the mother (Supplementary Fig. 1A).
dnmt2 RNA was expressed ubiquitously from the bud
stage onward. At 24 h post-fertilization (hpf), dnmt2
RNA was present in the eyes and the brain, and faint but
specific staining was seen in the liver at 72 hpf (Supple-
mentary Fig. 1A). Quantitative RT–PCR revealed that
dnmt2 RNA levels are highest following fertilization,
diminish at 6 hpf stage until 30 hpf, and are then par-
tially restored during 48–120 hpf (Supplementary Fig.
1B). Dnmt2 protein abundance was very low during the
early period just following fertilization (Supplementary
Fig. 1C), suggesting either an inhibition of translation or
high turnover of dnmt2 RNA during this period. Alter-
natively, a dnmt2 psuedogene may be present that is
detected by in situ analysis. Regardless, Dnmt2 protein
was absent before 36 hpf, and then accumulated in ac-
cordance with the increased mRNA abundance during
the 36–96 hpf time period (Supplementary Fig. 1C).

To determine whether the loss of Dnmt2 protein im-
pacts development, we greatly reduced Dnmt2 protein
levels by employing two different antisense morpholino
oligonucleotides (morpholinos), in separate experiments.
One morpholino targeted the AUG codon and flanking
RNA to block translation initiation, whereas the other
morpholino targeted the exon1–intron1 boundary region
of the RNA, to block splicing. Each morpholino was in-
jected separately into embryos at the one-cell stage,
which elicited large reductions in protein levels (Supple-
mentary Fig. 2A). Consistent with their impact on the
same RNA target, both morpholinos elicited the same
spectrum of phenotypes (described below). For brevity,
only results with the morpholino that blocks translation
are presented in the main text, with phenotypes elicited
by the alternative morpholino in Supplementary Figure
2. Dnmt2 morphants displayed abnormalities in overall
body structure at all time points following the bud stage
(Fig. 1A; data not shown). At 80 hpf, Dnmt2 morphant
embryos were approximately half the size of embryos
injected with a control morpholino (hereafter termed
control morphants) (Fig. 1A).

The reduced size observed could reflect a general de-
velopmental delay and/or a more specific impairment of
particular tissues. To address this question, we exam-
ined the developmental progress of particular organs in
Dnmt2 morphants. Here, we tested early markers of de-
velopment to examine organ specification, as well as
markers expressed later in development, to examine or-
gan differentiation. Representative embryos are dis-
played in the figures, with statistics for all embryos ex-
amined in Supplementary Table 1. Our examinations be-
gan with the liver where dnmt2 is expressed at low
levels (Supplmentary Fig. 1A, black arrow). Two markers
of late differentiation, liver fatty acid-binding protein
(l-fabp) (Denovan-Wright et al. 2000) and transferrin-�
(Mudumana et al. 2004), are normally expressed in em-
bryos beginning at 48 hpf. Remarkably, these markers
were either completely absent or highly reduced in

Dnmt2 morphants when compared with the age-
matched control morphants, even at 80 hpf (Fig. 1B).
However, two early markers of liver precursor cells,
foxa3 and gata6 (Field et al. 2003), were present at 80 hpf,
though the size (or number) of foxa3-positive cells was
moderately reduced (Fig. 1C). This established that
Dnmt2 morphants, like control morphants, specify a set
of cells at this location as liver precursors (Fig. 1C), but
fail to conduct late differentiation.

Importantly, two organs clearly express markers asso-
ciated with late differentiation. In the intestine, expres-
sion of intestinal fatty acid-binding protein (i-fabp) was
relatively normal, as was insulin expression in the endo-
crine pancreas (Fig. 1D; Biemar et al. 2001; Mudumana et
al. 2004). With wild-type zebrafish, i-fabp expression in
the intestine initiates ∼72 hpf and insulin expression in
the endocrine pancreas after 36 hpf. This suggests that
although Dnmt2 morphants are smaller than wild-type
or control morphants at 80 hpf, they do not simply show
a general developmental delay at the 24- to 36-hpf stage.

Figure 1. Specific developmental defects of Dnmt2 morphants. (A)
Gross morphology of Dnmt2 morphants at 80 hpf, displaying peri-
cardial edema, a primitive yolk, a thin trunk, and deformed eyes,
brain, somites, and tail. Bar, 0.5 mm. (B–D) Dnmt2 morphants dis-
play tissue-specific differentiation defects. Whole-mount in situ of
embryos at 80 hpf. Rows display expression of mRNA encoding
l-fabp or transferrin-� (A), gata6 or foxa3 (B), and i-fabp or insulin
(C). Columns display control morphants, Dnmt2 morphants, or
Dnmt2 morphants coinjected with mRNA encoding Dnmt2WT or
Dnmt2C82S. Dnmt2 morphants lose the expression of terminal dif-
ferentiation marker of liver l-fabp and transferrin-�, whereas they
retain expression of markers of liver precursors (gata6 and foxa3)
and markers of terminal differentiation of intestine (i-fabp) and en-
docrine pancreas (insulin). Arrows denote the cells expressing the
respective marker.
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Taken together, our results suggest that certain organs
require Dnmt2 for proper late differentiation.

Two additional sets of experiments established that
the developmental defects observed were a consequence
of reduction in Dnmt2. First, an identical impact on or-
gan differentiation was observed with an alternative
morpholino designed to block mRNA splicing (Supple-
mentary Fig. 2B). Second, we prepared by in vitro tran-
scription an RNA encoding full-length V5-tagged Dnmt2
that was refractory to the affect of the Dnmt2 morpho-
lino, as it bore an alternative sequence around the trans-
lation start site. Coinjection of this RNA with the
Dnmt2 morpholino rescued l-fabp and transferrin-� ex-
pression at high frequency (Fig. 1B; Supplementary Table
1). Furthermore, Dnmt2 catalytic activity was required,
as an RNA encoding a V5-tagged mutant Dnmt2 deriva-
tive that bears an amino acid substitution at the pre-
dicted catalytic residue (C82S, based on human DNMT2)
did not rescue liver differentiation (Fig. 1B), although it
was expressed at the same level as active Dnmt2 (Supple-
mentary Fig. 2D). Interestingly, an RNA encoding active
human DNMT2, but not a catalytically inactive deriva-
tive (C79S), rescued the liver differentiation defects con-
ferred by injection of the zebrafish Dnmt2 morpholino,
suggesting a conservation of Dnmt2 function in ze-
brafish and mammals (Supplementary Fig. 3A).

As dnmt2 is expressed in the retina at all embryonic
stages, we also tested for eye defects in Dnmt2 morphant
embryos. Like other organs, the Dnmt2 morphant eye is
slightly smaller than the eye of control morphants.
Transverse retinal sections of Dnmt2 morphants at 80
hpf revealed multiple defects in the retina and in the lens
(Fig. 2A). First, a duplication of part of the ventral retina
is observed (Fig. 2A, yellow arrow). Second, the retinal
pigmented epithelium is present in the dorsal retina (Fig.
2A, red arrow), but absent from the ventral retina. Third,
whereas the neuroepithelial area is typically composed
of multiple cell types in wild-type zebrafish and control
morphants at 80 hpf, this region in age-matched Dnmt2
morphants appears to be composed of a single cell type.
The overall morphology of this eye section was reminis-
cent of retinal progenitor cells of the eyes of wild-type
fish approaching 24 hpf, suggesting a developmental ar-
rest in the retina.

To stage these cells, we examined several markers of
eye development. First, these cells expressed proliferat-
ing cell nuclear antigen (pcna), a marker of proliferation
present in eye progenitor cells (Fig. 2B). Expression of
two other early markers, vsx2 (Passini et al. 1997) and
pax6.2, were higher in Dnmt2 morphants and present in
all cells. In contrast, control morphants displayed weak
staining restricted to a subset of cells (Fig. 2B; Supple-
mentary Fig. 4). Retinal progenitors differentiate into
neuroepithelial precursors, which then generate special-
ized precursors of cells such as ganglion, amacrine, bipo-
lar, horizontal, and Muller glia cells, as well as the com-
mon cones and rods (Link et al. 2000; Hatakeyama and
Kageyama 2004). These precursors then terminally dif-
ferentiate into their respective final mature form. To test
whether the retinal cells of Dnmt2 morphants are defec-
tive in differentiation, we tested for markers of the spe-
cialized precursor cells such as atoh7 (the zebrafish ho-
molog MATH5), neurod (Inoue et al. 2002), crx (Fu-
rukawa et al. 1997), and zash1a (MASH1 homolog)
(Tomita et al. 1996; Hatakeyama and Kageyama 2004).
Interestingly, each of these markers was either highly

reduced or completely absent in Dnmt2 morphant eyes
(Fig. 2B; Supplementary Fig. 4). Dnmt2 morphants also
lacked markers of terminal differentiation for various
cell types, including Muller Glia (glutamine synthase,
gso1) and cones (opsins) (Supplementary Fig. 4). Taken
together, these data strongly suggest that Dnmt2 is re-
quired for differentiation of retinal progenitors into the
precursors of specialized retinal neuroepithelial cell
types.

Finally, we examined the development of the brain in
Dnmt2 morphants. At 24 hpf, Dnmt2 morphants lack
expression of the early proneural marker neurogenin-1
(ngn-1) (Korzh et al. 1998) in the hypothalamus and di-
encephalon, whereas other regions of the brain still ex-
pressed ngn-1 (Supplementary Fig. 5). These results sug-
gest a role for Dnmt2 in neurogenesis in specific regions
of the brain.

One clear important question is whether Dnmt2 mor-
phant phenotypes result from defects in DNA methyl-
ation in the nucleus, or RNA methylation in the cyto-
plasm. In keeping with studies in mice, we did not ob-
serve a reduction in global DNA methylation levels in

Figure 2. Dnmt2 morphants display a developmental delay in the
eye. (A) Cross-sections of wild-type and Dnmt2 morphant eyes at 80
hpf stained with toluidine blue. Note the presence of retinal pig-
mented epithelium only in the dorsal side (red arrow) and duplica-
tion of a portion of ventral retina (yellow arrow). (B) Whole-mount in
situ for pcna, vsx2, neurod, crx, zash1a, and gso1 in embryos in-
jected with control morpholino or Dnmt2 morpholino alone, or
coinjected with V5-Dnmt2WT. Expression of all markers except
zash1a (which was examined at 48 hpf) was analyzed at 80 hpf. Note
the continued expression of markers of progenitors (pcna and vsx2),
and the loss of expression of markers of specified precursors (neurod,
crx, and zash1a).
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Dnmt2 morphants at 72 hpf (Supplementary Fig. 6).
Therefore, if Dnmt2 is indeed a DNA methyltransferase
in vivo, then its function is clearly limited to particular
loci. However, the Dnmt2 morphant phenotypes re-
vealed above enabled us to directly test whether ze-
brafish Dnmt2 functions primarily in the cytoplasm or
the nucleus. We reasoned that if defects in DNA meth-
ylation underlie Dnmt2 morphant phenotypes, then a
Dnmt2 derivative that is restricted to the nucleus should
rescue the developmental defects conferred by the
Dnmt2 morpholino, whereas a Dnmt2 derivative that
resides only in the cytoplasm will not. Conversely, if
Dnmt2 morphant phenotypes were due to the loss of
RNA methylation activity in the cytoplasm, then a
Dnmt2 derivative that resides only in the cytoplasm
should rescue. To sequester Dnmt2 in nucleus, we added
the nuclear localization signal (NLS) from SV40 T anti-
gen to the N terminus of Dnmt2, termed NLS-Dnmt2.
To retain Dnmt2 in the cytoplasm, we added the nuclear
export sequence (NES) of mitogen-activated protein ki-
nase kinase (MAPKK) to the N terminus of Dnmt2,
termed NES-Dnmt2. To examine derivative expression
and compartmentalization, both derivatives bore either a
GFP or a V5 tag at the C terminus. Partitioning of these
derivates could not be examined in developing fish em-
bryos due to high levels of background autofluorescence
and relatively low abundance resulting from construct
dilution during embryogenesis. Therefore, we examined
their partitioning by performing confocal microscopy in
a zebrafish fibroblast cell line (ZF4), as well as a human
RKO cell line. Partitioning was highly efficient; the
NLS-tagged Dnmt2 derivative appeared entirely nuclear,
whereas the NES-tagged derivative appeared entirely cy-
toplasmic (Fig. 3A).

To assess the activity of these Dnmt2 derivatives in

zebrafish, DNA constructs encoding each were sepa-
rately coinjected along with the Dnmt2 morpholino, and
injected fish were monitored for the ability of the con-
struct to rescue the expression of l-fabp in the liver and
vsx2 in the eye. Remarkably, the NLS-Dnmt2 derivative
failed to rescue expression, whereas NES-Dnmt2 deriva-
tive rescued their expression at high efficiency (Fig. 3B).
Similar results were obtained with two other markers,
transferrin-� and crx, in the liver and eye, respectively
(Supplementary Table 1; data not shown). Importantly,
both derivatives were expressed at similar levels (Supple-
mentary Fig. 7). As a further control, we replaced a single
lysine with alanine in the NLS of the NLS-Dnmt2 de-
rivative (mNLS-Dnmt2); a substitution that efficiently
compromised NLS function, restoring mNLS-Dnmt2 to
the cytoplasm (Fig. 3A). Remarkably, the mNLS deriva-
tive was highly effective in rescuing markers of late dif-
ferentiation in the liver and eye, and is produced at the
same level as the other Dnmt2 derivatives (Fig. 3B;
Supplementary Fig. 7). Taken together, these data dem-
onstrate that Dnmt2 utilizes its catalytic activity in the
cytoplasm to promote late differentiation of particular
organs.

To better define the catalytic role of zebrafish Dnmt2,
we determined whether zebrafish Dnmt2 functions as an
RNA methyltransferase. In Arabidopsis, methylation of
tRNAAsp by Dnmt2 alters tRNAAsp mobility in an acryl-
amide gel (Goll et al. 2006). We verified this observation
in Arabidopsis dnmt2 mutants, but found no alteration
in the mobility of zebrafish tRNAAsp in Dnmt2 mor-
phants (Supplementary Fig. 8). We therefore employed a
more direct test by examining the ability of zebrafish
Dnmt2 to methylate small RNAs isolated from ze-
brafish, including tRNAs. Active Dnmt2, or the inactive
derivative Dnmt2C82S derivative were overexpressed in
293 cells and immunopurified using an antibody against
the V5 epitope, present on both derivatives. With both
derivatives, immunoisolation was effective and equiva-
lent (Supplementary Fig. 9). For the RNA substrate, we
reasoned that RNA purified from a Dnmt2 morphant
would lack the Dnmt2-dependent modification, and
therefore would serve as a substrate for modification by
our isolated Dnmt2 enzyme. Therefore, we purified
RNA from either wild-type zebrafish embryos (72 hpf) or
Dnmt2 morphants (72 hpf). Both substrates were incu-
bated separately with either immunopurified wild-type
Dnmt2 or the inactive Dnmt2C82S derivative, in the
presence of tritium-labeled S-adenosylmethionine (H3-
AdoMet). RNA species were separated on an acrylamide
gel, and all bands present in the 10-base to 100-base
range were separately excised and their methylation (tri-
tium incorporation) quantified by scintillation counting
(Supplementary Fig. 9). Interestingly, almost all bands
lacked detectable methylation, with the notable excep-
tion of the band containing an RNA species of ∼80 bases,
the size of tRNAAsp in zebrafish (sized in Supplementary
Fig. 8). Here, we observed a sevenfold increase in the
methylation of this ∼80-base RNA species derived from
Dnmt2 morphant embryos compared with this RNA
species derived from age-matched wild-type embryos
(Fig. 4). This observation demonstrates that zebrafish
Dnmt2 methylates an RNA species of ∼80 bases, consis-
tent with recent results showing the methylation of
tRNAAsp by Dnmt2 enzymes in other organisms.

Taken together, our data provide the first evidence
that a DNMT2-family enzyme impacts metazoan devel-

Figure 3. Cytoplasmic localization of Dnmt2 rescues Dnmt2 mor-
phant phenotypes. (A) Confocal images of GFP and TOPRO-3 fluo-
rescence in ZF4 and RKO cells transfected with empty vector, or
vectors containing tagged Dnmt2WT, NLS-Dnmt2, mNLS-Dnmt2,
or NES-Dnmt2. (B) Whole-mount in situ of embryos at 80 hpf,
stained for expression of l-fabp and vsx2. Columns depict embryos
from control morphants, Dnmt2 morphants, or Dnmt2 morphants
coinjected with NLS-Dnmt2, mNLS-Dnmt2, or NES-Dnmt2.
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opment, and strongly suggests that the biologically im-
portant function of Dnmt2 involves RNA methylation
in the cytoplasm. We have shown that knockdown of
Dnmt2 in zebrafish embryos confers defects in the ter-
minal differentiation of liver, abnormal neurogenesis in
the hypothalamus and diencephalon, and differentiation
defects in the retina. These defects could be efficiently
rescued by catalytically active zebrafish or human
Dnmt2 derivatives, showing conservation of function.
These phenotypes in zebrafish were unexpected, as loss
of DNMT2 in mice or Drosophila did not confer observ-
able phenotypes. Thus, a clear question emerging from
our work is why zebrafish rely on Dnmt2 for proper de-
velopment, whereas mice and flies do not. One possible
explanation is that mice and flies have redundant
mechanisms that compensate for the loss of Dnmt2,
mechanisms that are absent (or less robust) in zebrafish.
Important recent work revealing Dnmt2 as a tRNA
methyltransferase challenged earlier conceptions that
the primary function of Dnmt2 is to methylate DNA in
the nucleus (Goll et al. 2006). Our demonstration that
Dnmt2 activity is required in the cytoplasm provides
evidence that the functionally relevant substrates are cy-
toplasmic RNA molecules, with tRNAAsp emerging as a
clear candidate. A question for future studies is whether
the modification state of tRNAAsp underlies the devel-
opmental defects observed, or whether these defects are
due to Dnmt2 action on an alternative cytoplasmic RNA
substrate. Vertebrates contain a large repertoire of non-
coding RNAs of much lower abundance than tRNAs,
which limits their detection in standard methyltransfer-
ase assays. As noncoding RNAs have emerged as impor-
tant developmental regulators, they remain attractive al-

ternative substrates for Dnmt2 function. Our work here
establishes the zebrafish as a tractable vertebrate model
system for the further study of Dnmt2 enzymes, their
relevant cytoplasmic RNA substrates, and their impact
on development.

Materials and methods

Zebrafish morpholino, mRNA, and plasmid injections
Zebrafish stocks and embryo culture were performed as described previ-
ously (Nadauld et al. 2004). Morpholinos, mRNA, and plasmids were
injected at the one-cell stage. Morpholino oligonucleotides of following
sequences were ordered from GeneTools LLC: Dnmt2 Mo1, 5�-AGTC
GCTCCGTGTTCTCCATATTTC-3�; Dnmt2 Mo2, 5�-AGAAACAACT
CACCCAAAGCCTTCA-3�; Control Mo, 5�-CCTCTTACCTCAGTTA
CAATTTATA-3�. Morpholinos were dissolved in 1× Danieau buffer. Ze-
brafish dnmt2 (GenBank accession no. AB196920) was cloned in pcDNA-
DEST40 and pDEST47 vector (Invitrogen) for injections of V5-tagged and
GFP-tagged plasmids, respectively. For mRNA injections, zebrafish
dnmt2 and human DNMT2 were cloned into pCRII-TOPO vector (Invit-
rogen). mRNA was transcribed using mMessage Machine kit (Ambion).
A nuclear localization signal from SV40 T antigen, PKKKRKV, or a
nuclear export signal from MAPKK, LQKKLEELEL, was added to the N
terminus to make NLS-Dnmt2 and NES-Dnmt2, respectively. The third
lysine in the NLS sequence was mutated to alanine in the mNLS-Dnmt2.

Whole-mount in situ hybridizations and histological analyses
Whole-mount in situ hybridizations were performed as described previ-
ously (Nadauld et al. 2004) using digoxigenin-labeled riboprobes for
dnmt2, insulin, gata6, foxa3, i-fabp, l-fabp, transferrin-�, atoh7, crx,
vsx2, neurod, ngn-1, zash1a, and gso-1. For histological analyses, em-
bryos were fixed in 10% neutral buffered formalin, rinsed in PBS, and
embedded in glycol methacrylate (Polysciences). Sections were cut using
a Leica microtome, stained in toluidine blue (for eye sections), analyzed
with a Zeiss Axiovert100 microscope, and photographed using an Olym-
pus Magnafire color camera.

Cell lines, transfections, and immunohistochemistry
RKO, HEK293, or zebrafish ZF4 cells were cultured as recommended by
ATCC. Cells were plated in 12-well plates on coverslips (for localization
experiments) or in 10-cm plates (for immunoprecipitation experiments).
Transfections were performed using lipofectamine 2000 following manu-
facturer’s instructions. For localization experiments, cells were fixed 24
h post-transfection and washed in PBS, and TOPRO-3 was added at
1:2000. Cells were then washed and imaged using a FV300 confocal mi-
croscope (Olympus).

Western blotting and antibodies
Embryos were collected, homogenized in IPH buffer (50 mM Tris at pH
6.0, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, Protease Inhibitors), and
rotated for 10 min at 4°C, and supernatant was collected after centrifu-
gation. The protein was separated by denaturing SDS-PAGE, transferred
to a PVDF membrane, and probed with either mouse DNMT2 (Imgenex),
V5 (monoclonal [Invitrogen] or rabbit polyclonal [Abcam]), or vinculin
(Sigma). Mouse DNMT2 antibody specifically recognizes zebrafish
Dnmt2, as only the 38-kDa species is reduced in Dnmt2 morphants de-
rived from either morpholino.

Methyltransferase assay
RNA was purified (Ambion) from wild-type and Dnmt2 morphant em-
bryos. Dnmt2 derivatives were immunoprecipitated from 293 cell ex-
tracts and incubated with RNA as described previously (Goll et al. 2006).
The RNA was recovered by phenol-chloroform extraction and EtOH pre-
cipitation. RNA was separated on a 15% denaturing PAGE gel, and EtBr
stained. The bands were excised from the gel, dissolved in gel elution
buffer (0.5 M ammonium acetate, 10 mM magnesium acetate, 1 mM
EDTA at pH 8.0, 0.1% SDS), and counted on a scintillation counter
(Beckman).
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Figure 4. Zebrafish Dnmt2 is an RNA methyltransferase. Total
RNA was purified from wild-type and Dnmt2 morphant zebrafish
embryos at 72 hpf and subjected to a H3-labeled methyltransfer re-
action using immunoprecipitated wild-type or catalytically inactive
(C82S) zebrafish Dnmt2. After the reaction, recovered RNA was
separated on a denaturing UREA-PAGE (see Supplementary Fig. 9).
The band corresponding to the size of tRNAAsp (∼80 bp) (see Supple-
mentary Fig. 8) was excised and H3 incorporation was measured by
scintillation counting. The bar graph depicts the fold increase in H3

counts per minute from the band containing tRNAAsp (band 5, ∼80
bases) (Supplementary Fig. 8) from Dnmt2 morphants compared
with wild-type zebrafish embryos. The two assays at the left utilized
wild-type zebrafish Dnmt2 protein, whereas the two at the right
utilized the catalytically inactive (C82S) enzyme. Assays represent
three biological replicates; error bars are ±1 SD.
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