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DNA methylation and histone methylation are two key epigenetic modifications that help govern hetero-
chromatin dynamics. The roles for these chromatin-modifying activities in directing tissue-specific develop-
ment remain largely unknown. To address this issue, we examined the roles of DNA methyltransferase 1
(Dnmt1) and the H3K9 histone methyltransferase Suv39hl in zebra fish development. Knockdown of Dnmt1
in zebra fish embryos caused defects in terminal differentiation of the intestine, exocrine pancreas, and retina.
Interestingly, not all tissues required Dnmt1, as differentiation of the liver and endocrine pancreas appeared
normal. Proper differentiation depended on Dnmt1 catalytic activity, as Dnmt1 morphants could be rescued by
active zebra fish or human DNMT1 but not by catalytically inactive derivatives. Dnmt1l morphants exhibited
dramatic reductions of both genomic cytosine methylation and genome-wide H3K9 trimethyl levels, leading us
to investigate the overlap of in vivo functions of Dnmtl and Suv39hl. Embryos lacking Suv39h1 had organ-
specific terminal differentiation defects that produced largely phenocopies of Dnmtl morphants but retained
wild-type levels of DNA methylation. Remarkably, suv39h1 overexpression rescued markers of terminal dif-
ferentiation in Dnmt1 morphants. Our results suggest that Dnmt1 activity helps direct histone methylation by
Suv39h1 and that, together, Dnmtl and Suv39h1 help guide the terminal differentiation of particular tissues.

The development of an organism depends upon the con-
certed spatial and temporal regulation of tissue-specific tran-
scriptional programs. The execution and maintenance of such
developmental transcriptional programs are likely to rely on
dynamic epigenetic changes in heterochromatin structure dur-
ing early development (31). Among the key biochemical
modifications playing an important role in establishing epi-
genetic states is methylation on cytosine in DNA (3). A
long-standing hypothesis regarding DNA methylation is that
de novo methylation is set up in a tissue-specific manner
following implantation. This allows genes that are essential
for the development of a specific tissue to remain unmethyl-
ated and thus transcriptionally competent. Conversely,
genes with actions that might oppose the proper develop-
ment of specific tissues become silenced by methylation.
This hypothesis, however, remains controversial. Indeed, a
number of studies challenge the hypothesis that DNA meth-
ylation plays an important role in directing tissue-specific
gene expression during development (56, 57). For example,
Walsh and Bestor found that the methylation status of the 5’
regions of a number of tissue-specific genes failed to corre-
late with their expression in the tissues of fetal and newborn
mice (56). In addition, CpG islands are rarely methylated in
normal tissues and the vast majority of CpG methylation
within the human genome appears to be targeted to trans-
posons, which constitute up to 45% of the human genome.
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Methylation within transposons appears to limit transposon
action, thereby maintaining genome integrity (14).

However, a number of studies support the idea that meth-
ylation is correlated with altered expression in some tissue-
specific genes (40, 59). For example, the adjacent region of the
globin gene was shown to be hypomethylated in erythroid
tissues but was completely methylated in nonerythroid tissues
(29, 55). Also, the cytosine methylation status of a CpG-rich
region within the promoter of maspin (SERPINBS) was shown
to be correlated inversely to its expression in various tissues
(12). Finally, Song et al. recently identified and confirmed
tissue-specific differential methylation of genes that exhibit
tissue-specific expression patterns (44). These studies indicate
a potential role for methylation in tissue-specific gene regula-
tion. However, it is still unknown whether these specific meth-
ylation patterns are established during development to silence
specific genes.

Prominent examples of DNA methylation playing a role in
development include monoallelic X chromosome inactivation
and genomic imprinting, each of which results in permanent
and heritable epigenetic states and gene repression (16, 27).
Additional evidence for the role of methylation in develop-
ment comes from studies with mice showing that DNA meth-
ylation is essential for embryonic viability. For example,
DNMT1 knockout mice show delayed development and fail to
survive past midgestation, possibly due to aberrant expression
of imprinted genes and chromosomal instability (23). Also,
knockout of Dnmt3b is lethal whereas Dnmt3a homozygous
mice die at about 4 weeks of age (36). Studies with nonmam-
malian vertebrates also indicate that DNA methylation is es-
sential for gastrulation. For example, chick embryos treated
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with 5-azacytidine display perturbed normal cellular migration
and embryonic axis patterning (60). In another case, transient
knockdown of Dnmtl during early development in Xenopus
laevis led to premature expression of mesodermal marker
genes (48). With zebra fish, embryos treated with 5-azacytidine
and 5-aza-2'-deoxycytidine just prior to midblastula transition
show abnormal patterning of somites, shortened and thickened
axial mesoderm, and loss of differentiated notochord and mid-
line muscle (28).

The critical link between DNA methylation and transcrip-
tional silencing is the recruitment of histone modifications that
promote silencing. Several studies have suggested that DNA
methylation and histone H3K9 methylation are interdepen-
dent (10). Studies with Neurospora crassa (51, 52) and Arabi-
dopsis thaliana (18, 19) suggest that H3K9 methylation might
control overall levels of DNA methylation. Furthermore, DNA
methylation might exert a feedback loop on the levels of global
H3K9 methylation, as human cell lines lacking DNMT1 have
reduced levels of H3K9 dimethylation and H3K9 trimethyl-
ation (6). In Arabidopsis, loss of the DNMT1 ortholog METI
results in the loss of H3K9 methylation from specific loci,
although global H3K9 methylation levels remain unaffected
(46). Interestingly, mice deficient in both of the major H3K9
trimethyl (H3K9me3) histone methyltransferases (SUV39H1
and SUV39H2) display severely reduced viability and the sur-
viving animals harbor chromosomal instability (39), pheno-
types shared with DNMT1 knockout mice. It is therefore pos-
sible that these two processes work in concert to establish and
maintain heterochromatin levels during development.

Although the above-mentioned studies support a require-
ment for DNA and histone methyltransferases in early devel-
opment, these studies leave a key issue unresolved: whether
DNA and histone methyltransferases are required to execute
tissue-specific developmental programs. Here, we report that
both Dnmtl, the primary maintenance DNA methyltrans-
ferase, and Suv39h1, the major H3K9 methyltransferase, direct
terminal differentiation within specific organs of zebra fish. We
found that zebra fish embryos deficient in either Dnmtl or
Suv39h1 specified the formation of retina, exocrine pancreas,
and intestine but failed to complete terminal differentiation
within these tissues. In contrast, terminal differentiation of
other organs, including endocrine pancreas and liver, ap-
peared unaffected. Phenotypic similarities of Dnmtl and
Suv39hl knockdown in zebra fish embryos support their
cooperative roles in gene regulation during development.
We propose that specific DNA and histone methyltrans-
ferases work in concert to control the spatial and temporal
regulation of transcriptional programs that direct differen-
tiation within specific organs.

MATERIALS AND METHODS

Zebra fish morpholino, mRNA, and plasmid injections. Zebra fish stocks and
embryo culture were maintained as described previously (34). Morpholinos
(Mo), mRNA, and plasmids were injected at the 1-cell stage. Morpholino oli-
gonucleotides were ordered from Gene Tools LLC. The morpholino sequences
are as follows: for Dnmtl Mo, 5'-ACAATGAGGTCTTGGTAGGCATTTC-3';
for Suv39h1 Mo, 5'-TAATAATCTGACCTTGTGTTTTTTG-3’; and for control
Mo, 5'-CCTCTTACCTCAGTTACAATTTATA-3'. Morpholinos were dis-
solved in 1X Danieau buffer. Zebra fish dnmtl (GenBank accession number
NM_131189) and zebra fish suv39h1 (GenBank accession number BC076417)
were cloned in pcDNA3.1/nV5-DEST vector (Invitrogen) for injections of plas-
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mids. For mRNA injections, zebra fish dnmtl, zebra fish suv39h1, and human
DNMTI1 (GenBank accession number NM_001379) were cloned into pCRII-
TOPO vector (Invitrogen). mRNA was transcribed using an mMessage machine
kit (Ambion).

‘Whole-mount in situ hybridizations and histological analyses. Whole-mount
in situ hybridizations were carried out as described previously (34) by use of
digoxigenin-labeled riboprobes for suv39hl, insulin, trypsin, gata6, hnflB, foxa3,
otx5, otx2, irbp, fabp10, and fabp2. For histological analyses, embryos were fixed
in 10% neutral buffered formalin, rinsed in phosphate-buffered saline, and em-
bedded in paraffin (for gut sections) or glycol methacrylate (Polysciences) (for
eye sections). Five or six micron sections were cut using a Leica microtome and
stained in hematoxylin and eosin (for gut sections) or toluidine blue (for eye
sections). Sections were analyzed using a Zeiss Axiovert100 microscope, and
pictures were taken using an Olympus Magnafire color camera.

Western blotting and antibodies. Embryos were collected at 96 hours post-
fertilization (hpf), homogenized in either sodium dodecyl sulfate lysis buffer (63
mM Tris-HCI, pH 6.8, 10% glycerol, 5% B-mercaptoethanol, 3.5% sodium do-
decyl sulfate, protease inhibitors) or zebra fish immunoprecipitation buffer (250
mM sucrose, 4 mM EDTA, 100 mM NaCl, 10 mM Tris, pH 7.4, protease
inhibitors), and rotated at 4 degrees for 10 min, and supernatant was collected
after centrifugation. The protein was separated by denaturing sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, transferred to a polyvinylidene diflu-
oride membrane, and probed with the corresponding antibody. Zebra fish Dnmt1
antibody was raised in rabbit against the C terminus of the protein (Covance).
Other antibodies used were obtained from the following vendors: human
DNMT1 from Imgenex, H3K9me3 from Abcam, H3 from Abcam, V5 from
Invitrogen, and vinculin from Sigma.

Genomic DNA isolation and global DNA methylation assay (liquid chroma-
tography-mass spectrometry). Embryos were collected at 72 hpf, and genomic
DNA was isolated using a Puregene DNA isolation kit (Gentra Systems). The
global DNA methylation assay was performed using liquid chromatography-mass
spectrometry as described previously (45).

RT-PCR and microarray analysis. Reverse transcriptase PCR (RT-PCR) was
performed as described previously (34) by using the following primers: for am-
plification of zebra fish dnmtl, forward primer 5'-ATGCCTACCAAGACCTC
ATT-3" and reverse primer 5'-TTAGTCAGAGAGCTCCATTT-3'; for human
DNMT1, forward primer 5'-ATGCCGGCGCGTACC-3' and reverse primer 5'-
CTAGTCCTTAGCAGCTTCCTCC-3'; and for zebra fish suv39hl, forward
primer 5'-ATGGCGCGAGATCTAAAAGA-3' and reverse primer 5'-TTAAA
AGAGATATTTCCGGCAG-3'. For checking splice blocking of suv39hi, for-
ward primer 5'-ATTGCAGGGTGCCTTGTAA-3' and reverse primer 5'-AAG
CAGAGCTGCCTTCAT-3' were used. B-actin primers were used as described
previously (34).

Statistical analyses. Results of statistical analyses are provided in Table 1. P
values were calculated using Student’s ¢ test. P values represent results for
morphants compared against those for control-injected embryos, while P values
for the rescue experiments represent comparisons of results between the
morphants.

RESULTS

Zebra fish have emerged as a powerful genetic model system
for identifying and mapping signaling pathways critical to em-
bryological development (1, 4, 17, 21, 22, 25, 38, 50, 54). In
addition, zebra fish harbor orthologs of each of the mammalian
DNA methyltransferases, including the founding member,
DNMT1 (28, 30, 43). By convention, we present zebra fish
genes in lowercase and human genes in uppercase. To evaluate
the role of the Dnmt1 protein in zebra fish embryonic devel-
opment, we designed and injected a translation-blocking anti-
sense morpholino, which efficiently reduced Dnmtl protein
levels (Fig. 1A). At an injection amount of 4 ng, approximately
40% of the embryos died within 24 hpf, an effect that was
reminiscent of DNMT1 knockout in mice (23). With the re-
maining viable embryos, we determined global DNA methyl-
ation levels by using a mass spectrometry-based assay (45) and
observed an approximate 40% decrease in the global levels of
cytosine DNA methylation, with mdC/dG contents of 7.15% =+
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TABLE 1. Summary of Dnmtl and Suv39hl morphant phenotypes

% Embryos (n) that stained positive for marker”

Marker

Control Dnmtl Dnmtl Mo + Dnmtl Mo + Dnmtl Mo + Dnmtl Mo + Suv39h1 Suv3%9hl Mo + Dnmtl Mo + Dnmtl Mo +
Mo Mo dnmtI™'T DNMTIWT dnmt1€N%S  dnmt]©12208 Mo suv39hIWT suv39hI™T  suv39hM3BK
o5 100 (25) 100 (15) NA NA NA NA 100 (26) NA NA NA
otx2 100 (22) 100 (22) NA NA NA NA 100 (23) NA NA NA
irbp 100 (33) 6 (48)* 75 (40)* 71 (42)* 7 (56) 36 (33) 5(38)* 81 (63)* 80 (94)* 23 (39)
foxa3 100 (32) 98 (49) NA NA NA NA 100 (24) NA NA NA
gatab 100 (42)  95(22) NA NA NA NA 100 (37) NA NA NA
hnflg 100 (21) 100 (18) NA NA NA NA 100 (28) NA NA NA
fabp2 100 (84) 3 (96)* 83 (65)* 99 (57)* 26 (27) 23 (66) 25 (57)* 87 (85)* 75 (118)F 37 (51)
insulin -~ 100 (69) 100 (57) NA NA NA NA 100 (37) NA NA NA
trypsin 99 (84) 18 (62)* 72 (43)* 71 (42)8 10 (30) 23 (47) 22 (37)* 73 (49)* 85 (94)* 28 (39)
fabp10 100 (23) 89 (19) NA NA NA NA 76 (21) NA NA NA

“ Values shown indicate the percentage of n embryos staining positively for each indicated marker, where n is the total number of embryos used in two or three
different replicates of an experiment. *, P < 0.0001; ¥, P < 0.0005; §, P = 0.0002. All other P values were nonsignificant. The confidence level was set to 95% (i.e.,
P < 0.05). dnmtI™'T, wild-type Dnmt1; suv39hI™7T, wild-type Suv39h1; NA, not applicable.

B
Dnmt1 Mo (ng) _E N
=¥ k& W Egb&-=
x o =
Eew
o
L]
N —
%WT 100 13 8 4
[ o4

Control

Dnmt1

g

Control Mo Dnmt1 Mo

(2]

ontrol Mo Dnmt1 Mo

>

"

"
79

f

HY,
0h

hnf1g foxa3 gatab

!
t

Hindgut Midgut Foregut

FIG. 1. Dnmtl knockdown in zebra fish. (A) Western analysis of
Dnmt1 protein levels in embryos injected with a Dnmt1-directed mor-
pholino (0, 2, 4, or 8 ng). Levels of histone H3 served to normalize
Dnmt1 expression levels, as indicated by percent wild-type (WT) lev-
els. (B) Nomarski images of 96-hpf embryos injected with either con-
trol or Dnmtl morpholino. Bar = 0.5 mm. (C) Alcian blue staining
showing loss of branchial arches P1 (mandibular) and P2 (hyoid) in
Dnmtl morphants. (D) Whole-mount in situ hybridization of 72-hpf
wild-type embryos with dnmtl shows dnmtl expression in the retina
and gut (indicated by arrows). (E) Early gut tube specification was
assessed in control or Dnmtl morphant embryos (96 hpf) by whole-
mount in situ hybridization for expression of gata6, foxa3, and hnfl@
(indicated by arrows). (F) Histological sectioning shows loss of colum-
nar cells throughout the intestine of Dnmt1 morphants.

0.06% (average =+ standard deviation [SD]) and 4.48% =
0.35% (average *= SD) for the wild type and Dnmtl mor-
phants, respectively. The viable morphants retained an overall
normal appearance but displayed developmental defects, in-
cluding curled tails, pericardial edema (Fig. 1B), and the ab-
sence of the P1 (mandibular) and P2 (hyoid) segments in the
jaw (Fig. 1C).

At 72 hpf, dnmtl is expressed in developing gut, eye, and
hindbrain (Fig. 1D) (53). This led us to examine possible de-
fects in these organs. We observed near-normal expression
levels of markers of the primordial gut foxa3 (35), gata6 (37),
and AnfIB (15) within Dnmtl morphant embryos (Fig. 1E),
thereby confirming formation and specification of the early gut
tube. However, cross-sections of the morphant embryo guts
revealed failed epithelial differentiation, as evidenced by lack
of established columnar cells throughout the intestine (Fig.
1F). This was paralleled by absence of intestinal fatty acid
binding protein (fabp2) expression, a marker of terminally dif-
ferentiated enterocytes (33), in 97% of Dnmt1 morphants (Fig.
2A). The penetrance statistics of all morphant phenotypes, as
well as all other statistical analyses, are provided in Table 1. To
determine whether lack of intestinal differentiation resulted
from specific knockdown of Dnmtl activity, we coinjected a
plasmid encoding V5-tagged zebra fish Dnmtl or mRNA en-
coding human DNMT1 along with the Dnmt1 morpholino and
confirmed expression by Western analysis (Fig. 2C and D).
These coinjections effectively rescued fabp2 expression to near-
normal levels in more than 80% of the embryos (Fig. 2A and
Table 1). In contrast, coinjection of a catalytically inactive deriv-
ative of zebra fish (Dnmt1<''%*®) or human (DNMT122%) or-
igin failed to rescue fabp2 expression (Fig. 2A and Table 1).
Taken together, these data indicate that zebra fish intestinal dif-
ferentiation requires the catalytic activity of Dnmt1 and that hu-
man DNMT1 activity can substitute for that of zebra fish Dnmt1.

Organ-specific defects extended to the pancreas, which
failed to undergo exocrine differentiation, as indicated by lack
of trypsin production (2) (Fig. 2A and Table 1). Remarkably,
differentiation of endocrine pancreas and liver appeared unaf-
fected in Dnmtl morphants, as assessed by the expression
levels of insulin (Fig. 2B) (2) and liver fatty acid binding pro-
tein (fabp10) (Fig. 2B) (5), respectively. Again, injection of
wild-type but not catalytically inactive Dnmtl (or human
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FIG. 2. Intestinal and pancreatic differentiation defects in Dnmt1 morphants. (A) Whole-mount in situ hybridization assessing levels of fabp2
and trypsin (arrows) in Dnmtl morphants shows failed differentiation of intestinal epithelial cells and exocrine pancreas. Injection of a plasmid
encoding V5-tagged, wild-type Dnmtl (dnmtI™") or human DNMT1W" RNA rescues fabp2 and trypsin expression, but use of V5-tagged,
catalytically inactive Dnmt1 (dnmt1<''°%) or human DNMT1'?%S does not. (B) Whole-mount in situ hybridization assessing levels of insulin and
fabpl0 (arrows) in Dnmt]l morphants. Levels of insulin and fabpl0 are unchanged, indicating apparent normal development of the endocrine
pancreas and liver, respectively. (C) Western analysis confirming equal expression of wild-type or catalytically inactive Dnmt1 within the injected
embryos. Vinculin (Vin) served as a loading control. (D) Western analysis showing equal expression of DNMTIVT and DNMT1¢'%25 RNA in

injected embryos. HEK 293 extract was used as a positive control, and histone H3 was used as a loading control.

DNMT1) restored trypsin expression in 72% and 71% of the
morphant embryos, respectively (Fig. 2A and Table 1). As the
exocrine pancreas (2, 7, 58), endocrine pancreas, and liver (8)
emerge from the same primordial precursors, these findings
imply highly specific, temporally regulated roles for Dnmtl
within the developing gut.

Considering that dnmt! is strongly expressed within the de-
veloping eye (Fig. 1D), it was surprising that the morphological
appearance of the eye remained relatively normal in Dnmtl
morphants (Fig. 3A and C). Indeed, markers of retinal devel-
opment otx2 (32) and otx5 (13) were similarly expressed in both
control and Dnmt1 morphants at 96 hpf (Fig. 3A). However,
examination of cross-sections of the Dnmtl morphant eyes
revealed a profound disorganization of all retinal layers (Fig.
3B) as well as failed establishment of the dorsal retinal pig-
mented epithelium (RPE). In keeping with this, expression of
interphotoreceptor retinoic binding protein (irbp), which
marks terminal differentiation of the RPE and photoreceptor
cell layers (49), was lost from the eyes of Dnmtl morphants
(Fig. 3C and Table 1). Consistent with observations of the
intestine and exocrine pancreas, irbp expression and organiza-
tion of retinal cell layers were restored in greater than 70% of
the Dnmtl morphants upon coinjection of wild-type but not
catalytically inactive zebra fish Dnmt1 or human DNMT1 (Fig.
3B and C and Table 1).

A number of investigations support functional and physical
interactions between DNA methyltransferases and H3K9
methyltransferases (9, 10, 14, 42). Consistent with these stud-
ies, we observed a significant reduction in the global H3K9me3
levels in Dnmtl morphants (Fig. 4A). Since SUV39H1 pro-
teins establish H3K9 methylation in heterochromatic regions
(39, 41), we next investigated the in vivo functions of Suv39h1
in zebra fish embryonic development. Using database search
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FIG. 3. Retinal differentiation defects in Dnmtl morphants.
(A) Control or Dnmt1 morphant embryos (96 hpf) were subjected to
whole-mount in situ hybridization for otx5 and ox2. (B) TOPRO-1
staining of histological cross-sections within the Dnmt1 morphant ret-
inas. Arrows indicate the dorsal loss of RPE. Injection of a plasmid
encoding V5-tagged, wild-type Dnmt1 (dnmt1™") rescues the RPE and
retinal layering. (C) Whole-mount in situ hybridization of irbp expression
within the retina of Dnmt1 morphants. Injection of a plasmid encoding
V5-tagged, wild-type Dnmt1 (dnmt1™") rescues irbp expression, but use
of V5-tagged, catalytically inactive Dnmt1 (dnmt1<'1%S) does not.
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FIG. 4. Reduced levels of H3K9me3 in Dnmt1 and Suv39h1 mor-
phant embryos. (A) Western analysis of H3K9me3 levels in embryos
injected with a Dnmtl-directed morpholino. The amount of protein
loaded in each lane is indicated at top. Analysis of histone H3 loading
served to normalize levels of H3K9me3 for morphants relative to levels
for the wild type (WT). Percent control levels are indicated at bottom.
(B) cDNA was prepared at 96 hpf from embryos injected with increas-
ing amounts of Suv39hl morpholino (0, 4, 8, and 12 ng); RT-PCR
using primers flanking the exon 2/intron 2 boundary of suv39hl
(against which the morpholino was targeted) showed that the level of
spliced suv39hl transcripts was reduced with increasing amounts of
Suv39hl splice-blocking morpholino. B-actin was used as a loading
control. Percent control levels are indicated at bottom. (C) H3K9me3
levels in Suv39h1 morphants.

tools, we identified a zebra fish Suv39hl1 ortholog that shares
63% identity with both human and murine SUV39H1 and
contains all of the essential functional domains (data not
shown). We also determined its developmental expression pro-
file by whole-mount in situ hybridization and RT-PCR (Fig. 5),
which demonstrated that suv39h1 expression in zebra fish over-
lapped with the tissue expression profile of dnmtl.

To compare the consequences of Suv39h1 loss with those of
Dnmtl loss, we knocked down suv39h1 mRNA transcript lev-
els by using a splice-blocking morpholino directed against the
exon 2/intron 2 boundary and verified incomplete splicing by
RT-PCR (Fig. 4B). To confirm knockdown of Suv3%hl, we
analyzed H3K9me3 levels in Suv39hl morphants by Western
blotting and noticed a significant reduction, a reduction that
was greater than that observed for Dnmt1 morphants (Fig. 4A
and C). Since knockout of H3K9 methyltransferase leads to
reduction in global DNA methylation levels in Neurospora
crassa (51, 52) and Arabidopsis thaliana (18, 19), we analyzed
global levels of 5-methyl-2'-deoxycytidine in genomic DNA
from 72-hpf Suv39h1 morphant embryos. We were unable to
detect any change in global cytosine methylation levels within
the Suv39hl morphant embryos (for wild-type embryos, the
mdC/dG ratio was 7.15% = 0.06% [average = SD], whereas
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FIG. 5. Expression pattern of suv39h1 during embryonic develop-
ment. (A) Whole-mount in situ hybridization for suv39h1 shows ex-
pression of suv39hl during early embryonic development. suv39hl
expression is ubiquitous until early somatic stages, after which it be-
comes restricted to the head of the embryo. After 48 hpf, the expres-
sion reduces drastically. Very low levels of expression can be seen in
the pancreas starting at 72 hpf. dpf, days postfertilization. (B) RT-PCR
analysis shows suv39hl expression in adult tissues of brain, eyes, fins,
gut, skeletal muscle, and skin.

for Suv39hl morphants, it was 7.21% * 0.46% [average =
SD]), despite robust reductions in the H3K9me3 levels. Al-
though this method does not assess locus-specific DNA meth-
ylation changes, these data show that in zebra fish significant
reduction in H3K9 methylation does not appreciably reduce
DNA methylation.

Suv39h1l morphants did not show a significantly increased
rate of death at 24 hpf (~10% in Suv39hl morphants, com-
pared to ~5% in control-injected embryos). However, they
displayed overall morphological defects that were strikingly
similar to those of Dnmtl morphants, including pericardial
edema and curled tails (Fig. 6A). However, unlike the jaws of
Dnmtl morphants, the jaws of Suv39h1 morphants developed
normally (data not shown), suggesting that there are both
unique and overlapping development requirements for Dnmt1
and Suv39hl1. We tested this concept by examining expression
of terminal differentiation markers of the eye and gut that were
absent in Dnmtl morphants. Similarly to Dnmtl morphants,
Suv39h1 morphants lacked expression of irbp in the retina (Fig.
6B and Table 1). This defect was rescued when embryos were
coinjected with the Suv39h1 morpholino and a plasmid con-
taining V5-tagged, wild-type zebra fish Suv39hl, thereby con-
firming specific knockdown of suv39h1 (Fig. 6B and Table 1).
Similarities between Dnmt1 and Suv39h1 morphants extended
to the gut: Suv39h1 morphants expressed the primordial gut
tube markers foxa3, gata6, and hnflp (Table 1 and data not
shown) but did not express fabp2 within the intestinal epithelial
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FIG. 6. Suv39h1 morphants produce phenocopies of Dnmtl mor-
phants. (A) Nomarski image of 96-hpf embryos injected with either
control morpholino or Suv39hl morpholino. Bar = 0.5 mm.
(B) Whole-mount in situ hybridization for irbp, fabp2, trypsin, insulin,
and fabpl0 (arrows) in an Suv39hl morphant in comparison to a
control embryo indicates failed terminal differentiation of retina, exo-
crine pancreas, and intestine. irbp, fabp2, and trypsin (arrows) expression
levels were rescued in Suv39h1l morphants by coinjection of V5-tagged,
wild-type suv39h1 (suv39hI™T). As seen with Dnmt1 morphants, Suv39h1
morphants continue to express insulin and fabp.

irbp

trypsln fabp2

fabp10 insulin

cell layer (Fig. 6B). As with irbp, coinjection of suv39hl res-
cued fabp2 expression (Fig. 6B and Table 1). Dnmtl and
Suv39h1 morphants also shared loss of trypsin and retention of
insulin and fabp10 (Fig. 6B and Table 1). The above-described
findings indicate that Dnmtl and Suv39hl cooperate to pro-
mote tissue-specific differentiation.

Reduction of global H3K9me3 and CpG methylation levels
in Dnmtl morphants and no change in DNA methylation lev-
els in Suv39h1 morphants suggest that H3K9me3 levels might
be dependent upon CpG methylation levels. Also, phenotypic
similarities between Dnmtl and Suv39h1 morphants suggest
that maintaining H3K9me3 levels might be important for ter-
minal differentiation programs. Hence, we tested whether in-
creasing H3K9me3 levels in Dnmt1 morphants by overexpres-
sion of suv39hl would rescue the terminal differentiation
defects. Strikingly, injection of suv39h1 mRNA (100 pg) or a
plasmid containing V5-tagged, wild-type zebra fish Suv39hl
(12 pg) rescued the expression of fabp2, trypsin, and irbp in
Dnmtl morphants (Fig. 7A). In contrast, injection of a cata-
lytically inactive Suv39h1 derivative (suv39h1"3%K) failed to
rescue the phenotypic defects (Fig. 7A). Furthermore, overex-
pression of wild-type suv39hl, but not of suv39hI™#% in-
creased H3K9me3 levels in Dnmtl morphants (Fig. 7B). As
a control, expression of wild-type suv39hl and suv39h1™323%
constructs was confirmed by Western blotting using V5 anti-

MoL. CELL. BIOL.

Dnmt1 Mo + Dnmt1 Mo +
sSuv39h1WT suv39h1H32iK

= &
& e
YW

Control Mo Dnmt1 Mo

-0
-

trypsin  fabp2

irbp

S 18

— - i e
B C
g x
o
» % * % + 5-. - g-
2 2 2§28 3 25sd
P = =23 G =g =g
2 EESED $ E3i;
2 8 620> 5 5e8¢
H3KIMe3 W o V5 - —
Ho S Vincuin
FIG. 7. Suv39hl overexpression rescues Dnmtl morphants.

(A) Whole-mount in situ hybridization for irbp, fabp2, and trypsin (arrows)
in embryos injected with Dnmtl morpholino alone or coinjected with
plasmid encoding V5-tagged, wild-type Suv39h1 (suv39hI™T) or catalytic
mutant Suv39h1 (suv39h1*3K) indicates that Dnmt1 morphants can be
rescued by overexpression of wild-type Suv39h1 but not catalytically in-
active Suv39hl. (B) Western analysis showing expression of V5-tagged
suv39hI™T and suv39h1™3%3K in embryos injected with these constructs
along with Dnmt]l morpholino. Vinculin is used as a loading control.
(C) Western analysis of H3K9me3 levels in embryos injected with Dnmt1
morpholino alone or coinjected with suv39hI™" or suv39h1™3%X, Anal-
ysis of histone H3 loading served to normalize levels of H3K9me3.

body (Fig. 7C). Taken together, these data suggest that re-
duced levels of H3K9 methylation account for the terminal
differentiation defects present in Dnmtl and Suv39hl mor-
phants.

DISCUSSION

Our data support an overlapping requirement for Dnmt1
and Suv39hl in directing tissue-specific, terminal differentia-
tion within particular organs during zebra fish development.
These findings suggest a model wherein DNA and histone
methyltransferases do not simply contribute to transcription in
general but rather help execute specific developmental pro-
grams.

Earlier studies of Dnmt1 and Suv39h1/Suv39h2 knockout in
other organisms have established a more general role for these
enzymes in maintaining normal gene expression or chromo-
somal stability (23, 39). For example, examination of DNMT1 "/~
mouse embryos at embryonic day 10.5 revealed that they more
closely resembled embryos of wild-type mice at embryonic day
9.5, thereby suggesting developmental delays (23). In addition,
two embryonic organs, the heart and the brain, showed in-
creased cell death and decreased cell proliferation. Follow-up
studies demonstrated that fibroblasts derived from DNMT1
conditional knockout mice displayed robust activation of p53
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(20). Similarly, transient knockout of Dnmt1 in Xenopus at the
blastula stage resulted in severe p53-dependent apoptosis of
cells undergoing early tissue specification (47, 48). Furthermore,
combined knockout of SUV39H1 and SUV39H2 in mice caused
early embryonic lethality along with genomic instability (39).
Although each of the previous studies revealed a clear require-
ment for DNA and histone methylation in maintaining cell
homeostasis during early development, none addressed the
potential for control of tissue-specific, terminal differentiation
programs by these enzymes.

Consistent with studies of mice and Xenopus, we noticed
~40% lethality during gastrulation in Dnmtl morpholino-in-
jected embryos (23, 48). However, unlike previous studies, we
investigated the terminal differentiation states of multiple or-
gans in the Dnmt1 and Suv39h1 morphant zebra fish surviving
at 72 and 96 hpf. This analysis revealed organ-specific devel-
opmental defects rather than general developmental defects:
differentiation of the retina, exocrine pancreas, and intestine
were defective, whereas differentiation of the liver and endo-
crine pancreas appeared normal. As injection of antisense
morpholino constructs comes with inherent variability of target
knockdown, it is possible that the difference between survival
and lethality in these embryos resulted directly from differ-
ences in extent of Dnmt1 knockdown in each population. How-
ever, it is important to note that the embryos displaying tissue-
specific differentiation defects survived with significant loss of
Dnmtl protein (Fig. 1A) as well as substantial reductions in
global levels of 5-methyl-cytidine. Consequently, not only do
these findings support a role for Dnmtl and Suv39h1 during
early development, but they also provide evidence for tissue-
specific functions of these enzymes. Further studies are needed
to define the specific targets of Dnmtl and Suv39h1 that con-
trol terminal differentiation in that markers such as fabp2 and
irbp are unlikely direct targets of Dnmtl and Suv39hl.

Our data are consistent with a model wherein DNA meth-
ylation and histone methylation act in concert to regulate chro-
matin states of one or more key tissue-specific regulators of
terminal differentiation. It is possible that maternal contribu-
tions of Dnmt1 and Suv39h1 may have protected early embryo
viability, organ specification, and differentiation. However, this
would not appear to account for the selective, terminal differ-
entiation defects seen with some tissues but not others. Like-
wise, although increased genetic instability may account for
40% lethality upon knockdown of Dnmtl, it would not readily
account for selective tissue differentiation abnormalities. In-
deed, the expression domains of dnmt! and suv39hl appear to
support tissue-specific functions in that each is expressed
highly in retina and gut, the very tissues showing terminal
differentiation defects. Given that knockdown by morpholino
injection is incomplete, our data may imply that the surviving
morphant embryos retain residual amounts of Dnmt1 activity
that are sufficient for the terminal differentiation of some tis-
sues, such as liver. Alternatively, our findings might predict
that DNA methyltransferases other than Dnmtl may be re-
quired for terminal differentiation of those organs which re-
main unaffected by Dnmtl and Suv39h1 knockdown. Indeed,
zebra fish bear additional DNA and histone methyltransferases
that are conserved in all vertebrates, raising the possibility that
additional enzymes may likewise direct tissue-specific differen-
tiation (43). In support of this, recent evidence indicates that
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methylation of a developmentally regulated gene (n#l) in zebra
fish depends selectively upon Dnmt7 (43).

Human DNMT1 and SUV39H1 interact both in vitro and in
vivo (11), and both of these proteins have been implicated in
repression of genes and formation of heterochromatin (10).
For example, DNMT1 and SUV39H1 have been shown to act
together to repress transcription of the estrogen receptor alpha
promoter in breast cancer (26). However, the evidence for
their concerted roles in early development has been lacking.
We noted that Dnmt1 morphant embryos showed a dramatic
reduction in H3K9 trimethyl levels, indicating a dependence of
H3K9 methylation on cytosine methylation in zebra fish. In-
deed, phenotypes of Dnmtl and Suv39hl knockdown were
strikingly similar within the gut and eyes, thereby confirming
an overlapping role for each in intestinal and retinal tissue
development. Notably, Suv39hl morphants showed no de-
crease in global DNA methylation levels. These findings align
well with observations of human cells wherein a DNMT1 ™/~
colon carcinoma cell line displayed substantial decreases in
H3K9 trimethylation (6). Taken together, these observations
imply that Dnmtl1 activity lies upstream of Suv39hl, a idea
confirmed by our finding that injection of suv39h1 mRNA into
Dnmtl morphants rescued gut and retinal differentiation de-
fects. Importantly, these data indicate that vertebrates are dis-
tinct from Neurospora and Arabidopsis, in which DNA meth-
ylation clearly relies on histone methylation (19, 51). In
Neurospora, mutation in H3K9 methyltransferase abolished
almost all DNA methylation, both at symmetric and at non-
symmetric loci (51). In Arabidopsis, mutations in KRYPTO
NITE histone H3K9 methyltransferase led to loss of CpNpG
methylation but not CpG methylation (19). Interestingly, only
plants bear orthologs of the DNA methyltransferase CHROM
OMETHYLASE3, which utilizes its chromodomains to recog-
nize histone methylation at two important locations along the
H3 tail (H3K9 and H3K27), thereby targeting DNA methyl-
ation to histone-methylated regions (24). Thus, it appears that
the dependency relationships between histone and DNA meth-
ylation differ between plants and vertebrates.

In conclusion, our evidence supports the notion that Dnmtl,
the primary maintenance DNA methyltransferase, and Suv39h1,
the major H3K9 methyltransferase, help direct terminal differ-
entiation within specific organs of the developing zebra fish.
These findings offer support for a model wherein organ-spe-
cific terminal differentiation requires the coordinated efforts of
specific DNA and histone methyltransferases.
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