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ABSTRACT

Gene expression is under the influence of DNA
methylation and assembly of chromatin structure. This
paper reports the modulation of transgene expression

in zebrafish embryos by altering DNA methylation with
5-azacytidine and heterochromatin formation with
sodium butyrate, an inhibitor of histone deacetylation.

A CMV promoter—luciferase fusion gene construct
(pCMVL) microinjected into zebrafish eggs becomes
gradually methylated during development, starting at
(112 h post-injection. When methylated  in vitro by Hpall
methylase prior to injection, the construct is rapidly
demethylated invivo before being de novo methylated.
Demethylation is independent of DNA replication,
indicating that it is an active DNA repair process.
Demethylating activity has been characterized in
zebrafish embryo nuclear extracts, in which this
activity is heat-labile, sensitive to protease and RNase
and requires ATP hydrolysis. Demethylating activity in
vitro is dependent on the developmental stage of the
embryo from which extracts are prepared. In vivo,
luciferase transcripts are detected prior to de novo
plasmid methylation. Furthermore, incubation of
pCMVL-injected embryos with 5-azacytidine or butyrate
immediately after injection inhibits plasmid methylation

and extends the period of luciferase expression. When
applied after de novo methylation has occurred, both
inhibitors prevent methylation of newly replicated DNA

and promote transgene expression. These data
suggest that methylation of the injected construct
during early development induces repression of the
transgene, perhaps by converting the construct to a
repressive chromatin structure.

INTRODUCTION

correlates with transcriptional inactivation of chromosomes, trans-
genes, disease genes and certain developmentally regulated gene
(3). Three possible mechanims by which methylation affects gene
expression have emerged: methylation may interfere directly
with binding of ubiquitous transcription factors in cells where the
gene is not expressed)y binding of specific factors to
methylated DNA may promote gene repressi)nriethylation

may induce gene inactivation by altering chromatin struc@jre (

Gene-specific methylation patterns are established during
embryonic development. In the early mouse embryo, the gametic
methylation pattern is erased by genome-wide demethylation
(7,8). Nevertheless, methylation states are continuously changing
in the early embrydd) and sites of methylation display tremendous
variation ¢,10,11). There is increasing evidence that demethylation
occurs through an active (DNA replication-independent), rather
than a passive (replication-dependent) mechanism. In cultured
mouse cells and chicken embryos, demethylation can be induced
independently of DNA replicatiori 2,13). Transient transfection
of thea-actin gene into rat myoblasts has shown that unintegrated
plasmids are fully and actively demethylatéd)( as is plasmid
DNA integrated into early mouse embryds), Demethylation
in extracts of chicken nuclel§) and mammalian celld.{) has
been shown to involve removal of the entire 5-methylcytosine by
a DNA glycosylasel(8) and its replacement by a cytositi€)( The
reaction is not sequence-specific and favours hemimethylated
substratesl(6). In whole cell extracts, demethylation is protease-
resistant but RNase-sensitive, suggesting a role of RNA in this
process 17).

There is evidence to suggest that expression of a transgene is
under the influence of methylation and of the assembly of a
repressive chromatin structure. Similarities between position effect
variegation inDrosophilaand variegated transgene expression in
mice (L9) and zebrafish20) suggest that transgene expression is
affected by heterochromatin formation. The histone deacetylation
inhibitor butyrate 21) has been suggested to prevent the
formation of heterochromatin2®) and to alter transgene
methylation in zebrafish2@). In the latter study, however, no
correlation was established between transgene methylation and

Epigenetic modification of DNA by methylation of cytosine in expression. However, more recently, microinjection of methylated
CpG dinucleotides represents a mechanism of regulation of gebBIA templates intoXenopusoocyte nuclei has shown that
expression. Only a subset of these sites are methylated in a givegthylation by itself does not immediately block transcription,
cell type (1) and this distinct pattern of methylation is preserved byput promotes the formation of a repressive chromatin struéure (

a maintenance methylase which modifies hemimethylated residue§ransgenic lines of zebrafish have been produced in several

after each round of DNA replicatior2)( Methylation generally

laboratoriesZ0,24,25). Common features of these studies are the
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Figure 1. Methylation pattern of plasmid DNA microinjected into zebrafish embrfgdvip of the pCMVL plasmid; arrows indicétpall methylation sites (not

drawn to scale) B—D) pCMVL or pCMVL methylatedn vitro by Hpall methylase (M-pCMVL) was injected into fertilized eggs. At the indicated time points, DNA
was isolated, digested wiipall and methylation of injected substrates analysed by Southern blotting using probe CMVL. Methylation pattern of pPCMVL (B) and
M-pCMVL (C). Size markers are indicated in kb on the left. (D) Mean propoti@D] of methylated plasmid DNA recovered from embryos after injection of
pCMVL and M-pCMVL. Data were quantified from duplicate blots.

low frequency of transgene expression in transgenic individuadg 4°C. Protein concentration of the supernatant (nuclear extract)
and variegation of expression in these individuag,25). was adjusted to 1fg/ul with buffer A and extracts frozen at
Methylation has been suggested to account for variegate®0°C. Prior to use, extracts were diluted 1:1 with 20 mM
transgene expression in zebrafigh,26), however, convincing HEPES (pH 7.5), 100 mM NacCl.

evidence is lacking and attempts to alter transgene methylation

and correlate the extent of methylation with expression have beBemethylation and methylation substrates

limited. In this study, we used zebrafish embryos microinjected ) . .
with unmethylated and methylated constructs, together withVO demethylation substrates were used: (i) a 5.5 kb plasmid
alterations of plasmid methylation during development, t§PCMVL) containing the cytomegalovirus (CMV) promoter
establish a correlation between transgene methylation af§ving the firefly luciferaseldc) gene 6, Fig. 1A); (i) a 733 bp
transcriptional and translational activities. The data demonstraf@gment of théuc coding region of pPCMVLZ7) containing four

that transgene expression can be modulated by altering trans | methylation sites (see FigA). In vitro methylation of the
J P y g g73 bp fragment and pCMVL was performed on 104$ONA

methylation with demethylating and chromatin remodellingOy incubation with 5 UHpall methylase (New England Biolabs

agents. Beverly, MA) perpg DNA for 1 h at 37C. The reaction was
terminated by incubation with 2Q@/ml proteinase K for 1 h at

MATERIALS AND METHODS 55°C. In vitro methylated DNA (referred to as M-733 and

Nuclear extracts M-pCMVL) was extracted with phenol:chloroform (1:1) and
precipitated with ethanol. Methylation was verified by cleavage

Zebrafish embryos were chilled t&x®, washed in buffer N (10 mM By Msp but not by its methylation-sensitive isoschizoipell.
HEPES, pH 7.5, 250 mM sucrose, 50 mM NaCl, 5 mM MgCl For analysis of methylatioin vivo, unmethylated pCMVL was
10 pg/ml cytochalasin B, 1 mM dithiothreitol and proteaseused.

inhibitors) and homogenized in 10 vol buffer N with three strokes

of a loose fitting pestle and two strokes of a tight fitting pestle iMethylation and demethylation assays

a glass homogenizer. Lysates were decanted for 20 min on ice and

the supernatant collected and centrifuged through 1 M sucrosdmtvitro demethylationA demethylation reaction mix consisted
1000g for 10 min. Pelleted nuclei were re-washed through sucrosé# 40 pl nuclear extract (30Qg total protein) containing 0.8

and resuspended in buffer A (10 MM HEPES, pH 7.5, 100 mM KCATP-generating system (1 mM ATP, 10 mM creatine phosphate,
3 mM MgCh, 0.1 mM EDTA, 10% v/v glycerol, 0.5 mM 25pug/ml creatine kinase) andpl (300 ng) M-733 DNA. After
spermidine, 0.15 mM spermine, 1 mM dithiothreitol and proteasacubation at 28C for 3 h, the reaction was terminated by
inhibitors) (1L6). Nuclei were lysed by slow addition of 4 M addition of 60l 20 mM EDTA. The reaction mixture was
ammonium sulphate to 0.4 M, the lysate incubated for 30 min atigested with 20Qug/ml proteinase K at 5% for 1 h, the DNA

ice and the viscous substance sedimented at 150 fo0@.5 h  extracted with phenol, phenol:chloroform (1:1) and chloroform
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and ethanol precipitated. Samples were sedimented at 1 00Quciferase assay
for 30 min and sediments dissolved inCH The DNA was

digested for 1 h at 3 with Hpall or Msg. Digestion products
were ethanol precipitated, dissolved igtHand equal amounts
of DNA loaded onto agarose gels.

Groups of five zebrafish embryos were lysed by repeatettimipe

or gentle homogenization in 10% Hank’s salts containing protease
inhibitors on ice, protein concentration of the lysate determined
and 25Qug total protein diluted to 4 in 10% Hank’s salts. Ten
microlitres of luciferin substrate were added to the lysate and the

In vivo methylation and demethylation analyblewly fertilized ..+ e exposed on film as describéd)

zebrafish eggs were microinjected wit® tOpies of unmethylated
or in vitro methylated substrate (pCMVL and M-pCMVL, RESULTS
respectively) and embryos cultured at28s describe®g). At

the indicated time points, groups of 20 embryos were homogenizeslibstrate methylation and demethylation in developing
digested with proteinase K and DNA isolated as above. The DNAebrafish embryos

was digested withipall or Msp before loading equal amounts

onto agarose gels. During embryonic development, genes are selectively methylated or

demethylated according to a specific developmental programme.
To determine whether plasmid DNA was also subjected to
) ) methylation after injection into eggs, a CMV promokec—
Gel electrophoresis, probe synthesis, Southern and reporter gene construct (FigA; pCMVL) was injected into
northern blotting newly fertilized zebrafish eggs. Plasmid methylation was examined
during development after DNA extraction, digestion vitell
DNA samples were electrophoresed in 1% agaroseTBE and and Southern blotting using probe CMVL. The construct
directly electroblotted onto a nylon GeneScreen membranmemained unmethylated for the first 6 h of development, after
(DuPont NEN, Brussels, Belgium) in 8.9BE using a BioRad which it became methylated, as shown by the gradual disappearance
(Hercules, CA) semi-dry blotter at 3.6 mA/&membrane for of Hpall cleavage products (FigB and D; pCMVL). At day 3 and
12 min. Membranes were rinsed mSSC and DNA crosslinked beyond, only methylated plasmid DNA was detected (E&).
by a 2 min UV exposure. Fluoresceinated DNA probes werghese results indicate that plasmid DNA is methylated within
synthesized using the Amersham (Little Chalfont, UK) Gendours of microinjection into zebrafish eggs.
Images labelling kit as described by the manufacturer. TemplateTo determine whether a demethylating activity reminiscent of that
DNA consisted of the 733 bp fragment described above aharacterizing early mammalian embryo development could be
pCMVL, to produce probe 733 and probe CMVL, respectivelydetected in developing zebrafish embryos, the methylation profile of
Reactions were terminated by addition of 20 mM EDTA an& methylated substrate microinjected into eggs was examined.
probes stored at —2CQ. Southern blots were performed using theDemethylation substrate consisted of pCMVL methyl@teiro by
Amersham Gene Images hybridization kit. Membranes werdpal methylase (M-pCMVL) and methylation analysed by
hybridized with probe 733 or CMVL, as indicated, overnight aSouthern blotting as above. M-pCMVL was gradually demethylated
62°C. Stringency washes were 20 min n9SC, 0.1% SDS and after injection such that at 4 h only demethylated vectors were
20 minin 0.5 SSC, 0.1% SDS, each at’6@2 Membranes were detected (FiglC and D; M-pCMVL). However, the substrate was
blocked, incubated in a 1:7500 dilution of alkaline phosphataseensistently remethylated at 12—24 h, indicating that demethylation
conjugated anti-fluorescein antibodies for 1 h, washed and exposads only transient (Fid.C and D). At all stages of development,
on Hyperfim MP (Amersham). Proportion of methylated substratandigested reaction products did not produce fragments <5.5 kb (the
was quantified by measuring area and intensity of banddze of pCMVL; data not shown), confirming that fragments of
corresponding to methylatedHgall-resistant) substrate after <5.5kb did not represent degradation products of M-pCMVL.
background subtraction using the OptilabPro software (GrafteRKhese results argue thatvitro methylated plasmid DNA injected
Mirmande, France29). For Northern blot analysis, mRNA was into zebrafish eggs is transiently demethylated before deingvo
extracted from pools of 10 embryos using the mRNA Direct kimethylated. In addition, examination of the methylation patterns
(Dynal, Oslo, Norway), denatured, electrophoresed through 1% pCMVL and M-pCMVL shows that with both substrat@8%
agarose in MOPS/formaldehyde buffer and transferred to a nyl@fi de novo methylation occurred at 12 h of development
GeneScreen membrane. Transcripts were detected with pralség. 1D). This suggests thate novoplasmid methylation is
733 using the Amersham Genes Image kit according to tldevelopmentally regulated.
manufacturer’s instructions.
Plasmid demethylationin vivo is independent of DNA
replication

Mitotic index determination Repair of methylated DNA can occur through a passive (replication-
dependent) or active (replication-independent) mechadiSmTo
Blastomeres were isolated from 1-6 h embryos by gentlgetermine by which mechanism demethylation occurred in
pipetting in C&*free 10% Hank’s salts containing 2 mM EDTA. zebrafish embryos, M-pCMVL demethylation was examined in
Blastomeres were slightly swollen ip® for 5 min, fixed in 3%  non-replicating embryos. The DNA synthesis inhibitor aphidicolin
paraformaldehyde for 10 min and DNA stained with|@iml is ineffective in arresting zebrafish embryos before the mid-
propidium iodide. Mitotic index was determined by fluorescencélastula transition (MBT), thus DNA replication was inhibited
microscopy as the percentage of cells in prometaphase with the topoisomerase | inhibitor camptothedf)( Culture of
metaphase. Over 100 cells from 10 embryos were examinedeahbryos for 2 h between 1 and 3 h of development ip\N25
each time point in each of three replicates. camptothecin did not cause any nuclear defects, as judged by
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Figure 2. DNA demethylationn vivois independent of DNA replicatiorAY Phase contrast view of nuclei isolated from 3 h zebrafish incubated for 2 h in 0 (bottom)
or 25uM (top) topoisomerase | inhibitor camptothecin. Bam®b B) Mitotic index of blastomeres isolated from embryos cultured @)0of 25 (O) (UM camptothecin
between 1 and 3 h development (b&).Southern blot analysis of M-pCMVL demethylation in embryos cultured in Odv2&amptothecin as in (B), using probe CMVL.
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Figure 3. Active DNA demethylation in nuclear extracts of zebrafish embrggsViap of the 733 bp DNA fragment of th& gene used as demethylation substrate

in vitro. Sites of methylation biylpall methylase are showrB) Demethylation of M-733 DNA in nuclear extract of 4 h embryos. M-733 (300 ng) (Input) was incubated
in nuclear extract (NE) for 6 h at 28. The DNA was isolated and either left undigested (control, Ct) or digestddpaltior Msp and analysed by Southern blotting
using probe 733Q) Time course of demethylation in nuclear extract. M-733 DNA was incubated in nuclear extracts of 4 h embryos and demsthytiartézh

by Southern blotting analysis at indicated time points as inBM¢733 demethylatiom vivo. M-733 DNA (Input) was injected into fertilized eggs and, after 4 h,
isolated DNA was digested withpall and analysed by Southern blotting as in (B). Size of detected reaction products is indicated in bp.

phase contrast microscopy of nuclei (FRA). Reversible DNA demethylating activity in nuclear extract of zebrafish

camptothecin-induced cell cycle arrest was shown by a rap&mbryos

decline in the mitotic index of blastomeres isolated from these

embryos and return to the control level after removal of th&o characterize thi;n vivo demethylating activity, a cell-free

inhibitor (Fig.2B). system capable of demethylating exogenous DNA was developed.
M-pCMVL demethylation was subsequently examined inn in vitro experiments, a 733 bp demethylation substrate was

embryos arrested in interphase between 1 and 3 h of developmesgéd (M-733) that was methylated at four sites Hypall

with 25uM camptothecin. Southern blotting analysis showed thahethylase (Fig3A). Cleavage of M-733 bsp but not by

the inhibitor did not affect the time course of M-pCMVL Hpall set the basis for analysis of substrate demethylation. Since

demethylation (Fi®2C). Thus, substrate demethylatiowivoisnot  a previous result showed that the M-pCMVL substrate was

dependent on DNA replication, arguing that it is an active processemethylated in 4 h old embryos (Fig:), M-733 demethylation

Since camptothecin has been shown to inhibit transcriptionalas examined in nuclear extracts prepared from 4 h embryos.

elongation 81), the data also suggest that M-pCMVL demethyl-M-733 (300 ng; Fig3B, Input) was incubated for 6 h in extract

ation is not dependent on transcription. (300 pg protein) containing an ATP-generating system. After
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Figure 4.Demethylating activity in nuclear extract is heat-labile, protease- and RNase-sensitive and rekfuiras &P hydrolysis. M-733 demethylation substrate
was incubated inX) dilutions of nuclear extract (undiluted = 30§ protein) or B) heated extract (lanes 2—4), extract treated withug0@l proteinase K, 10ag/ml
pronase E, 0.1% SDS, 106/ml RNase A, 0.1 M NaOH (pH 11), 5 mM BAPTA or 10 mM EDTA (lanes 5—-8})M-733 was incubated in extract containing either
1 mM ATP, 1 mM ATRS, 1 mM AMP-PNP or 100M GTP. M-733 demethylation was analysed by Southern blotting using probe 733.

DNA isolation and digestion witHpall or Mspl, products were C&* chelator BAPTA in the reaction (lanes 10-14), indicating a
analysed by Southern blotting using probe 733. M-733 wasgquirement for C& and Mdg™.
demethylated in nuclear extract, as shown by the appearance ofo determine the energy requirement for substrate demethylation,
Hpall 250 and 240 bp cleavage products (B, Hpall, NE).  M-733 was incubated in nuclear extract containing either 1 mM
Control M-733 exposed to nuclear extract but not digested withTP, 1 mM slowly hydrolysable non-phosphorylating ATP
Hpall did not display any cleavage products (BB, Ct), indicating analogue ATKS or 1 mM non-hydrolysable ATP analogue
that the specific 250 and 240 bp products seen in Bgurere not  AMP-PNP, each with 10 mM creatine phosphate anpdgZsl
due to unrepaired nicks. Monitoring the time course of M-738reatine kinase. Demethylation was inhibited by yd'Pand
demethylation in nuclear extract showed that essentially comple#P-PNP, indicating a requirement for ATP hydrolysis (BiG).
demethylation occurred in 2 h (FBC). Replacing ATP by 10uM GTP (Fig. 4C), omitting ATP or

To verify that thisin vitro demethylation reflecteéh vivo  depleting the extract of endogenous ATP with 50 U/ml hexokinase
activity, demethylation of the M-733 substrate was examined iand 20 mM glucose also inhibited demethylation (not shown).
live 4 h old embryos. M-733 (40 pg) was injected into fertilized Previous results argued that the extent of plasmid demethylation
eggs and, after 4 h, DNA was isolated from pooled embryo8) vivowas influenced by the developmental stage of the embryo
digested wittHpall and products analysed by Southern blotting(Fig. 1). To determine whether this variation in demethylating
using probe 733. As shown in FiguB®, substrate DNA activity was duplicated in the cell-free system, M-733 demethylation
recovered from embryos was cleaved Hpall (In vivg), innuclear extracts prepared from embryos at increasing stages of
indicating substrate demethylation. Control undigested DNAlevelopment was examined by Southern blotting using probe
migrated exclusively at 733 bp (Uncut), indicating that the 25@33. Figureb shows that demethylation occurred in extracts from
and 240 bp bands representdpiall digestion products rather 2 hto 4 day embryos onliApall), indicating that these embryos
than a degraded substrate. These results indicate that nuclear extamsain DNA demethylating activity, whereas early (1 h) and late
prepared from 4 h zebrafish embryos contain demethylating activiz8 day) embryos do not. These data suggest that DNA
reminiscent of that detectéul vivo. demethylating activityin vitro and in vivo is dependent on

developmental stage of the embryo. This activity persists well
after tissue differentiation has taken place.

Factors affecting demethylation in nuclear extracts

Having established that DNA demethylatiarvitro reflectedn  Plasmid methylation and transient transgene expression

vivo activity, factors capable of affectimg vitro demethylation during development

were investigated. M-733 was incubated for 3 h in nuclear extracts

from 4 h embryos and demethylation analysed by Southern blottiddthough DNA demethylation is necessary for gene expression
using probe 733. As shown in Figut®, substrate demethylation in general, expression of a microinjected transgene may not be
was affected by the amount of protein in the extract. Demethylatirggrictly dependent on its methylation state. To establish a
activity was heat-labile, since it was inhibited by heating the extragtlationship between methylation and transgene expression,
for 5 min at 95 but not AT (Fig. 4B, lanes 2—4). Treatment of transcriptional and translational activities of the transgene
extract with 400pg/ml proteinase K partially impaired the were monitored in embryos injected with pPCMVL or M-pCMVL.
activity, whereas 10Qug/ml pronase E at 3€ for 30 min  After pCMVL injection, the first luciferase transcript was
completely inhibited the activity (lanes 5 and 6). Demethylatiomletected at 2 h by northern blotting analysis (64g.top panel)

was abolished by denaturation of extract proteins with 0.1% SDéhd reverse transcription—PCR (not shown). Luciferase assays
(lane 7), but not by solubilization with 0.1% of the non-ionicrevealed that maximum luciferase expression occurred on day 1
detergent Triton X-100 (not shown). Demethylation was RNA{Fig. 6B, pCMVL). In contrast, after injection of M-pCMVL
dependent, as shown by inhibition of the activity by alkalingranscription was delayed (12 h; F&#\, bottom) and luciferase
treatment of the extract (pH 11) or pre-incubation of the extraexpression was severely impaired (B§, M-pCMVL). Moreover,

with 100 pg/ml RNase A for 1 h at 3T (lanes 8 and 9). retrospective comparison of transgene methylation and expression
Demethylation was also inhibited by 10 mM EDTA or 5 mMprofiles (Figs1 and 6) indicates that onset of pCMVL or
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Figure 5. Demethylationin vitro is dependent on developmental stage of the embryo from which the extract is prepared. Nuclear extracts were made from embry
at the indicated time points after fertilization. M-733 was incubated in extracts for 3 h and demethylation analysed hyBtirtbersing probe 733 after digestion
of reaction products withipall or Msp. Undigested reaction products are shown in the left panel.

A oo on 10 0 B reversiblg plag,mid demethylation. Together with .the. previou§
, g5 o results, this indicates that butyrate and 5-AC delay or inhibit plasmid
S e P 84 y ] MpCHL methylation in injected embryos and promote demethylation of
2 '" e 5 3 3 vivo methylated DNA.

g2 : To investigate the effect of altering pPCMVL methylation on
g 1 | : transient transgene expression, pCMVL-injected embryos were
E_ - 27k So- . I.z_h * !'1 - | incubated with butyrate (for 48 h) or 5-AC (for 6 h) immediately
Embryo s;‘e 3 4 after injection and luciferase expression measured during and after

inhibitor treatment. Intensity of expression was not significantly

affected by 5-AC (Fig.7C), however, butyrate dramatically
Figure 6. Transcriptional and translational activity of the gene of pCMVL enhanced'expressmn over several days {&g. Furthermore,
and M-pCMVL. @) Northern blot analysis dfic transcription from pcMvL ~ When applied from day 2 of development, both butyrate and 5-AC
(top) and M-pCMVL (bottom) in injected zebrafish embry&.Nlean ¢ SD) induced expression (albeit at moderate levels) during the period
luciferase expression in embryos injected with pCMVL or M-pCMVL. of transient plasmid demethylation, whereas untreated embryos
did not express luciferase after day 2 (Fig). Taken together,
these results argue that inhibition of DNA methylation and
histone deacetylation prevents plasmid methylation or induces
plasmid demethylation during embryo development and thereby
alters expression of the transgene.

M-pCMVL transcription occurred prior tde novomethylation
of the plasmids.

Alteration of transgene methylation and expression with
butyrate and 5-azacytidine

Butyrate is a histone deacetylation inhibitor that is known t&ISCUSSION
suppress variegation iDrosophila presumably by preventing
heterochromatin formation2p). In addition, the cytostatic Developmental regulation of exogenous DNA
compound 5-azacytidine (5-AC) is a specific inhibitor of cytosinglemethylation andde novomethylation
methyltransferase that blocks methylation by being incorporated
into newly synthesized DNA3Q). Whether methylation of The profiles of plasmid methylation vitro andin vivo provide
pCMVL could be manipulatedh vivo by these inhibitors was an insight into the balance of demethylation and methylation
investigated. Eggs were injected with pPCMVL and immediatelactivities in the zebrafish embryio vitro substrate demethylation
cultured with either no inhibitor (control), 5 mM butyrate for 48 his detected in nuclear extracts from 2 h to 4 day embryos. This
or 50uM 5-AC for 6 h, after which inhibitors were removed andsuggests that zebrafish embryos contain substantial levels of
embryos cultured further. Plasmid methylation was assessed @igmethylating activity up to at least 4 (but not 8) days of
Southern blotting using probe CMVL. Both butyrate and 5-AGlevelopment, which is well after tissue differentiation has taken
affected pCMVL methylation. As shown in Figufa, butyrate  place. Furthermore, demethylating activity appears 1-2 h before
reversibly inhibited pCMVL methylation during the treatmentinitiation of embryonic genome transcription at the MBT (3 h)
period. Furthermore, a 6 h incubation in 5-AC also inhibited33), perhaps to prepare the rapidly dividing blastomeres for
pCMVL methylation forr 20 h (Fig.7A). Higher concentrations massive transcription. Timing of appearance of demethylating
of or longer incubations with either inhibitor also altered plasmidctivity with respect to the MBT may be species-specific, since
methylation, but had detrimental effects on embryo developmeittoccurs much earlier in zebrafish than in other rapidly dividing
(not shown). embryos {6). In contrast tan vitro data, however, demethylation
Whether butyrate and 5-AC induced demethylatioctheafiovo  in vivois detected for only 6 h, after which the substrate i®vo
methylated DNA was then determined. Eggs were injected witmethylated. Likely, demethylating activity is overridden by
pCMVL, cultured for 2 days to allow plasmid methylation (i) increasing levels of methyltransferase activity allovdegiovo
and incubated in 5 mM butyrate for 48 h on.@ 5-AC for 6 h.  methylation of newly replicating DNA. In addition, remethylation
As shown in Figur&B, while pCMVL remained methylated in of demethylated M-pCMVL occurs simultaneously with methyl-
untreated controls, both inhibitors induced a significant andtion of the unmethylated plasmid. Thus, the data suggest that the



4460 Nucleic Acids Research, 1998, Vol. 26, No. 19

S 100 5 5/
2 80 4 4l :
&= gﬁ
3 40 262
§ E’g
1% £ L
e 01¢ ad S ol 5
o -
Oh4h12h1 2 3 4 5 6 8 4h12h 1 2 3 4 5
Embryo age (days) Embryo age (days)
§100] g ﬁj 5 s
K] ]
R AN £g¢
g 60 353
s 40 ® Control gs 2
3 2 M Butyrate £%,
a A idi
e o o 5—azawt|d|rne 3 0
2253354455 6 8 2 3 4 5 6 8
Embryo age (days) Embryo age (days)

Figure 7. Alteration of DNA demethylation and reporter gene expression with butyrate and 5-azacytidine. pPCMVL-injected embryosieeraitinleither no
inhibitor (Control), 5 mM butyrate for 48 h or p®/ 5-azacytidine for 6 h, starting immediatedy) (or 2 daysB) after injection. pPCMVL methylation was assessed

at the indicated time points by Southern blotting using probe CMVL and mean proportion of methylated plasmid quantifieatenbthtpl Standard deviations
(not shown) ranged from 5.2 to 15.1%.4ndD) Luciferase expression of embryos injected with pCMVL and (C) cultured with inhibitors immediately after injection
as in (A) or (D) starting 2 days post-injection as in (B). Standard deviations (not shown) ranged from 0.1 to 0.8 units.

methylation state of the injected construct is controlled by gitro demethylation has been shown to occur through nucleotide

balance between developmentally regulated antagonistic activitiesxcision repair{6-18), raising the possibility that the reaction is
Methylation of the DNA construct during development s likelymediated, at least in part, by a ribozyme or an enzymatic

to resultin permanent repression of the transgene. This contentimotein—RNA complex. To support this view, ribonucleas@p (

is supported by the observation that the CMi¢+transgene is and group | ribozymes3f) can cleave single-stranded DNA

methylated in non-expressing transgenic zebrafish (unpublishedro. Group Il intron RNA is also a catalytic component of a

data). In vertebrates, which contain a large number of tissue-speclNA endonuclease that cleaves a single strand of DNA at

genes, DNA methylation provides a means of permanentlpecific sites36). Demethylation in chicken nuclear extracts has

silencing genes whose activity is not required in a given cell typalso been shown to be initiated by a DNA glycosylase which

Although gene expression is known to be affected by methylatiaxcises the methylated nucleotids,(8), in agreement with a

in the promoter region, whether methylation of the codingole of proteins in the demethylation reaction. Nevertheless,

sequence itself is also inhibitory remains unclear. In our construathough demethylatian vitro mimicsin vivoactivity, the nature

Hpall methylasein vitro methylates a single site in the CMV and exact role of the putative catalytic protein or protein—RNA

promoter region (position 744) and 10 sites inltieecoding  complexin vivoremain to be determined.

region (Fig.1A). Whether methylation in either or both of these

regions is inhibitory is at present undetermined. Nonetheless, the

CMV promoter alone contains 46 CpG dinucleotides which arRelationship between transgene methylation,

all potential sites of methylation by a eukaryotic methylase. Thuganscriptional and translational activity

it is conceivable that a transgene under the control of a CMV

promoter may be permanently repressed by methylation.  Previous studies have suggested that expression of a transgene ir
transgenic micel@), and to some extent in zebrafishr), is
Demethylating activity is protein- and RNA-dependent inversely proportional to the degree of methylation of the

transgene. The present study complements these findings by
Demethylation of exogenous DNA has been duplicated in demonstrating a correlation between the extent of DNA methylation
nuclear extract of zebrafish embryos in the absence of replicatiand transgene expression in zebrafish embryos. The data show
The reaction mimici vivo demethylation and is likely to involve that inhibiting DNA methylatiorin vivo with 5-AC promotes
both protein and RNA components. Evidence for a role of RNA itransgene expression during the demethylation period. These
demethylation was provided in a mammalian cell extract byesults suggest a direct inversely proportional relationship
inhibition of the reaction with RNase and conversion of thdetween transgene methylation and expression in developing
methyl-containing excised nucleotide into an alkaline- and RNaseebrafish. It should be noted, however, that in mammals
sensitive form 17). This suggested the transfer of methylateccentromeric heterochromatin is enriched in 5-methylcytosine,
nucleotides from DNA to RNA during demethylation, however, towvhich plays a role in heterochromatin formatiég,89). Thus,
my knowledge, no RNA acceptor has been reported to ldate. induction of transgene expression with 5-AC may reflect an
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