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SUMMARY

In vitro manipulation of preimplantation mammalian fetuses, the levels dfi19 expression were strongly reduced,
embryos can influence differentiation and growth at later and this biallelic repression was associated with biallellic
stages of development. In the mouse, culture of embryonic methylation of the H19 upstream region. Surprisingly,
stem (ES) cells affects their totipotency and may give rise biallelic H19 repression was not associated with equal levels
to fetal abnormalities. To investigate whether this is of Igf2 expression from both parental chromosomes, but
associated with epigenetic alterations in imprinted genes, rather with a strong activation of the maternal Igf2 allele.
we analysed two maternally expressed genelgfer, H19) ES fetuses derived from two of the four ES lines appeared
and two paternally expressed genesgf2, U2afl-rsl) in ES  developmentally compromised, with polyhydramnios, poor
cells and in completely ES cell-derived fetuses. Altered mandible development and interstitial bleeding and, in
allelic methylation patterns were detected in all four genes, chimeric fetuses, the degree of chimerism correlated with
and these were consistently associated with allelic changes increased fetal mass. Our study establishes a model for how
in gene expression. All the methylation changes that had early embryonic epigenetic alterations in imprinted genes
arisen in the ES cells persisted on in vivo differentiation to persist to later developmental stages, and are associated
fetal stages. Alterations included loss of methylation with with aberrant phenotypes.

biallelic expression ofU2afl-rs1, maternal methylation and

predominantly maternal expression oflgf2, and biallelic  Key words: Embryonic stem cells, Epigenetic, Genomic imprinting,
methylation and expression oflgf2r. In many of the ES  Methylation,Igf2, Igf2r, H19, U2afl-rs1 Mouse

INTRODUCTION increased size and mass, polydactyly, swollen edematous skin
and perinatal death (Nagy et al., 1990, 1993; Wang et al.,
Culture and manipulation of mammalian preimplantation1997). High passage stem cells may give rise to abnormalities
embryos can affect their subsequent development at fetal arden in chimeras, and frequently result in postnatal death of
perinatal stages. Pronounced effects have been observedchimeras with high ES contributions (Nagy et al., 1990). It has
sheep and cattle where culture, nuclear transfer arfgeen hypothesized that this loss of developmental potential
asynchronous embryo transfer frequently result in the birth afesults from the accumulation of epigenetic alterations in the
larger than normal offspring with increased mortality andES cells and that these in particular affect imprinted genes
malformations (i.e. the ‘large calf syndrome’, reviewed in(Nagy et al., 1993). Such ‘epimutations’ could also potentially
Walker et al., 1996). In the mouse, culture of preimplantatioexplain the abnormalities observed in the large calf syndrome
embryos may influence growth during fetal developmen{Moore and Reik, 1996; Walker et al., 1996).
(Bowman and McLaren, 1970), and also micromanipulation DNA methylation is one of the epigenetic features involved
can have long-term influences on growth and gene expressionthe regulation of gene expression (Bird, 1995). One reason
(Rémer et al., 1997). Phenotypic effects have also bedor believing that methylation may play a role in the changes
observed in murine embryonic stem (ES) cells, which arebserved on culture of stem cells and embryos, is that the
derived from the inner cell mass of the blastocyst. Earlygenome is undergoing extensive changes in both global and
passage ES cells can be used to produce completely ES ceglene-specific methylation patterns at precisely the stages when
derived fetuses (Nagy et al., 1990). However, upon prolongelS cells are being derived and manipulated. During
culturing the potential of many ES cell lines becomes impairedgreimplantation development, the bulk of the DNA in the
resulting in ES-derived fetuses with abnormalities such agenome becomes demethylated. As a consequence, only low
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levels of methylation persist at the blastocyst stage and henaed chromosomes were counted before being used for the derivation
in ES cells. Most genes acquire their fetal levels of methylationf fetuses. Parthenogenetic ES lines PR4, 5, 9, 10, 13 and 14 were
after implantation through de novo methylation (Monk et al.derived as before (Feil et al., 1997) and were grown in ES medium in

1987; Frank et al., 1991; Kafri et al., 1992). For imprintecthe absence of feeder cells.

genes, genes whose expression is parent-of-origin-dependeply . i.derived fetuses

fjhg deV?'%{nem?l regu_latlo_n tofdmethylatlohn Seems t? tl)e Irlatlh % fetuses were produced by microinjection of 10-15 ES cells into
imerent. analysed imprinted genes show parental alle et'etraploid blastocysts, a modification of a methodology developed by
specific methylation (John and Surani, 1996), and studies Q@gy et al. (1990). Initially, tetraploid blastocysts of the mouse line

embl’yOS defiCient in methyltransfel’ase haVe established thﬁbSAZG (Wthh has a ubiquitous|y expresm reporter gene; a
this methylation is involved in at least the somatic maintenancgift of P. Soriano) were used to determine the efficiency of the
of allele-specific gene expression (Li et al., 1993). In contrashjection method. 28 day-11 fetuses were produced in which all the
to non-imprinted genes, imprinted genes already haveells of the embryo proper were non-LacZ staining and hence ES cell-
considerable levels of methylation at the blastocyst stagéerived. The percentage contribution of diploid cells in all
which, for the insulin-like growth factor 2/cati0n-independentfcigfeggec;‘gy ffrggdfgﬁsf:;uifi Vc‘)’?slgtsu‘tjr'ggs?é’ri%“g‘lggt‘ot(’:'ostgg-5'3
umpasr:rleoasneq-gga ?f? ;qugzggcfhpsgaff-?ggfjr% an(g th rSen%Ip?r? day-13to -1)A/f fetuses (out of 255 blastocysts), anq 3 day-15 EyS fetuses
. . .. ut of 40 blastocysts) were produced (only live animals with a
gene, is at least partly derived from the gametes (Stoger et

! g AR gating heart were scored). Chimeric fetuses were made by injection
1993; Tremblay et al., 1995; Feil et al., 1997; Shibata et alof hyprig ES cells into naturally fertilized diploid blasfocysts.

1997; Shemer et al., 1997). In other imprinted genes, such &gatistical comparisons between groups of chimeric fetuses were
the insulin-like growth factor 21¢f2) gene, these allelic performed using ANOVA.

patterns become established during or shortly after _ _ _

implantation (Brandeis et al., 1993). Although the complexXiethylation, gene expression and protein analyses

regulation of imprinted gene methylation in the early embrydNA extraction, endonuclease digestion, electrophoresis and
needs further elucidation, these data suggest that imprint&uthern blotting were performed as described before (Feil et al.,
genes might be particularly prone to epigenetic mutation O"ﬁ?\igérm\:é 'Sl_c")'/"’t‘)tc')?& e:\?"}irl?ggore(irsn grr;hl; ﬁ’] )for;agde:ggﬁegﬁls,
?he_rlvatlon ?ndt C(;”tu”ng gf Stefm Ce.”St' (Ijn order {O mr\]/esug[atéﬁ]ébri(jisation were also as described before (Feil et al., 1994). The
this, we Selecled a number of Imprinted genes 1o character lowing probes were usedJ2afl-rslprobe 1 (550 bpEcoRI

in vitro-induced alterations in DNA methylation, and fagment; Feil et al., 1997); a 1094 I§fu-Miul fragment from
determined the effects of such alterations on gene expressiQBgion 2 ofigf2r (Stéger et al., 1993); a 1.8 kgjf2r cDNA probe

For our analysis we chose two maternally expressed gengpanning the middle part of the cDNAf2 probe 6 (0.9 ktKpnl-

H19 andIgf2r, and two paternally expressed geng& and  BanHl fragment; Feil et al., 1994); a 0.5 ki1 9 fragment from the
U2afl-rsl TheIgf2, H19 and Igf2r genes are known to be 3 part of exon 1, and probe pY353/8, corresponding to a Y-
involved in the regulation of fetal and postnatal growth througlghromosome repeat sequence (Bishop et al., 1983). Qualitative

the IGF signalling pathway, wherea#2afl-rs1 encodes a €xpression gnaWSilezWaSS Cl;gg%rggoel GtR/GARgngRcT%mnggcgtion;
i i i ; inh i primers used werelgf2, 5- -
szfltﬂg\?vr{a(gtgghtgﬁdb'sodﬁggaa;%%gt'on of which is presently s 1 GGGGGTGGOTAAGGAGAAAG-3 (annealing at 60°C,

30 cycles);lgf2r, 5-ATGATGACAGCGACGAAGACC-3 and B-

The methylation and expression patterns of these fO A TTCGGCGCCACATGGTGTTCAAGAAG-3 (57.1°C, 30
imprinted genes were examined in interspecific hybrid ES céﬁydes); U2afl-rs] 5-TGTGGTACGGCCAGCCTATG-3and 5-

lines and completely ES cell-derived fetuses, using sequengenTCAGACATACTGCGGATA-3 (60°C, 35 cycles);
polymorphisms that allowed us to distinguish the parental19, 5-TGCTCCAAGGTGAAGCTGAAAG-3 and 5
alleles. This study confirmed that, after derivation andsTAGGGCATGTTGAACACTTTATG-3 (65°C, 30 cycles).
subsequent passaging, stem cell lines can give rise to
developmentally compromised fetuses. The main finding is
that, in all ES lines analysed, allelic methylation changes hadESULTS
occurred in the four imprinted marker genes. These epigenetic S ) o )
alterations persisted in ES fetuses in which they werdltered imprinting in ES cells is maintained in ES
associated with aberrant imprinted gene expression. fetuses
We derived . musculusx M. spretu$ F1 ES cell lines of
which four (SF1-1, SF1-3, SF1-8 and SF1-G) were used to

MATERIALS AND METHODS produce ES cell-derived fetuses (ES fetuses). The four ES cell
_ _ lines became stable in culture after an initial 6-8 passages,
Mice and ES cell lines when most of the cells appeared morphologically

For the derivation of ES lines SF1-1, SF1-3 and SF1-8, (C57BL/6 yndifferentiated. They were analysed for their chromosomes
CBA/Ca) F1 eggs weri vitro fertilized with M. spretussperm and  and found to have 40 chromosomes in >80% of chromosome
cultured to the blastocyst stage, in KSOM medium with bovine Serurgpreads analysed. Southern hybridisation with a Y

albumin (Lawitts and Biggers, 1993). ES cells were derived a _ e . i i
described before and cultured in ES medium (Allen et al., 1994). Foérh:jorggiOSme SpeC|f|(|: proﬁe Shovl\_led tShFalt gnes SfFl 1’| SFdlf’
ES cell line SF1-G, C57BL/6 female mice were mated itspretus 2" ~o Wereé maile, whereas line -G was female (data

males. Morula-stage embryos were flushed and ES cell derivation wg9t shown). ES fetuses, produced by injection of ES cells
performed as for the other lines. During the first passages (< passd@@ssage 9-12) into tetraploid blastocysts, were analysed on
4), ES cells were cultured on STO feeder cells. Subsequent culturiipy 13-14 of development, at which stage all fetal tissues were
was without feeders on gelatinized plates. All lines were karyotypedompletely ES cell-derived (see Materials and methods).
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Fig. 1.Imprinted gene methylation in ES cells and ES fetuses. (A) Methylatid@afil-rs1 A Bglll (B) polymorphism betweeM. musculus
(M) andM. spretuqS) was used to analyse methylation &fa (N) restriction site. Shown in lanes 1-6 from left to right are B and B+N
digested DNAs of day-14 control fetuses. Lanes 7-19 show B+N digested DNAs of ES cell lines and ES derived fetusegNati)Fthe
genotype). For fetuses 170-172, methylation levels were determined both in the liver (L) and in the remainder of theé-famyméR).sizes
are indicated in kb. The map shows Bl (spret., inM. spretusonly) andNot sites, the gene (box), and the probe used for hybridisation
(horizontal bar). (B) APvul polymorphism was used to stutl9 methylation, and eightpall sites in the gene and the promoter were
analysed. Lanes 1-6 from left to right show control fetal DNAs digestedPwiili+ Hindlll (P) andPvul+Hindlll+Hpall (P+H). Lanes 7-20
show P+H digested genomic DNAs. The map shows the gene (boRydhémusc., inM. musculuonly), Hindlll and Hpall (thin vertical
bars) restriction sites, and the probe used (horizontal bar). (C) Methylation in the DMfR2 &hown in lanes 1 and 2, from left to right, are
(MxS)F1 and ((MS)xM)F2 fetal DNAs digested witBanHI+Hpall. Lanes 3-15 contaiBanHI+Hpall digested DNAs of ES cells and ES
fetuses. The map indicates the DMB2HI andHpall (vertical bars) restriction sites, and the probe used (horizontal bar). The 2.1 kb partial
digestion product indicatéd. musculusspecific DMR2 methylation (Feil et al., 1994). (I9j2r, ‘region 2’ methylation. ABarrH| (B) RFLP
betweerM. spretuqS) and M.musculugM), comprising the sixpall sites of region 2, was used to determine allelic levels of methylation.
Lanes 1-10 from left to right show fetal DNAs digested &gmHI (B) andBanrHI+Hpall (B+H), and lanes 11-20 show B+H digested DNAs
from ES cells and ES fetuses. The map shows region 2 (filled rectangle) and the polyBamptifragment, andHpall (vertical bars) and
Pvul (P) sites within region 2 are indicated. The dashed line indicates the sequences for which no information was avéiitebile biblel,

the fragment used as probe. All samples were also analy$gahtyyi+MIul digestion to analyse methylation ollul site in region 2. This
gave the same results as for Hyall analysis, and confirmed biallelic methylation in fetus 171 (not shown).

Allelic methylation and expression was determined for thevas highly methylated on the maternal allele in ES cell line
Igf2, Igf2r, U2afl-rslandH19genes in ES cells and ES fetusesSF1-1, whereas in lines SF1-3, SF1-8 and SF1-G, it was
(Figs 1 and 2; summarized in Table 1). unmethylated on both parental chromosomes. Most of the SF1-
The U2afl-rslgene is paternally expressed in fetuses and derived fetuses showed complete maternal methylation,
adult tissues (Hatada et al., 1993), in which the gene and wghereas a minority showed partial maternal methylation, and
upstream regulatory sequences are methylated on the materimbne fetus (fetus 172)J2afl-rslwas unmethylated. In all
chromosome (Feil et al., 1997). Methylation was studied byetuses derived from lines SF1-3, SF1-8 and SF1-G, both
digestion of d\otl site in the 5untranslated region (Fig. 1A) parental alleles ob)2afl-rslwere unmethylated. Qualitative
and levels of methylation at this restriction site were found t@xpression was analysed by RT-PCR (Fig. 2A). In ES line SF1-
represent those of the entire gene (nhot shown).Ndtesite 1, expression was predominantly paternal, and most derived ES
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Table 1. Parental allele-specific methylation and expression in ES cell lines and derived fetuses

H19
U2af1-rsl Methylation Methylation Igf2 Igfr
ES cell line Methylation Expression upstream gene Expression  Methylation Expression Methylation Expression
SF1-1 M P,m P+M P,m M,p P+M M,p M P+M
fetus €liver) 170 M P P+M P,m (M,p) A M,p M,p M,p
fetus €liver) 171 M P+M P+M P,m (M,p) A M,p P+M P+M
fetus €liver) 172 A M,p P+M Pm (M,p) A M,p M M
liver 170 M P -- P,m (M,p) M M,p M,p M,p
liver 171 M P+M - P.m (M,p) M M,p - P+M
liver 172 A M,p -- P,m M,p) M M,p M M
fetus 150 - M - - M - P+M - -
fetus 151 - P - - (M) - M - -
fetus 152 - P,m - - (M) - M - -
fetus 153 -- P,m - -- (M,p) -- M -- --
fetus 154 - M,p - - (M) - M - M
fetus 155 - P - - (P+M) - M - -
SF1-3 A M,p P+M P.m M,p P+M M,p M P+M
fetuses 61,62 A M,p P+M P,m (M,p) M,p M,p M M
fetus 63 A M,p P+M P,m M,p) P+M M,p M M
fetus 64 A M,p P,m P M P,m P+M M M
fetus 65 -- M,p P -- M - P,m -- M
SF1-8 A M,p P+M P.m M,p P+M M,p M P+M
fetuses 22,23 A M,p P+M P,m M,p) P+M M,p M,p M,p
fetus 24 A M,p - P.m (M,p) - M,p - M
fetus 25 A M,p P+M P+M (P,m) M,p M,p M M
fetus 26 A M,p P+M P,m (M) P+M M,p M,p M,p
SF1-G A M,p P P M P+M P M P+M
fetuses tliver) 176,177 A M,p P P M A P M M
fetus ¢liver) 178 A M,p P P M A P - M
fetuses fliver) 179,181 A M,p P P M A P M M
liver 176,177,178 A M,p - P M P P - M
liver 179,181 A M,p - P M,p P P - M

P, methylation/expression is detected predominantly (>90%) on/from the paternal allele; M, methylation/expression isrddteatedrly (>90%) on/from
the maternal allele; P,m, most of the methylation/expression is detected on/from the paternal allele, and some (<35% on#ftenmetl allele; M,p, most of the

methylation/expression is detected on/from the maternal allele, and some (<35%) on/from the paternal allele; P+M, covgtaatbieaternal (35-65%) and
paternal (35-65%) methylation/expression; A, <10% methylation detected on both parental chromosomes; --, analysis coeittbrroele parentheses indicate
fetuses in which quantitativé19 expression is strongly reduced or absent on northern analysis. Note that the qualitative, parental allele-specific expression wa
determined from ethidium bromide-stained gels (Fig. 2), and that measured band intensities were corrected for the telatvéherigagments.

fetuses showed (maternal2afl-rs1 methylation and) SF1-1, SF1-3 and SF1-8 were predominantly (~85%)
expression from the paternal chromosome (e.g. fetus 170). paternally methylated, and these three cell lines and most of
other SF1-1-derived fetuses (e.g. fetus 171), in which only the derived fetuses, had predominantly maternal (~85%)
proportion of the maternal chromosomes was methylate@gxpression (Figs 1B, 2B). One SF1-8 derived fetus (fetus 25)
equal expression was observed from both parentdlad higher levels of materndll9 methylation and displayed
chromosomes. One SF1-1 fetus was obtained (fetus 172; wiginiedominantly paternal expression. Therefore, as Wahf1-
both U2afl-rslalleles unmethylated) which showed biallelic rs1 expressionH19 expression was inversely correlated with
expression, albeit more strongly from the maternal than frormethylation.
the paternal chromosome. Biallelic expression was also Methylation in the paternally expressdgdf2 gene was
observed in SF1-3, SF1-8 and SF1-G ES cells and ES fetusassayed in the ‘differentially methylated region 2' (DMR2), a
in which U2afl-rs1 was unmethylated on both parental paternally methylated region in the coding portion of the gene
chromosomes. In all instances, therefore, allelic expression @feil et al., 1994). We analysed the digestion of thipell
U2afl-rslwas inversely correlated with allelic methylation. restriction sites in the DMR2 (Fig. 1C). In all fouM(
Methylation in theH19 gene was assessed by analysing thenusculus< M. spretu¥F1 ES cell lines, thedépall sites were
allelic digestion of eighHpall restriction sites located within methylated on both parental chromosomes. In the (livers of)
(the first three exons of) the gene and its promoter (Fig. 1BEF1-G derived fetuses, tipall digestion pattern was as in
These Hpall sites are paternally methylated in normal normal control 1. musculus x M. spretuyF1 fetuses,
embryonic and adult tissues (Bartolomei et al., 1993). Allelisuggesting paternal DMR2 methylation (Table 1). In many of
H19 expression was analysed by RT-PCR amplification (Figthe fetuses derived from ES lines SF1-1, SF1-3 and SF1-8, in
2B). SF1-G ES cells and ES fetuses displayed the normabntrast, thédpall digestion pattern was similar to that ofA((
(Sasaki et al., 1995) paternal methylation inHi® gene and musculusx M. spretusx M. musculug-2 fetuses, suggesting
expression was exclusively maternal (Table 1). ES cell linethe presence of maternal methylation. Indeed, in these fetuses,
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A ES  SF1-1fetuses SF1-8fetuses methylation, which we have previously shown to be present in

Igf2-expressing tissues, particularly in the liver (Feil et al.,
1994). This is shown for SF1-1 derived fetuses 170-172 (Fig.
1C), in which high levels of methylation were detected in liver,
whereas the remainder of the fetus displayed much reduced
methylation levels. We next analyskgf2 expression by RT-
PCR amplification (Fig. 2C). In all SF1-G fetuses, expression
was exclusively paternal (Table 1). In contrast, the ES fetuses
with maternal DMR2 methylation, derived from the three other
ES cell lines, showed predominantly mateigé2 expression.

In one ES fetus (fetus 64) equal expression was detected by
RT-PCR from both parental chromosomes, and in this fetus,
the DMR2 methylation analysis suggested biallelic
methylation. Although methylation patterns in ES cells
(biallelic in all lines) did not persist on differentiation into ES
fetuses, the allele-specific expression patterns did. Therefore,
allelic Igf2 expression did not correlate with DMR2
methylation in ES cells, but did so in ES fetuses.

MxS
SF1
SF1-8
170,L
170,F
171,L
171,F
172,L
172,F

ES __SFi-1fetuses SF1-3fetuses The maternally expressédf2r gene (Barlow et al., 1991)

C meoo g contains an intronic region (‘region 2") that is maternally
PPN ENN_—am 39 methylated in embryonic and adult tissues (Stoger et al., 1993).
=== = >0 0~ We foundHpall restriction sites in region 2 to be maternally

methylated in all the ES cell lines, and this was retained by

602— most of the ES fetuses (Fig. 1Myf2r expression was analysed

473 by RT-PCR (Fig. 2D) according to Villar et al. (1995). In all

four ES cell lines, expression was biallelic (albeit more
strongly from the maternal allele). In the majority of the ES
ES SF1-1fetuses SF1-8 fetuses fetuses only materndigf2r expression was observed (e.g.
D — oL L fetuses 61-65). Some of the ES fetuses derived from lines SF1-
Q E E S ¥ nomow 0 © 1 and SF1-8 had predominantly maternal expression, but also
M S 3 6 0 -~ ~ — & & & o showed some paternal expression (e.g. fetus 22). In these
404— animals region 2 showed some DNA methylation on the
paternal chromosome. Bialleligf2r expression was observed
3= only in one fetus (171) where region 2 was methylated on both
parental chromosomes. Therefore, expressiorgt#r did
264— correlate with methylation in the ES fetuses, but not the ES
Fig. 2. Imprinted gene expression in ES cells and ES fetuses. cells. . . .
Qualitative expression analyses were performed by RT-PCR, We did not observe changes in the overall levels of genomic
followed by restriction endonuclease digestion of amplification methylation, measured by analysing methylation in the Line 1

products and electrophoresis on 8% polyacrylamide gels (A) or 2% repeat element (data not shown). In the imprinted genes
agarose (B-D). RT-PCR analyses were also performed in the absenesalysed, quantitative changes were observetdZafl-rsl

of reverse transcriptase to control for the occurrence of DNA only (Fig. 1A), but it was unclear whether these had arisen on
contamination (not shown). (A)2af1-rs1RT-PCR amplification derivation or during culture of the ES cells. To address whether
was performed as described by Hatada et al. (1993)Mvielpretus  cylturing on its own can give rise to quantitative methylation
displaying the same polymorptiRsd restriction site in the'8ITR changes, we subjected six newly derived parthenogenetic ES
as published foM.m. mollosinusFragment sizes are indicated in bp. cells to prolonged culture, and determined levelg2df1-rs1

Note that tha&J2afl-rslgene is intron-less, and that the primers used . : o .
amplify equally well frogrrM. musculugndM. spretusgengmic methylation (Fig. 3). After derivation (passage 2-3) these lines

DNA (not shown). (B) For thei1l9analysis, a 521 bp fragment was  displayed the expected (Shibata et al., 1997) complete
amplified spanning intron 4, and digested vBal, which gives 384  (maternal) methylation. On subsequent culture, however,
bp and 137 bp digestion productsMn spretusonly (Sasaki et al., maternal methylation was almost entirely lost in four of the
1995). (C) For allelitgf2 analysis, @saAl RFLP in the 5part of lines (PR5, PR9, PR13, PR14). In the two other lines (PR4 and
exon 6 was used. Digestion products are 602 bp and 473bpin  PR10), quantitative changes were also observed, but these

musculusandM. spretusrespectively. (D) Folgf2r analysis, 2 668 displayed respective decreases and increases in methylation
bp fragment was amplified (Villar et al., 1995) and digested with during the culturing up to passage 12.

SciF1, which giv_es a 343 bp digestion produdsinspretusand a
404 bp product itM. musculus Quantitative gene expression and interactions
between Igf2 and H19

Northern analysis did not reveal major differencesligf2
a 2.1 kb partial digestion product was apparent, whiclexpression between fetuses derived from different cell lines
indicated maternal DMR2 methylation (Fig. 1C). This allelic(Fig. 4). In contrastd19 expression was found to be virtually
alteration did not affect the tissue-specificity of DMR2absent in many of the SF1-1, SF1-3 and SF1-8 derived ES
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Fig. 3.Culture-induced changes Wafl-rs1methylation.
Parthenogenetic ES cell DNAs digested vatiill+Notl, were
hybridised withU2afl1-rslprobe 1. The 5.6 kb band is indicates
methylation at the'® TR Notl site, whereas the 3.1 kb band

PR13
246 7 9 12

5.6—

31—

corresponds to digestion of this methylation sensitive restriction site

(see Fig. 1A). Results for three lines (PR10, PR13 and PR14) are
shown; passage numbers are indicated above the lanes.
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fetuses. This was unexpected since, in most ES fetuses, normai o _
maternalH19 expression had been detected in the qualitativ&i9- 5- Biallelic methylation of sequences upstreanta®. A Sad

RT-PCR analysis (Fig. 2B). A systematic comparison revealetf

that in all ES fetuses with predominantly matergi2

expression,H19 was strongly repressed (Table 1). Fo

lymorphism betweell. musculugM) and M. spretugS) was
used to determine the allele-specificity of methylatiohlloél
restriction sites in the ‘imprinting element’ upstreanHaP. The

Ifirst lane shows$ad-digested DNA from a MS control fetus; all

example, SF1-3 derived ES fetuses 61-65 had comparatigher lanes contaiad+Hhal-digested DNAs. The map shows the
levels of Igf2 expression (Fig. 4), whether expression wasposition ofSad (S), andHhal (vertical bars) sites located within the
predominantly (61-63), biallelic (64) or paternal (65) (Fig. 2C).3.8 kbM. musculusspecificSad restriction fragment (thick

No H19 expression was detected in the fetuses with maternabrizontal bar), which we used as probe for hybridisation of the filter.
Igf2 expression (fetuses 61-63), whereas the other two fetus&be arrow indicates the transcription initiation site.

(64 and 65) displayed high levels 1619 expression (Fig. 4).
We were not able, by northern analysis, to quatdi®afl-rsl

expression in the fetuses, and the poorer quality of some of tidetermining whether

alterations had occurred further

RNAs did not allow comparative expression analysis of th@ipstream of the gene, in a region which carries a paternal

Igf2r transcript.
Since the fetuses which showed no expressidral&had
mostly unaltered paternal methylation in the gene and

promoter (Fig. 1B, Table 1), we were interested
! SF1-3 fetuses , SF1-1 fetuses |
-~ N ®mTWwD DD BB Y
W www o - ™ - - =
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Fig. 4. Repression ofi19in ES fetuses with maternigf2
expression. Total RNAs from day-14 fetuses were hybridised with
Igf2 (0.9 kbKpnl-BarHI fragment comprising exon 5 and part of
exon 6),H19 (600 bp fragment from’dart of exon 1) anGapdh
probes. Band intensities ftgf2 andH19 were compared with those
for Gapdh.

methylation mark that is already detected in the gametes
(Tremblay et al., 1995Hhal restriction sites in this upstream
iteegion were methylated on both parental chromosomes in all

inthe fetuses which did not expred39 (Fig. 5). For example,
SF1-3 derived fetuses 61-63, which hadHit® expression
and maternalgf2 expression, showed biallelic methylation of
this upstream region. SF1-3 derived fetus 64, in wki¢8
showed high levels of expression (algd2 was expressed
biallelically), had full paternal and partial maternal
methylation in thed19 further upstream region. Fetus 65, the
only SF1-3 derived fetus with exclusive paterngff2
expression and high levelsidi9 expression, had exclusively
paternal methylation in theH19 upstream region.
Importantly, the aberrant methylation in fetuses witHeél®
expression was already present in the ES cells, with ES lines
SF1-1, SF1-3 and SF1-8 displaying almost complete
methylation on both parental chromosomes. Unaltered
(Tremblay et al., 1995) exclusively paternal methylation was
detected in ES cell line SF1-G and all derived fetuses, and
this correlated with unaltered qualitative and quantitative
expression ofgf2 andH19 (Fig. 4).

We next sought to address which proportion of genes might
be expressed at abnormal levels during early fetal development
in the ES fetuses. Protein expression was analysed by high-
resolution 2-dimensional electrophoresis (2-DE) at day 11 of
development, at which developmental abnormalities were not
(yet) apparent (Fig. 6A). Of more than 3000 proteins analysed,
only seven (0.2%) quantitative differences were apparent, but
none of these were consistently altered in ES fetuses derived
from the same ES line (data not shown).
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Fig. 6. Developmental abnormalities in ES fetuses. (A) One of the 10— e . °
lacZ-stained day-11 ES embryos obtained by microinjection of SF1- | ‘ | ‘ | ‘ | ‘
8 stem cells into tetraploid blastocysts of mouse strain ROSA26, 1o 20 30 4 50 60 70 80
which has a ubiquitously expresdesitZ gene 3-galactosidase % of chimerism

activity (blue staining) is present only in tetraploid cells, which are
present in the yolk sac but not in the embryo proper. (B) Day-14  Fig. 7.Enhanced fetal growth in chimeric fetuses. Plotted are the
SF1-G derived ES fetuses with normal external morphology. (C) A percentage of chimerism against fetal mass (in mg) for SF1-1
representative day-13 SF1-8-derived ES fetus with pronounced  chimeras (open circles=26) and SF1-8 chimeras (filled circles;
polyhydramnios. (D) A moribund day-13 SF1-3 derived ES fetus.  n=24), which were concomittantly derived. In SF1-8 chimeras, fetal
Incomplete development of the mandible and interstitial bleeding argnass correlatedP&0.001) with the percentage of chimerism (fetal
noticeable. (E) A day-14 SF1-3 derived fetus with severe interstitial mass in mg = 187+1.%%chimerism), and these chimeras were
bleeding, craniofacial abnormalities and axial elongation. approx. 30% heavier than the SF1-1 chimeras (249 versus 189 mg).
A significant correlationf<0.001) was also found between SF1-8
chimerism and crown-rump length, with average lengths of 11.5 mm
Altered imprinting is associated with altered and 13 mm, for SF1-1 and SF1-8 chimeras, respectively.
phenotypes of ES derived fetuses

The previous analysis demonstrates that the imprinted genes

examined showed alterations of allelic methylation and allelicespectively. For line SF1-1, there was no significant
expression in ES cells, and that these alterations werrelation between the percentage of chimerism (measured by
maintained to fetal stages. A phenotypic characterisation of tHfgouthern blot analysis using RFLPs) and fetal mass or crown-
ES fetuses was therefore carried out to see whether aberrammp (C/R) length. In contrast, the mass of day-14 SF1-8
imprinting status was associated with altered phenotypes. Edimeras (and C/R length) correlated significantly with the
fetuses derived from lines SF1-3 and SF1-8 had externgkrcentage of chimerism, and on average these fetuses were
developmental anomalies, the most striking of which wasibout 30% heavier than SF1-1 chimeras (Fig. 7). Interestingly,
polyhydramnios, observed in all SF1-3 and SF1-8 derived8 of the 24 SF1-8 chimeras appeared morphologically normal.
fetuses (Fig. 6C). SF1-3 and SF1-8 derived fetuses also show€hlis contrasted with the aberrant developmental phenotype of
poor development of the mandible and in about 80% of thegee ES fetuses derived from this stem cell line, and
fetuses, interstitial bleeding was apparent (Fig. 6D,E). Linedemonstrates rescue of phenotypic abnormalities by the host
SF1-1 and SF1-G vyielded fetuses in which externaémbryo.

morphology and the extraembryonic tissues appeared to be

normal (Fig. 6B), although on closer examination we found

that about 20% of these did have interstitial bleeding, albeDISCUSSION

less severely so than the SF1-3 and SF1-8 derived fetuses.

Given the low recovery (approx. 23%) of live ES fetuses atsing an interspecific ES cell system we considered whether,
days 13-14 of development, and therefore the limited andn derivation and culture of ES cells, epigenetic alterations
variable number of ES fetuses in each recipient mouse, the BScumulate in imprinted genes and whether such epimutations
fetus system did not allow simple comparison of ES lines foare associated with altered gene expression in ES fetuses.
their fetal growth potential. To address this important questioimdeed, aberrant methylation patterns were detected in all
we derived chimeric fetuses by injection of ES cells intamprinted genes analysed, and these either corresponded to
diploid host blastocysts. We compared day-14 chimeragrimary epigenetic alterations or reflected such alterations.
derived from line SF1-1, which had produced externallyjHence, methylation changes id2afl-rsl1 and H19 were
normal ES fetuses, and ES line SF1-8, which produced fetusakeady present in ES cells and persisted on differentiation into
with developmental abnormalities. Chimeras were obtained &S fetuses. We assume the same is trugfaf, but because
frequencies of 90% and 80%, for lines SF1-1 and SF1-8etuses with aberrankgf2r imprinting were less frequent,
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methylation changes in ES cells would have gone undetectethen on the maternal chromosome and unmethylateéilifie
in bulk culture. Alterations irgf2 became apparent only in upstream element allows downstream enhancers to interact
fetuses. Interestingly, the methylation changes we observedth the H19 promoter via appropriate looping of chromatin,
were of the three possible types: loss of methylatid?a{l- and thereby insulates the flankirgi2 gene from interactions
rs1), gain of methylationH19 upstream region; region 2 of with such regulatory sequences. On the paternal chromosome,
Igf2r) and allelic change in methylation (DMR2Igf2). Our  in contrast, this region is fully methylated, and its conformation
observation that normal methylation patterns do not becommight not allow higher order folding required fdd19
re-established on differentiation into ES fetuses extends earliexpression, thus leading tdgf2 expression. Such a
findings on ES cells homozygous for a disruption of the DNAmechanistic, methylation-dependent, involvement ofHA&
methyltransferase gene (Li et al., 1993). Expression of further upstream element agrees with the enhancer competition
methyltransferase cDNA in these targeted ES cells restoredodel proposed by Bartolomei et al. (1992), in that only one
normal levels of methylation in non-imprinted genes, but noof the two genes can be expressed from a single chromosome.
in imprinted genes (Tucker et al., 1996). The stem cells in ourhis model does not, however, explain our finding that fetuses
study had been cultured for a number of passages before th&ith biallelic methylation in theH19 upstream element
were used for the production of ES fetuses and it was therefoegpressedgf2 predominantly from the maternal chromosome.
unclear whether the methylation changes had occurred durifidhis strong activation of the maternal gene may have arisen
the derivation, or the subsequent culturing of the cells. Fdoecause of additional alterations in methylation and/or
U2afl-rs], we could address this question further by analysinghromatin, possibly within thégf2 gene itself. It might be
parthenogenetic ES cell lines, which all had full maternatelevant that these fetuses had substantial levels of maternal
methylation after derivation. Methylation id2afl-rslwas methylation in the DMR2, a normally paternally methylated
highly unstable and frequently lost on culturing of these cellsiegion that we proposed to be involved in silencing of
This observation extends a study by Szab6 and Mann (1994)anscription (Feil et al., 1994).
who described quantitative methylation changesgf2 and Our data show that epigenetic alterations arise on derivation
H19in monoparental ES cells. How specific these methylatiomnd culturing of ES cell lines, do not become corrected during
changes are to imprinted genes is not known. However, Cpgostimplantation development, and are associated with
islands in non-imprinted genes do not become methylated mberrant imprinted gene expression in the fetus. Therefore, this
ES cells (Antequera et al., 1990; Frank et al., 1991), suggestimgvivo differentiation system might constitute an experimental
that methylation patterns in imprinted genes might bemodel for deregulation of imprinting in developmental
particularly unstable in ES cells. disorders and embryonal tumours. In sporadic Wilms’ tumours

Altered methylation patterns were associated withof the kidney, for example, healthy tissue adjacent to the
gualitative and, in the caseldl9, quantitative changes in gene tumour already shows bialleliIGF2 expression in association
expression. In theU2afl-rs1 gene, loss of maternal with biallelic repression and methylation B9, suggesting
methylation correlated with biallelic expression. In ES cellghat epigenetic alterations occurred during early development
and ES-derived fetuses from line SF12afl-rs1 was (Okamoto et al., 1997). In the human fetal overgrowth
maternally methylated in a proportion of the cells, whichsyndrome Beckwith Wiedemann Syndrome, germline or early
correlated inversely with levels of matern&dl2afl-rs1  embryonic errors may occur in th&8F2-H19domain without
expression. Allelic expression [ff2r was mostly unaltered in DNA mutations (Reik et al., 1995), and also in Angelman
the ES cells and altered in few of the derived fetuses, and th8y/ndrome, imprinting defects have been detected without
stability of the region 2 imprint has been reported for 129/Swapparent genetic alteration (Burger et al., 1997). We have
ES lines as well (Labosky et al., 1994). Although the materngireviously shown that developmental abnormalities resulting
region 2 methylation is present throughout preimplantatiofrom micro-manipulation can be transmitted to the next
development (Stoger et al., 1993), it has been shown thgeneration (Rémer et al., 1997). The question that arises is
repression of thégf2r allele occurs only after implantation whether altered methylation patterns in imprinted genes are
(Lerchner and Barlow, 1997) and paternal anti-sensheritable as well. Although we did produce adult chimeric
transcription originating in region 2 has been implicated in thignimals for three of the ES lines (hot shown), germline
repression (Wutz et al.,, 1997). Our finding of maternatransmission could not be achieved because of hybrid sterility,
methylation and biallelidgf2r expression in all four ES cell and this intriguing question should be addressed on a different
lines agrees with these studies. genetic background.

In most of the ES fetuses produced from lines SF1-1, SF1- From this and other studies on ES cells one might also
3 and SF1-8, the normally paternally methylated and expresseadticipate that in in vitro cultured preimplantation embryos,
Igf2 gene showed maternal DMR2 methylation, whichimprinted genes can undergo epigenetic alterations. Indeed,
correlated with unequal biallelic expression strongly biased isasaki et al. (1995) found that culturing of preimplantation
favour of the maternal allele. Unexpectedly, fetuses with stronpouse embryos may lead to bialleli¢19 expression in
activation of the maternadjf2 allele showed no expression of extraembryonic tissues. Earlier studies suggested that culture
H19. This biallelic repression dfi19 was not associated with and manipulation of preimplantation mouse embryos may
methylation changes in its promoter, but with biallelicresult in aberrant growth and developmental abnormalities
methylation of sequences further upstream of the gene. It h&88owman and McLaren, 1970; Reik et al., 1993). In cattle and
been shown that these sequences function as a silencerstmeep, culture and manipulation of preimplantation embryos
Drosophila(Lyko et al., 1997). Our study suggests that in thecan lead to enhanced fetal growth and developmental
mouse this imprinting element may be involved in long-rangebnormalities such as increases in bone lengths, facial/head
chromatin interactions. Based on our findings, we propose thabnormalities and polyhydramnios (Walker et al., 1996; Kruip
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and den Daas, 1997), and high birthweights, perinatal deathDNA methylation in the mouse embryo and germ li@enes Dew, 705-
and reduced development of the lower jaw have been reported14.

in sheep cloned by transfer of nuclei from cultured fibroblast§"P: T- A- M. and den Daas, J. H. G(1997). In vitro produced and cloned
embryos: effects on pregnancy, parturition and offspriigeriogenology

(Schnieke et al., 1997). In ES fetuses derived from two of the 47 4355
stem cell lines we observed possibly similar abnormalitieS.abosky, P. A., Barlow, D. P. and Hogan, B. L. M(1994). Mouse embryonic
which included polyhydramnios, interstitial bleedings and germ (EG) cell lines: transmission through the germline and differences in

reduced mandible development, and growth-enhancement wadhe methylation imprint of insulin-like growth factor 2 receptgf2r) gene

apparent in chimeras. Our observations make it likely that theseS2TPared with embryonic stem (ES) cell lin@velopment 20 3197-

X 204.
Qefe_cts are at least partly caused by aber_rant e?(press'or.‘_LQ%vitts, J. A and Biggers, J. D(1993). Culture of preimplantation embryos.
imprinted genes. Future research should aim to link specific in Guides to Techniques in the Mougal. P. M. Wassarman and M. L.
components of the aberrant phenotypes with specific DePamphilis), pp. 153-163. Academic Press, San Diego.

epigenetic alterations in gene expression. Lerchner, W. and Barlow, D. P.(1997). Pater_nal repr_ession of‘the imprinted
mouselgf2r locus occurs during implantation and is stable in all tissues of

. . the post-implantation mouse embrydech. Dev61, 141-149.
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