Volume 7 Number 8 1979 Nucleic Acids Research

DNA methylation: organ specific variations in the methylation pattern within and around ovalbumin
and other chicken genes

J.L.Mandel and P.Chambon

Laboratoire de Geénétique Moléculaire des Eucaryotes du CNRS, Unité 184 de Biologie Moléculaire
et de Génie Génétique de PINSERM, Faculté de Médecine, Institut de Chimie Biologique, Strasbourg,
France

Received 8 November 1979

ABSTRACT

The restriction enzymes Hhal and Hpall, whose activity is
inhibited by cytosine methylation within their recognition sites,
have been utilised as probes to study methylation in the vicinity
of the ovalbumin gene in DNA from various chicken tissues. This
was complemented by a preliminary study of methylation in the
regions of chicken ovotransferrin (conalbumin), ovomucoid and
g-globin genes. From our data we conclude that Hhal or Hpall sites
can be divided in 3 classes according to their pattern of methy-
lation in different tissues. In the first class of sites (mV
class) the extent of methylation varies in different tissues. The
patterns obtained show that methylation at the sites located
within and around the 3 genes which code for egg white proteins
is in general lowest in oviduct of laying hen, where these genes
are expressed. However some sites are not methylated (m~ class)
and others are 95 to 100% resistant (m* class) to digestion by
Hhal or Hpall in the DNAs of all the tissues which were tested.
Our study has also revealed a remarkable number of allelic
variants for the presence of Hhal or Hpall sites in the region of
the ovalbumin gene.

INTRODUCTION

Cytosine methylation occurs specifically at CpG dinucleo-
tides in animal DNA (1, 2). The possible roles in cellular diffe-
rentiation or in regulation of gene activity of this important
post-synthetic (3) modification, has been the object of intensive
speculation (4, 5, 6). Experimental data concerning possible
functions of DNA methylation have been scarce, and contradictory
reports have appeared on tissue specific variations in methylcy-
tosine content of DNA (7, 8) or on correlations between DNAmethyl-
ation and chromatin structure (9, 10). However, satellite DNAs
and in general repetitive sequences have been shown to be highly
methylated (11, 12). The finding that some restriction nucleases
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like Hhal (GCGC) and HpalIl (CCGG) ("CpG enzymes") are inhibited
by cytosine methylation at their recognition site (13) has
allowed one for the first time to study methylation at specific
sites in defined regions of the genome. This approach was first
described by Bird and Southern for ribosomal DNA of Xenopus laevis
(14). They showed that in somatic rDNA most of the restriction
sites were methylated but that some unmethylated sites could be
found. Amplified rDNA, on the contrary, contains no detectable
methylcytosine (15).

We have applied this last approach to genes whose express-
ion in highly differentiated cells is under well known transcrip-
tional regulation. In parallel with our work on the organization
of the ovalbumin gene (16, 17), we have performed a systematic
study of the reactivity of Hhal and Hpall sites in the region of
this gene in DNAs purified from various chicken tissues (referred,
as cellular DNAs in this study). We have also investigated in a
more preliminary way the methylation patterns in the regions of
three other chicken genes, coding for conalbumin (ovotransferrin),
ovomucoid and g-globin.

We show here that there are tissue-specific variations
in the extent of methylation of several Hhal and Hpall sites.

The genes coding for ovalbumin, conalbumin, and ovomucoid appear
to be in general less methylated at these sites in the oviduct
of laying hen, where they are actively expressed, than in all
the other tissues studied, sperm DNA being the most highly
methylated. However, certain Hhal and Hpall sites appear always
unmethylated even in sperm DNA, and other sites have been found
to be always resistant to restriction nuclease digestion irres-
pective of the tissue origin. Our study has also revealed a
striking number of allelic variants for Hhal and Hpall sites

in the region of the ovalbumin gene.

MATERIEL AND METHODS

Cellular DNA was purified as described by Gross-Bellard
et al. (18), starting from a crude nuclear fraction. Restriction
nuclease EcoRI was prepared by the method of Sumegi et al. (19),
Hhal and Hpall were gifts from Dr. P. Humphries and P. Gerlinger,
Kpnl and Mspl were from Biolabs. Single and double digestions
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were always monitored using SV40 DNA as an internal standard.
Agarose gel electrophoresis, transfer onto nitrocellulose filters
and hybridization conditions were as previously described (16).
Autoradiography was performed using Kodak XRI films and Dupont
Cronex Li plus intensifying screens.

Densitometry scanning (using a Vernon apparatus) was
performed on films exposed for shorter times than those shown in
the figures to avoid saturation of the film. Due to the many steps
involved in these experiments the values which are given are only
indicative, but were reproducible from one experiment to another.

RESULTS

I. PRESENCE AND REACTIVITY OF Hhal AND HpaIIl SITES WITHIN AND
AROUND THE OVALBUMIN GENE.

Several Hhal and HpalIl sites in the ovalbumin gene region
were localized by restriction mapping of cloned DNA segments
(20-22) or of cellular DNA (this study). Their positions with
respect to the exon and intron sequences of the gene are given
in Fig. 1.

To study the reactivity of these sites, high molecular
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Fig. 1 : Map of chicken DNA in the ovalbumin gene region.

(a) Location in the ovalbumin gene of the 1eadgr-cod1ng sequence
(L) and of the 7 other exons (22,23). The vertical dashed lines
indicate the position of the ovalbumin gene in (b) and (c).

(b) Location of Hhal (v,1-5) and Hpall (@,1-3) sites. (c) Loc-
ation of Kpnl «)) and EcoRI (o) sites, and.length (in kb) of
restriction fragments which are discussed in the text. The
sequences covered by the hybridization probes I and II are indi-
cated by the horizontal dashed lines.
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weight DNA samples isolated from various organs were digested
both with the appropriate "CpG enzyme" and with an enzyme (EcoRI
or Kpnl) which yields fragments previously mapped in the ovalbu-
min gene. These digests were analysed by the method of Southern,
using the hybridization probes described in Fig. 1 (c).

I.1. Hhal sites.

Site Hhal : This site has been found in only one of two
recently cloned DNA segments which contain the genomic sequences
coding for the ovalbumin mRNA leader (22). Site Hhal has not been
detected in genomic DNA in a preliminary screening and further
studies are needed to find whether this is due to a low frequency
of occurence of this site in the population studied, or to its
presence in a completely methylated state.

Site Hha2 : This site is located in exon 1 of one cloned
ovalbumin gene (21, 23), but there are allelic variants which
do not possess it. It is found in the ovalbumin cDNA clone
pCRIov2.1 constructed in our laboratory (24), but is absent from
another cDNA clone (25) and from other cloned ovalbumin genes
[the cosmid clone pAR2 and the A clone AC4-ov5 (see Ref. 22)].

We have examined directly the occurence and reactivity
of this site in oviduct DNA digested with EcoRI and Hhal using
the hybridization probe (Probe I) which corresponds to the
2.35 kb EcoRI fragment "b" of the ovalbumin gene [Fig. 1 (c)l.
Analyzing the DNA of 16 laying hens, we did not detect any
digestion at the position corresponding to site Hha2 in the DNA
from 11 animals (only 4 are shown in Fig. 2A, lanes 1, 2, 4, 6),
while partial digests were obtained in the 5 other cases (Fig.
2A, lanes 3, 5 and 7). The extent of digestion was evaluated by
densitometry scanning of the autoradiographs. Digestion at site
Hha2 varied from 25% to 33% and a mean value of 30% was found for
the 5 hens. DNAs from various organs of the same hens were pre-
pared and analyzed in a similar way. As shown in Fig. 2B digestion
at site Hha2 was much less efficient in 1iver DNA (lane 3) (about
4%) than in oviduct DNA (lane 2), and was barely detectable in
erythrocyte, kidney, spleen or brain DNA (similar patterns were
obtained with the other hens). A study of DNA from roosters
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Fig. 2 : (A). Detection of site
a2 in oviduct DNA. Samples of ovi-
1 2,34 5 8 17A. duct DNA from 7 different laying hen
were digested with EcoRI and Hhal,
separated on a 1% agarose gel and
[ ———— LY )] analysed using ovalbumin probe I (see
- - -2.00 Fig. 1lc). Extents of digestion, as
measured by densitometry scanning
was 30%, 25% and 33% for chicken 3,5
and 7, respectively). Size of the
fragments are given in kilo base pairs.
(B). Reactivity of site Hha2 in DNA
EOL Ks B lf from different tissues. DNAs from
1234 s6 78 9B erythrocyte (E), oviduct (0), liver
(L), kidney (K), spleen (S),or brain
(B) were digested and analysed as in
O —  _ ‘ (A). Lanes 1-6, same animal as in A
- “‘“ﬂwﬁﬁ lane 3. Lanes 7-9, DNA prepared from
a rooster. Extents of digestion : 27,
3.5 and 3.5 %for lanes 2, 3 and 8,
respectively. Digestion for other
samples was detectable only on over-
exposed films and could not measured.

showed that, when the site was present, the extent of its digest-
ion was also very low in liver DNA, and even lower in erythrocyte
or spleen DNA (Fig. 2B, lanes 7-9, Fig. 3,1ane 4). No digestion
was detectable in sperm DNA (Fig. 3, lane 3). The site is most
likely absent in the other animal analyzed (Fig. 3, lanes 1 and
2) since it cannot be detected even in liver DNA (lane 2).

These results confirm the allelic polymorphism for the
presence of site Hha2, which was previously suggested by the
study of cloned fragments (23, 25). When present, this site

Sp L|Sp L Fig. 3 : Reactivity of sites Hha2 and 3 in
sperm and liver rooster DNA. Sperm (Sp) and
: Sl liver (L) DNAs from two roosters were diges-

ted with EcoRI and Hhal, separated on a 1%

s et = 92080 a4ap0se gel and analysed using a mixture of
the hybridization probes I and II (Fig. lc).
60 Extents of digestion : site Hha3 (6.0 and
3.2 kb fragments) lane 2, 50% : lane 4, 52%;
site Hha2 (2.0 kb fragment) lane 4, 7%; no
~3.2 digestion could be detected in lanes 1 and3.

WW_QSS(D)
- 2.00
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appears preferentially digested in oviduct DNA. Since about 60%
of the chickens appear totally devoid of Hha2 site in the popula-
tion studied (24 animals, including roosters), chickens hetero-
zygous for site Hha2 are expected to outnumber chicken homozygous
for the site by a factor of 6. Thus, the digestibility of about
30% found for site Hha2 in oviduct DNA corresponds most likely to
heterozygous animals and may therefore be underestimated by a
factor of 2.

Sites Hha3, 4 and 5 : these three sites were mapped (our
unpublished results) in a cloned 9.2 kb EcoRI fragment "a" of the
ovalbumin gene (20, see Fig. 1). Site Hha3 is located at about
1200 bp downstream from the sequence coding for the polyA addition
site of the ovalbumin mRNA and sites Hha4 and 5 are further down-
stream from the gene (Fig. 1b). A1l three sites appear to be loc-
ated outside the ovalbumin transcription unit (26). The presence
of these sites was tested in EcoRI-digested erythrocyte or oviduct
DNAs of 5 laying hen, using the EcoRI fragment "a" as hybridiz-
ation probe (Probe II, see Fig. 1lc). The EcoRI 9.2 kb cellular
DNA fragment is partially digested by Hhal to yield two fragments
6.0 and 3.2 kb long (Fig. 4A). Only the latter hybridizes with an
ovalbumin cDNA probe (result not shown), which prove that these
bands arise from digestion at the site Hha3. No other bands are
seen which indicates that no significant digestion occurs at the
location of sites Hha4 and 5 (see below). As shown in Fig. 4A,
the level of digestion at site Hha3 is about 85% in oviduct DNA,
(Tanes 6 to 10) and about 30% in erythrocyte DNA (lanes 1 to 5).
This difference is not due to incomplete digestion as shown in
Fig. 4B, since the digestion pattern did not change when the amount
of Hhal enzyme and the incubation time were both doubled. The
digestibility of site Hha3 was studied in DNA samples isolated
from different organs of a laying hen (Fig. 5, lanes 1 to 10) or
of a rooster (Fig. 5, lanes 11 to 14). Results show that the reac-
tivity of this site is different in various organs, but it is
always lower than in oviduct DNA. Liver DNA from either females
(Fig. 5, lane 2) or males (Fig. 5, lane 12 and Fig. 3, lanes 2
and 4) is digested to a greater extent (up to 50%) than erythro-
cyte, spleen or brain DNA. As was found for site HhaZ, no digest-
jon could be detected in sperm DNA (Fig. 3, lanes 1 and 3).
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Fig. 4 : Digestion of site Hha3 in DNA from erythrocyte (E) and
ovéauct (0) (A). Erythrocyte DNA (lanes 1-5) and oviduct DNA
(6-10) from 5 laying hens were separated on a 1% agarose gel and
analysed using hybridization probe II (Fig. 1c). Extent of digest-
ion : lanes 1 to 5: 31, 34.5, 29.5, 32, 25% respectively ; lanes
6 to 10 : 85, 87, 84,81 and 87 %, respectively. (B). Effect of
increased exposure to nuclease Hhal. Erythrocyte (E) and oviduct
(0) DNAs from a laying hen were digested with EcoRI alone (lanes
1 and 4) or together with a single dose of Hhal for 1 hour (lanes
2 and 5) or with a double dose for 2 hours (lanes 3 and 6). The
digests were analysed as in (A). Extents of digestion : 20, 30,
77 and 74% for lanes 2, 3, 5 and 6, respectively.

The high level of digestion in oviduct DNA indicates that
in the DNA of all the laying hen tested site Hha3 occurs in the
homozygous state. On the contrary, we have never detected any
digestion at sites Hha4 and 5 in cellular DNA (more than 15

ha3 in DNA from

Hhal 4 &+ - + + ¢+ =+ =la & - & different tissues. DNA

1 234 56 7 809 10 N 1213 1 samples from different
tissues (same symbols as
in Fig. 2B) from a single
laying hen (lanesl to 10)
or a rooster (lanes 11to
14) were digested with
EcoRI and Hhal (lanes 3,
8, 10 and 13 are controls
without Hhal), and dnaly-
sed as in Fig. 4A. Extents
of digestion : 15, 51,
25.5, 34, 84, 20.5, 11,
31 and 13% for lanes 1,
2, 4,6, 7, 9, 11, 12 and
14, respectively. A mole-
cular weight marker is
shown in lane 5.

BLLS KOOEE ls L L E 2}%3_3 : Reactivity of
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animals were tested). However, these two sites are both present
in the cloned EcoRI fragment "a" of Garapin et al. (20) and in
the genomic clone AC4-ov5 (22) isolated from a chicken library
constructed by Dodgson et al. (27) in California ; they should
thus exist at least in some of the animals studied here. We
tentatively conclude that when they are present, they must both
be completely resistant to the action of the Hhal nuclease.

I.2. Hpall sites.

Sites Hpal and 2 : restriction mapping of genomic DNA from
several laying hens, using both Hpall and its isoschizomer MspI,
which is not inhibited by cytosine methylation at its recognition
site (28-29)has allowed us to detect and map two sites, Hpal and
2. These sites are located upstream from the ovalbumin mRNA
leader coding sequence, in a 10.5 kb Kpnl fragment (Fig. 1). The
presence and reactivity of sites Hpal and 2 were studied in Kpnl
HpalIl or KpnI-Mspl double digests hybridized to probe I (Fig. Ilc)
and some of the results are shown in Fig. 6. In DNA from laying
hen A, the 10.5 kb Kpnl fragment (lane 6) was digested by MspI
to a 5.3 kb hybridizing fragment (lane 1) indicating the presence
of site Hpa2 {Fig. 1b) in the homozygous state in this animal.
With Hpall however, less than 8 % digestion occured at this site
in erythrocyte, oviduct, liver or kidney DNA from the same animal

EO EOL KK (o] (o] Fig. 6 : Presence and reacti-
vity of sites Hpa 1 and?2.
Hpall = — 4 4 4 = +|-=- + +]- + DNA from different tissues
Mo L i g e e o e Pl e (symbols as in Fig. 2B)

and from different laying
hen were digested with
Kpnl and either Hpall or
Mspl as indicated in the

1t 2:'3 45 6869 8 90N 213

i AR o figure. The digests were
! electrophoresed on a 0.7%
63 - » agarose gel and hybridized
53— G— e | - o to probe I (Fig. 1lc).
Chicken A, (lanes 1 to 7),
- B, (lanes 8 and 10), C,(la-

nes 9 and 11), D, (Tanes

12 and 13). Persistance
of the band at 6.3 kb was reproducibly observed in independent
Mspl digests of oviduct DNA from chicken A (see also Fig. 7).
Extents of digestion : site Hpal 42 and 22% for lanes 4 and 11
respectively; site Hpa2, 8, 6 and 6% for lanes 3, 5, and 7 res-
pectively.
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(lanes 3, 4, 5 and 7). On the other hand in oviduct DNA, Hpall
.converted 40 % of the 10.5 kb KpnI fragment to a 6.3 kb hybridizing
fragment (lane 4) revealing the digestibility of site Hpal (Fig.
1b). This site was not digested by Hpall in other tissues (lanes
3, 5, 7).

A similar pattern was obtained with DNA from two other
laying hens, C (lanes 9 and 11) and E (results not shown). In
both animals site Hpa2, although present in the homozygous state
as indicated by Mspl digestion (lane 9), was resistant to the
action of Hpall in oviduct DNA (lane 11) or in liver DNA (not
shown). Site Hpal was also present in both animals, and was sens-
itive to enzyme Hpall only in oviduct DNA (lane 11) although the
extent of digestion (20 to 25 % for both animals) was reproducibly
lower than for oviduct DNA from chicken A. (It should be noted
that our experiments do not allow us to determine whether chickens
A, C or E are homozygous or heterozygous for site Hpal, since in
Mspl digests, this site is separated by the site Hpa2 from the
sequences hybridizing to probe I). A different situation was found
in the case of chicken B and D. Hpal and 2 are both absent in
chicken B, since the 10.5 kb Kpnl fragment is completely resistant to
MspI or Hpall digestion (lanes 8 and 10). In chicken D, site Hpa2 is
present only in the heterozygous state (lane 12) and there is no
detectable digestion at site Hpal by either MspI or Hpall (lanes
12 and 13). It is thus likely that site Hpal is absent in chicken
D (although we cannot exclude at the present time that it is
present in a completely methylated state on the same allele as
site Hpa2).

From these data, which are summarized in Table 1, we
conclude that sites Hpal and 2 define two additional allelic
polymorphisms in the vicinity of the ovalbumin gene. Site Hpal
is preferentially digested by Hpall in oviduct DNA, but we do not
know the true extent of its digestion because of the uncertainty
on the dosage of this site in the genome of the animals studied.
Site Hpa2, on the contrary, appears very poorly digested by
Hpall, irrespective the origin of the tissue.

Site Hpa3 : We found very recently that clone AC4-0v5 (22) cont-
ains an Hpall site located in the middle of the EcoRI fragment
"a". This site was absent from the previously cloned fragment "a"
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TABLE 1
Hpall digestion (in %)

Site Occurence oviduct other tissues
Hpal Hen A : present 42 <3
Hen B : absent - - -
Hens C and E : present 22 (C), 26 (E) <3
Hpa 2 Hen A : present (homozygote) <3 <8
Hen B : absent (homozygote) - -
Hens C and E : present (homozygote) nd <6
Hen D : present (heterozygote) nd nt

Occurence and digestibility of sites Hpal and 2. This table

summarizes data obtained on 5 different hen (Fig. 6 and results
not shown). nd :
When unknown, the allelic state is not indicated.

no digestion was detected (<1%). nt : not tested.

(20). A search (using MsplI) for this site in 5 laying hens and

2 roosters, revealed its presence in 3 animals (two laying hens
and one rooster). Site Hpa3 is not digested by Hpall in oviduct
(Fig. 7, lanes 5 and 6), liver or sperm DNA (not shown). It is
however digested by Hpall in erythrocyte DNA (Fig. 7, lanes 1 and
2). This digestion is not complete, as indicated by the comparison
with the pattern obtained with Mspl (Fig. 7, lanes 3, 4). It is
interesting to note that Mspl does not digest to completion at

Hpa]I[.,, > - -

Msp I

E

1

2

+ + -

Fig. 7 : Reactivity of site Hpa3.
DN% from erythrocyte (E) or oviduct
(0) from a single laying hen were di-
gested with EcoRI and Hpall or Mspl
as indicated in the figure. In lanes
2, 4, 6 and 8, samples were digested
with twice the amount of enzymes for
twice as long as in lanes 1, 3, 5 and
7. Digests were analysed on a 0.9%
agarose gel and hybridized to probell
(Fig. 1c). Extents of digestion : 53,
52, 91, 90, 64 and 64% in lanes 1 to
4 and 7, 8,respectively. Extent of di-
gestion in lanes 5 and 6 was too low
to be measured.




Nucleic Acids Research

the site Hpa3 of oviduct DNA, which suggests that this site might
be further modified, possibly by methylation (R. Flavell, person-
al communication) on the first C of the recognition sequence

(For a possible similar situation at site Hpa2, see Fig. 6, lane
2).

II. Hhal AND Hpall DIGESTION PATTERNS WITHIN AND AROUND THREE
OTHER CHICKEN GENES.

The above results suggest that there may be a correlation
between DNA undermethylation in a gene region and its expression,
since the ovalbumin gene is actively transcribed in hen oviduct
but not in the other chicken organs. In order to probe the gene-
rality of such a correlation between DNA undermethylation andgene
expression, we studied the methylation patterns of unmapped Hpal
and Hpall sites in 3 other genes for which cDNA clones have been
constructed in our laboratory, and which have different patterns
of tissue-specific expression.

I11.1. The ovotransferrin (conalbumin) gene.

The ovotransferrin gene is expressed both in oviduct,
under steroid hormone control (30) and, at a lower rate, in the
liver where both iron and steroids modulate its transcription (31).
This gene is cleaved by EcoRI into 3 fragments, "a", "b", "c", of
10.7, 4 and 2.5 kb (32, 33; see also Figs 8 and 9). We analyzed
EcoRI-Hhal or EcoRI-Hpall double digests of DNA from various
tissues, using as hybridization probe a segment of the cloned
conalbumin cDNA (34) which corresponds to nucleotides 20 to about
1900 of the 2400 nucleotide-long conalbumin mRNA. The results in
Figs 8 and 9 show complex patterns of digestion, with striking
differences between the various tissues examined. It is apparent
that in all cases, including sperm DNA (Fig. 9, lanes 2, 3, 6
and 7) the EcoRI fragment "a" is totally digested by both Hhal
and Hpall, into smaller fragments. In erythrocyte (Fig. 8, lanes
2 and 3), spleen (Fig. 8, lanes 14 and 15) and sperm DNA (Fig. 9,
lanes 2, 3, 6 and 7)the principal product of digestion of EcoRI
fragment "a" by each of these two nucleases is 8.2 kb long. In
oviduct (Fig. 8, lanes 5, 6), liver (Fig. 8, lanes 8, 9, and

2091



Nucleic Acids Research

Fig. 8 : Analysis of Hhal

i 0 i K s ang Hpall digestion patt-

el sen 5 1 T 1 1 erns within and around the

TRt 0 8 - % conalbumin gene. DNA from
Hpall = = 4 = = 4 = - 4= =% = - ¢ various tissues from a
1 2 3 s 856 78008 W single laying hen were

o " _107(a) digested with EcoRI alone
W* - & *W-BQ or in combination with

) bt -6.5 Hhal or Hpall as indicated

- - B in the figure. Symbols are

. “ﬁZW) as in Fig. 2B. Electropho-

e . ; . L resis was on an 1% agarose

- - Aenw - gel and the hybridization

= 20 probe used was a mixture

of the Hhal fragments A
and B from the cloned con-
albumin dscDNA (32,34).
The presence of bands ab-
) ove band "a" in EcoRI di-
gests (lanes 4, 7 and 13) might indicate some incomplete digestion
although when samples from the same digests were analysed with
an ovalbumin probe a pattern of complete digestion was obtained.

Fig. 9, lanes 4, 5, 8, 9) and kidney (Fig. 8, lane 12) fragments
smaller than 8.2 kb appear. We conclude from these patterns that
at least one Hhal site and one Hpall site are found in EcoRI
fragment "a" which are unmethylated in all tissues examined.
Preliminary mapping studies locate these two sites downstream
from the polyA addition site of the conalbumin gene. On the other
hand, other sites are methylated to a variable extent in differ-
ent tissues. Here too, it is in oviduct DNA that Hhal or Hpall
digestions are the most efficient, as shown by the almost complete

disappearance of the 8.2 kb fragment with Hhal (Fig. 8, lane 5)
and of fragments longer than 2.6 kb with Hpall (Fig. 8, lane 6).

In liver DNA, the persistance of part of the 8.2 kb
fragment after Hhal or Hpall digestion indicates that at least
some sites are less sensitive to these enzymes than in oviduct
DNA. On the other hand, some fragments which are common to liver
and oviduct DNA are not found in other tissues, eg. a 6.5 kb and
2 kb bands in the Hhal digests, a 2.2 kb band in the Hpall digests,
Fig. 8, lanes 5, 6, 8, 9). This suggests that there are sites
which are preferentially undermethylated in both oviduct and liver

~DNA. In kidney,at least one Hpall site also appears to be under-
methylated, as indicated by the relative decrease of the 8.2 kb
fragment and the appearance of a 3.8 kb fragment (Fig. 8, lane 12)
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It is also apparent that the pattern found in liver DNA from
laying hen (Fig. 8, lanes 8, 9) is very similar to that found in
liver DNA from roosters (Fig. 9, lanes 4, 5, 8, 9). The digestion
patterns in oviduct, liver and erythrocyte DNAs are very reprodu-
cible for different chicken indicating that they reflect a stable
property of the gene in a given tissue.

II. 2. The ovomucoid gene.

This gene is expressed in oviduct under steroid hormone
control (35-37), but not in liver (38). Methylation in the ovo-
mucoid gene region was studied using an ovomucoid cDNA clone con-
structed in our laboratory (A. Krust et al., unpublished results,
and ref. 26) as hybridization probe. The ovomucoid gene sequences
are found in two EcoRI fragments : "a", 14 kb; and "b", 6.5 kb.
[fragment "b" contains only 160 bp of mRNA-coding sequence (39, and
P. Gerlinger unpublished results),and is generally more difficult
to detect in our experiments]. In all tissues (including spleen
and brain, not shown) both Hhal and Hpall cleave the EcoRI frag-
ments. "a" in hybridizing fragments of 8.4 and 8.2 kb, respectively,
or in even smaller fragments (Fig. 10). This suggests that as in
the case of the conalbumin gene region, at least one Hhal and
Hpall sites are unmethylated in all tissues tested. Oviduct DNA

Sp L) Ssp L Fig. 9 : Hhal and Hpall digestion
Hhal (g1 patterns in the region of thecon-
S as A LS e albumin gene, in sperm and liver
Hpall - - 4+ - #l- + - + DNA. DNA from sperm (Sp) and
i i s 8T 8 Tiver (L) from two roosters were
analysed as described in legend
107~ g to Fig. 8 (but electrophoresis
82-p (i was on an 0.8% agarose gel).
6.5 - -
a0z ® .‘,, -
38 -
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Fig. 10 : Hhal and Hpall
T 8 o s 1T . 11 . 1 - - g . igestion patterns in the
Hhal _ 4 = - ¢ o 4 m o b =] = = & - region of the ovomucoid
1o R S RGBT e SR gene. DNA from various
34 67 890 2 1314 15 16 17 18 tissues (symbols as in
140G _ a . - Fig. 2B) were digested
= &P st and analysed as described
6501 5 in the legend to Fig. 8,
- - but the hybridization

probe was a DNA fragment
containing the ovomucoid
cDNA sequence of plasmid
pBovoml (A. Krust et al.,
unpublished). Samples in
lanes 1 to 12 and in lanes
» 13 to 18 are from two
different laying hens.

contains additional Hhal and Hpall sites available for digestion
as indicated by the almost complete disappearance of the 8.2 kb
fragment in the Hpall digests (Fig. 10, lanes 6 and 18), and the
presence of fragments of 2.7 kb or less in both Hhal and Hpall
digests (lanes 5, 6, 17 and 18). Contrary to what was observed
for the conalbumin region, the ovomucoid region appears less
sensitive to digestion by Hhal and Hpall in liver DNA (lanes 8,
9, 14 and 15) than in erythrocyte DNA (lanes 2 and 3).

II. 3. Bg-globin genes.

A chicken globin cDNA has been cloned in our laboratory
(A. Krust, unpublished results) and one of the recombinant plas-
mids, has been shown to contain the sequences coding for the
adult g-globin (D. Engel, personal communication). Two EcoRI
fragments ("a", 9.4, and "b", 6.0 kb) hybridize to the g-globin
probe under the relatively low stringency of our experiment (Fig.
11, lane 4). According to Engel and Dodgson (40) the 9.4 and
the 6.0 kb fragments correspond to an embryonic and to the adult
g-globin gene, respectively.

After Hhal digestion, 4 bands are seen in erythrocyte
DNA. The faint 6.0 kb fragment is unlikely to correspond to the
"adult" undigested EcoRI fragment "b" since in 3 different chi-
ckens it migrated slightly ahead from EcoRI fragment b (Fig. 11,
lane 1, and results not shown). The three other bands in the

2094



Nucleic Acids Research

Fig. 11 : Hhal digestion pattern

E OKK Sl Tn the region of embryonic and
Hhal o adult g-globin genes. DNA from
00 * 2 various tissues from a single
log J 4 5 &6 laying hen were digested with
94 (a)~ - EcoRI and Hhal as indicated.

Electrophoresis was on an 0.8%

L R agarose gel and the excised g-glo-
6.0(b)—1= “""“m bin sequence of a recombinant
ig- e B-globin cDNA plasmid (see text)

was used as an hybridization probe.

26 Symbols are as in Fig. 2B.

erythrocyte track are 3.6, 3.1. and 1.4 kb-long. Hhal.produces a
more complex pattern in other tissues (lanes 2, 3, 5 and 6) with
some undigested EcoRI fragment "b" and two bands 5.2- and 4.5 kb-
long, which are not found in erythrocyte DNA digests and

which indicate the presence of sites partially or totally resistant to
Hhal digestion. It is interesting to note that a 2.35 kb fragment
was easily detected in DNA from spleen, but not in DNA from other
tissues (Fig. 11, lane 5 and results not shown on one other ani-
mal). Hhal did not digest EcoRI fragments "a" and "b" in sperm
DNA (results not shown). We conclude that some Hhal sites in the
region of the adult g-globin gene are less methylated in DNA from
mature erythrocyte than in DNA from other tissues indluding ovi-
duct.

DISCUSSION

If the biological significance of cytosine methylation
at CpG dinucleotides is to fulfill a role in differentiation or
in the regulation of gene expression, as previously proposed
(4, 5) then one should be able to find variations in the methyl-
ation pattern at specific sequences in different cell types or
under different functional states of the same cell. We have used
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the restriction nuclease approach, first described by Bird and
Southern (14) to study the extent of DNA methylation in the
regions of four chicken genes : the ovalbumin, conalbumin (ovo-
transferrin) and ovomucoid genes, which are expressed at high
rate in oviduct under steroid hormone control (the ovotransferrin
gene being also expressed constitutively in liver), and the
g-globin gene.

The efficiency of digestion by Hhal and Hpall nucleases
was examined for 7 restriction sites in the region of the oval-
bumin gene and our results are summarized in Table II. We found
that two Hhal sites (Hha2 and 3) and one Hpall site (Hpal) are
less methylated in laying hen oviduct than in other tissues. Site
Hha2 is located within the ovalbumin gene whereas sites Hpal and
Hha3 are situated upstream and downstream from the gene, respec-
tively. There are two difficulties in interpreting the degree of

TABLE 2
OCCURENCE AND DIGESTIBILITY OF Hhal AND Hpall SITES IN THE OVALBUMIN GENE REGION

Site Occurence Digestion (in %)

oviduct liver erythrocyte sperm
Hpal (Fig. 6) present(?) 22 - 82 <3 <3 nt
Hpa2 (Fig. 6) Homozygous nd or <3 4 -8 4 -8 nd
Wha2 (Fig. 2,3)  Heterozygous?(?) 25 - 32 4 -7 <3 nd
Hha3 (Fig. 3-5) Homozygous 75 - 85 31 - 51 13 - 32 nd
Hpa3 (Fig. 7) Homozygous <3 <3 40 - 52 nd
Hhad4 (Fig. 3-5) 2(b) nd nd nd nd
Hha5 (Fig. 3-5) 2(b) nd nd nd nd

(2) Our experiments do not allow to determine the dosage of this site in the animals
studied (see text).

(b) This site was detected in two independently cloned ovalbumin genes and might there-
fore be present in the analyzed cellular DNAs (see text).

5 Tvanscrlgtlon \ kb,
1 2 3 4 5
He ! b X X X
e 73 ;

This table -incorporates data presented in the figures indicated
and data not shown obtained on DNA from other animals. The num-
bers represent the range of the values obtained. nd: no digestion
detected; nt : not tested. The map indicates the location of Hhal
and Hpall restriction sites with respect to the ovalbumin gene
transcription unit (heavy line, see Fig. 1).
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undermethylation of these three sites. First, it is likely, but
not proven, that sites Hpal and Hha2 exist in the heterozygous
state in the animals studied (see Result section). A digestibi-
lity of about 30% could therefore indicate that 60% of the exis-
ting sites are unmethylated. Second, it is known that the tubular
gland cells in which ovalbumin is synthesized represent 70 to 80%
of the cells of laying hen oviduct (36). Thus, the 80% digesti-
bility of the homozygote site Hha3 most likely reflects complete
unmethylation of this site in cells actively synthesizing oval-
bumin [see accompanying paper (41) for evidence supporting this
interpretation]. It appears therefore that all three sites Hpal,
Hha2 and Hha3 are mostly, if not totally, unmethylated in ovi duct
cells where the ovalbumin.gene is expressed. On the contrary,
Hpal and Hha2 sites are almost completely, or totally, methylated
in all other cells and site Hha3 is partially methylated in these
cells, with the exception of sperm where it is totally methylated.

The ovalbumin results indicate that undermethylation, at
some sites at least, could be correlated with tissue-specific
gene expression. This correlation is also observed in the regions
of the conalbumin and ovomucoid genes.. These regions which are
actively transcribed in oviduct are preferentially undermethylated
in oviduct DNA. Furthermore, in liver the ovomucoid region is
methylated whereas the conalbumin gene, which is expressed in this
organ, 1is undermethylated. Further studies are required to
establish whether the different extents of undermethylation in
oviduct and liver are related to different mechanisms of control
of conalbumin gene expression or to a greater cell heterogeneity
in liver. The g-globin genes are digested best by Hhal in eryth-
rocyte DNA and are not preferentially undermethylated in oviduct
when compared to other tissues. This eliminates the possibility
that the patterns observed in the other genes could be due to a
general deficiency of methyl groups in oviduct DNA, caused for
instance by a low methylase activity in this tissue.

Although there is undoubtedly a correlation between gene
expression and under- or unmethylation of Hhal and Hpall sites,
there are several examples showing that this is not true for all
of these sites (Table 2).First, in the ovalbumin gene region, the Hpa3 site
is fully methylated in oviduct and in liver, but undermethylated
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in the erythrocyte. Knowing that DNasel sensitivity is a property
of "active" chromatin (42, for other refs., see ref. 43), this
observation is particularly striking, since the region of the
genome containing site Hpa3 is DNasel-sensitive in chromatin of
oviduct, but not in erythrocyte and liver cells (M. Bellard,
personal communication and ref. 41). Second, some sites appear to
be always methylated, irrespective of the origin of the tissue.
This is the case of site Hpa2. It is interesting to note that this
site is located between two sites (Hpal and Hha2) which are under
methylated in oviduct DNA. As already discussed in the Results
section, it is also very likely that sites Hha4 and Hhab5 are
always fully methylated. Third, in the conalbumin and ovomucoid
regions, there are Hpall and Hhal sites which always appear to be
completely unmethylated, even in sperm DNA.

Taken together, our results suggest the existence in the
chicken genome of three classes of methylatable sites (assuming
that what is observed with Hhal or Hpall can be extended to the
other methylatable sites). Some sites appear always unmethylated
and would correspond to the m~ class as defined by Bird et al.
(44); others are always completely (or at least 95%) methylated
in all tissues and belong to the m* class of Bird et al.; on the
other hand, most of the sites in the genes studied are character-
ized by their variable level of methylation in different tissues,
and could belong to a third variable class (mv). Undermethylation
at these sites is in general correlated with tissue-specific gene
expression. Taking into account the cell heterogeneity of the
tissues which were studied, it is most likely that some of these
"variable" sites are not methylated at all in the genome regions
which are transcribed [see above and (41)]. On the other hand, it
is also clear from our results that some undermethylation can be
found in cells in which a given gene is not transcribed (see for
instance the site Hha3 in the ovalbumin gene region and the g-glo-
bin digestion pattern in Fig. 11, for further discussion of this
point see ref. 41).

The methylation patterns that we have observed inthe chicken
genome appear very different from those described by Bird et al.
(44) for the sea urchin genome. They showed that nt and m” sites
are compartmentalized to different long sequence tracts. Histone
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DNA, rDNA and 5S DNA are found in the m  compartment irrespective
of the tissue (even in tissues which do not express the majority
of the histone genes). These authors thus proposed that methyl-
ation was an all or none phenomenon. This is clearly not the case
for the chicken genome and there is in fact some evidence that
the compartmentalization phenomenon could be restricted to some
species (Bird, personal communication). On the other hand, recent
results on methylation of g-globin genes in various species appear
to support our conclusions. The single Hpall site in the rabbit
g-globin gene, studied by Waalwijk and Flavell (45) would appear
to belong to the mY class, since it was found 50% methylated in
several erythroid or non erythroid tissues, but 80% and 100%
methylated in brain and sperm DNA, respectively. In that case,
however, no correlation was found between the methylation level
and the g-globin gene activity. While this paper was being comp-
leted, a report by McGhee and Ginder (46) appeared, showing that
some unmapped Hpall sites in the chick g-globin gene regions are
found unmethylated in erythrocyte DNA, but are at least partially
modified in oviduct and brain DNA. Some correlation between ex-
pression and undermethylation has also been found in the case of
human globin genes (R. Flavell, personal communication) and for
integrated adenovirus sequences in transformed cells (47).

The complete methylation in sperm of all of the mY sites
that we have analysed suggest that the tissue-specific methylation
patterns are generated during differentiation by loss of methyl
groups at given sites, rather than by addition of methyl groups
to sites previously unmethylated. Since no demethylase appears to
exist (3, 6) this loss would occur by absence of post-replicative
modification. The absence of methyl groups at sites belonging to
the m~ class, which most likely corresponds to a total impossi-
bility to methylate at these sites, might be related either to a
particular higher order structure of the genome around these sites,
or to the existence of DNA sequences which cannot be recognized
by the DNA methylase. In this respect, it is interesting to note
that the SV40 DNA which is synthesized during a lytic infection
is unmethylated and cannot be methylated Zn vitro using a purified
methylase preparation (48, 49).

Although gene expression and undermethylation at mY

sites
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are correlated, it is unlikely that this DNA modification is direc-
tly involved in the rapid modulation of gene transcription, since
in the absence of cell division, methylation appears to be essen-
tially an irreversible process (3). In fact, we have not observed
any modification in the Hhal and Hpall digestion patterns of
chicken oviduct DNA 48 hr after oestradiol withdrawal under cond-
itions where ovalbumin mRNA synthesis is completely stopped (50).
Our results (Fig. 11) and those of McGhee and Ginder (46) on the
chicken g-globin gene indicate also that at least some sites in
this gene region are unmethylated in DNA from adult erythrocytes
which no longer synthesize g-globin mRNA. It appears therefore
that, as previously suggested (4, 5), differences in methylation
at the m' sites could be related to the process of the commitment
of a cell to express a given sequence of the genome. Wheter under-
methylation is a cause or a consequence of cell differentiation
is unknown at the present time. It could be viewed as a process
which would create or delete signals recognized by proteins in-
volved either directly in the regulation of transcription or in-
directly by modifying the higher order structure of chromatin. In
this respect, it is worth mentioning that methylation of a single
cytosine alters dramatically the binding of lac repressor to oper-
ator DNA (51). Alternatively, undermethylation could be a conse-
quence of the differentiation process which by obliterating (by
protein binding for instance) certain DNA sites will prevent their
methylation. In any case, it is important to remember that methyl-
ation at some sites appears to be dispensable, since the mVsite
Hha2 can be replaced in some animals by the non-methylable
sequence GTGC (25).

Finally, there is in the ovalbumin gene a striking number
of allelic variants for Hhal and Hpall sites (at least 5 variant
sites out of 8 sites which have been characterized). We do not
know whether the same is true for the other genes which have
been studied less thoroughly. Allelic variants have been found,
but not in such a high proportion, for other restriction sites
in various genes(17, 52, 53) and they can be useful markers in
genetic studies, notably for prenatal diagnosis (54). If confirmed
by further work, such a high variability in restriction sites for
"CpG" nucleases would support the hypothesis (55) that the stri-
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kingly low "CpG" content in DNA from vertebrates might be due to
a higher mutation rate for this dinucleotide [methyl cytosine
being deaminated to thymine (4,56)1. Methyl cytosines have been
shown recently to be sites of mutational hot spots in E.coli (57).
Analysis of sequences at variant restriction sites will indicate
whether a similar mechanism also operates in higher cells.
Biohazards associated with the experiments described in
this publication were examined previously by the French National
Control Committee. The experiments were carried out under L3 Bl
conditions (Le Progrés Scientifique, N° 191, Nov. Dec. 1977).
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