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Nonmethylated CpG islands are generally located at the 5* ends of genes, but a CpG island in the mouse
major histocompatibility complex class II I-Ab gene is remote from the promoter and covers exon 2. We have
found that this CpG island includes a novel intronic promoter that is active in embryonic and germ cells. The
resulting transcript potentially encodes a severely truncated protein which would lack the signal peptide and
external b1 domains. The functional significance of the internal CpG island may be to facilitate gene conver-
sion, thereby sustaining the high level of polymorphism seen at exon 2. Deletions of the I-Ab CpG island
promoter reduce transcription and frequently lead to methylation of the CpG island in a transgenic mouse
assay. These and other results support the idea that all CpG islands arise at promoters that are active in early
embryonic cells.

CpG islands are discrete clusters of nonmethylated CpG
dinucleotides that altogether make up about 1 to 2% of the
mammalian genome (4, 7). About 56% of sequenced human
genes have CpG islands near their 59 ends, including all those
that are ubiquitously expressed (housekeeping genes) plus
many genes with a tissue-restricted pattern of expression (4, 24,
25, 43). Promoters are normally located at the upstream edge
of the CpG island, with the result that one or more of the 59
exons of the gene generally fall within the island region. In
spite of the high density of the methylatable sequence CpG,
most CpG islands are nonmethylated in all tissues, including
those in which the gene is silent. A small proportion of islands
become methylated during development, however, notably
those associated with genes of the inactive X chromosome and
some parentally imprinted genes (22, 55, 63).

The existence of CpG islands depends on their ability to
remain methylation free in the germ line. In the event of
methylation, CpGs would be lost, as 5-methylcytosine is a hot
spot for mutation and the island region would eventually be-
come indistinguishable from bulk DNA (34). There is evidence
for CpG island loss of this kind at the a1-globin pseudogene in
humans (8). What is the mechanism which normally protects
this subset of CpGs from methylation? The simple idea that
CpG islands are intrinsically unmethylatable is opposed by the
finding that some become methylated during development and
many acquire methylation in permanent cell lines or tumors (3,
31, 33, 41). Similarly, there is little evidence for restricted
access of the DNA methyltransferase to CpG island chromatin,
as these regions are in fact hyperaccessible to exogenous nucle-
ases (2). Progress in understanding the origin of CpG islands
has been made through studies of the mouse and hamster aprt
genes. Macleod et al. (47) located the boundaries of the meth-
ylation-free island, the positions of nucleosomes, and the sites
of protein factor binding. Three GC boxes that interacted with

the transcription factor Sp1 in vitro (20) were found to be
occupied in vivo, and site-directed mutagenesis showed that
these sites were essential to protect the CpG island from meth-
ylation. The Sp1 binding sites that were mutated in this study
had been previously shown to drive transcription in vitro (20).
Mutation of GC boxes within hamster aprt transgenes also
resulted in methylation of this CpG island (11).

Although the results for hamster and mouse aprt genes were
similar, two somewhat different models were put forward to
account for them. Brandeis et al. (11) proposed that Sp1 bind-
ing may exert a localized demethylating effect that is indepen-
dent of its effect on transcription, by directly protecting CpGs
from the DNA methyltransferase or by interacting with other
factors to actively demodify methylated CpG. Demethylation
of the entire island region would in this case depend on occu-
pation of GC boxes over the length of the CpG island. On the
other hand, Macleod et al. (47) suggested that the methylation-
free status of the aprt CpG island depended on the presence of
a functional promoter at the 59 edge of the island. This pro-
posal is compatible with the preferential location of CpG is-
lands at promoters, although it does not account for their
origin in detail.

If all CpG islands are dependent on promoter function, then
they should be associated with demonstrable promoter activity
in vivo. This prediction is easily met by CpG islands at house-
keeping genes, which are transcribed in all tissues. It is less
obvious, however, that CpG islands at highly tissue restricted
genes or those that are remote from a known promoter should
maintain their methylation-free status via a mechanism that
depends on transcription. To test the “CpG island promoter”
hypothesis, we sought a model gene with highly tissue re-
stricted expression that possessed a CpG island. It has been
noted previously that many of the human and mouse major
histocompatibility locus (MHC) genes contain CpG-rich re-
gions (64). Class II genes encode a and b peptide chains which
form heterodimers on the cell surface, and their expression is
primarily restricted to cells of the immune system, such as B
cells and macrophages, although low levels of antigen have
been found in several other cell types (36, 61). An analysis of
human and mouse genomic DNA sequences for class II genes
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shows that only the b-chain genes have CpG-rich regions and
in these cases the CpG island does not include the gene pro-
moter but is located well downstream of it, spanning the sec-
ond exon. It appeared unlikely at first sight that the presence of
the CpG island could be related to transcription. We therefore
chose to examine the mouse MHC class II I-Ab gene in detail,
as it presents an interesting example of a gene, expressed in
only a subset of tissues, which contains a CpG island in an
apparently misplaced location relative to the gene’s promoter.

MATERIALS AND METHODS

Nucleic acid preparation. DNA was isolated from various mouse tissues by
homogenization in 50 mM Tris-HCl (pH 8)–100 mM EDTA–100 mM NaCl.
Proteinase K was added to 100 mg/ml, and sodium dodecyl sulfate (SDS) was
added to 1%. Samples were incubated for 16 h and then extracted with 1:1
phenol-chloroform and precipitated with isopropanol. RNA was extracted by the
method of Chomczynski and Sacchi (13). RNA from 25 3.5-day (3.5d) blastocysts
was prepared by a modification of the above method (37).

Analysis of gene expression. (i) Northern blot hybridization. Generally 10 mg
of total RNA/track was run on 1.2% agarose-formaldehyde gels, blotted onto
Hybond N1 nylon membranes (Amersham), and UV cross-linked. Random-
primed DNA probes were made (21) by using a kit (Boehringer). Hybridization
of filters was at 68°C in 0.5 M NaPi (pH 7.2)–7% SDS–1 mM EDTA (14). Filters
were washed at 68°C in 23 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)–0.1% SDS for 30 min twice and then three times for 30 min in 0.13
SSC–0.1% SDS at 68°C. Hybridized filters were exposed to Kodak XAR-5
autoradiographic film. Blots were rehybridized with an S26 ribosomal protein
probe (65).

(ii) RNase protection. A SmaI subclone from intron 1 of the I-Abd gene
(positions 1385 to 1562 [see Fig. 3c]) was cloned into BlueScribe vector (Strat-
agene). The vector was linearized with HindIII and used to make a 32P-labeled
RNA probe by using T7 RNA polymerase. The in vitro reaction mix contained
1 mg of DNA, 40 mM Tris-HCl (pH 7.9), 6 mM MgCl2, 2 mM spermidine, 0.5
mM GTP, UTP, and ATP, 100 mM CTP, 10 mM dithiothreitol, 40 U of RNasin
(Promega), 50 mCi of [32P]CTP (3,000 Ci/mmol; Amersham), and 20 U of T7
RNA polymerase (Promega) in 20 ml. Labeled RNA was purified on an acryl-
amide-urea gel and eluted from the gel slice in 0.5 M ammonium acetate–1 mM
EDTA at 37°C for 3 h; 100,000 cpm of labeled RNA was used in each RNase
protection reaction. Generally 40 mg of total RNA from mouse tissues or tRNA
was used. RNA samples were ethanol precipitated with the probe, and the dried
pellet was resuspended in 20 ml of 40 mM piperazine-N,N9-bis(2-ethanesulfonic
acid) (PIPES; pH 7)–200 mM sodium acetate–80% formamide and denatured at
90°C for 3 min before incubation at 50°C for 16 h. Reaction mixes were placed
on ice, and 300 ml of RNase mix (10 mM Tris-HCl [pH 7.5], 5 mM EDTA, 300
mM NaCl, 12 mg of RNase A, 300 U of RNase T1 [Gibco/BRL]) was added.
Samples were incubated at 37°C for 15 to 60 min before addition of 10 ml of 20%
SDS and 50 mg of proteinase K and continuation of incubation at 37°C for 15 min
before phenol-chloroform extraction and ethanol precipitation with 10 mg of
carrier tRNA. Dried samples were resuspended in 80% formamide-dye mix and
run on 10% acrylamide–7 M urea gels, which were dried and exposed to Kodak
XAR-5 autoradiograph film.

(iii) S1 protection. An end-labeled probe was made by kinase labeling 100 ng
of exon 2 primer MHX8 (59-GGT GTA GTA GCA CTC GCC CTT GAA CTG
G-39, positions 1629 to 1602 [see Fig. 3c]) with [g-32P]ATP. This was used with
upstream primer MHC2 (59-CCC AAC TTT TGG TGT CCC TTA G-39) in a
PCR for 20 cycles (see below for conditions) using plasmid pAbpolyA as a
template. The 379-bp labeled fragment was purified on an acrylamide-urea gel,
and 100,000 cpm of the probe was precipitated with 40 mg of tRNA or total RNA
isolated from spleen, liver, or testis. The dried pellet was resuspended in 30 ml of
40 mM PIPES–1 mM EDTA–0.4 M NaCl–80% formamide and overlaid with 30
ml of mineral oil (6). Samples were denatured at 90°C for 3 min before incuba-
tion overnight at 50°C. S1 nuclease digestion of the hybrid molecules was
achieved by dilution of the reaction mixtures with 300 ml of 0.28 M NaCl–50 mM
sodium acetate (pH 4.5)–4.5 mM zinc sulfate–20 mg of sonicated salmon sperm
DNA per ml–100 U of S1 nuclease and incubation at 45°C for 90 min. The
amount of S1 nuclease was determined empirically. Hybrids were ethanol pre-
cipitated with 20 mg of carrier tRNA and electrophoresed on a 6% acrylamide–7
M urea gel, which was dried and exposed to Kodak XAR-5 autoradiographic
film.

(iv) RT-PCR. One microgram of total RNA from mouse tissues, or approxi-
mately 100 ng of total RNA from mouse 3.5d blastocysts, was annealed to 0.5 mg
of oligo(dT) (18-mer) primer in a volume of 12 ml with diethylpyrocarbonate-
treated water. The sample was heated at 70°C for 10 min and chilled on ice. The
reaction mix, in a volume of 20 ml, contained 50 mM Tris-HCl (pH 8.3), 75 mM
KCl, 3 mM MgCl2, 0.5 mM deoxynucleoside triphosphates (dNTPs), 40 U of
RNasin (Promega), and 200 U of Moloney murine leukemia virus reverse tran-
scriptase (Gibco/BRL) and was incubated at 42°C for 2 h. Reactions were
stopped by heating at 70°C for 15 min, and 2 ml of the cDNA sample was used
in reverse transcription-PCR (RT-PCR) using gene-specific primer pairs in a

50-ml reaction mix containing 20 mM ammonium sulfate, 75 mM Tris-HCl (pH
9), 0.001% (wt/vol) Tween, 1.5 mM MgCl2, 0.2 mM dNTP, 50 pM each primer,
and 1 U of RedHot DNA polymerase (Advanced Biotechnologies). In some
cases (aprt), 10% dimethyl sulfoxide was also added. Primers were chosen from
different exons to avoid misinterpretation of results due to possible contaminat-
ing genomic DNA. The reaction mixtures were denatured at 94°C for 2 min
before cycling 25 times (92°C for 30 s, 55°C for 30 s, and 2 min at 72°C), with an
additional 10-min extension at 72°C; 20 ml of each reaction product was run on
1.5% agarose gels. Ethidium bromide-stained PCR bands were visualized under
UV, and in all cases a PCR product of the expected size was confirmed by
Southern blotting and hybridization to a 32P-labeled internal oligomer. Hybrid-
ization buffer was as above, with incubation at 55°C overnight. Several washes
were performed with 23 SSC at room temperature.

Primers were chosen from different exons so that the correctly spliced RT-
PCR products could be distinguished from unprocessed transcripts or contami-
nating DNA.

Primers used for the MHC I-Ab gene (48) were exon 1 forward primer MRT1
(59-CAC AGC AGG TGT GAG TCC TG-39), exon 3 reverse primer MRT4
(59-GGG AGA TGG CGA CAT TGG GC-39), intron 1 forward primer MRT3
(59-GGG CTG ACC GCGTCC GTC CG-39), and exon 2 internal primer MRT-2
(59-CGC TCC AGG ATC TCC GGC TG-39). Primers used for the aprt gene (19)
were exon 1 forward primer ART-1 (59-CGG AAC CTG AGT TGA AAC
TG-39), exon 5 reverse primer ART-2 (59-GGT CCT AGC CTC TCC CTG
CCC-39), and exon 5 internal primer ART3 (59-GTC AGC TCC ACC AGG
CTC AC-39). Primers for the mouse 68-kDa neurofilament gene (59-CGC CGA
AGA GTG GTT CAA GAG-39 and 59-GTA GGA GCT GCT CTG CAA
GCC-39 and internal primer 59-GCT CTG AGA GTA GCC GCT GG-39) (45)
gave a 472-bp product. Primers for the mouse SCL (stem cell leukemia) gene
(59-GCC GGT CTG CCT ACA CCG GC-39 and 59-CCC CGA AGC TGG GTT
TCC CGG-39 and internal primer 59-GGA CTC TTG GTG GAC AGG ACC-39)
(5) gave a 245-bp product. Primers for the mouse Twist gene (59-CCA GGT ACA
TCG ACT TCC TG-39 and 59-CTG TCC ACG GGC CTG TCT CGC-39 and
internal primer 59-CTT CTC CGT CTG GAG GAT GG-39) (67) gave a 372-bp
product. Primers for the mouse opsin gene (59-CTA CAT CCT GCT CAA CTT
GGC-39 and 59-TGA CAA AGG TAA CGT TGT TGA C-39 and internal primer
59-TCG GGG AGA ATC ACG CTA TC-39) (1) gave 396- and ;200-bp products
due to differential splicing (1). Primers for the mouse b-globin gene (59-GAC
CTA TCC TCT GCC TCT GCT A-39 and 59-AGC ACA ATC ACG ATC ATA
TTG C-39 and internal primer 59-TGC AGC TTG TCA CAG TGG AG-39) (40)
gave a 203-bp product. Primers for the mouse casein gene (59-TGA ATC TCA
TGG GAC AGC TG-39 and 59-GGA TTC CAG TTC AGG AGA AAT G-39
and internal primer 59-TCA CTC CAG CAT CCA GTC AC-39) (70) gave a
226-bp product. Primers for the mouse skeletal muscle a-actin gene (59-GCG
AGG TAT CCT GAC CCT GA-39 and 59-CTG GAC CTG GCC GGT CGC
GAC-39 and internal primer 59-GCT ATG TGG CCC TGG ACT TC-39) (29)
gave a 744-bp product.

DNA methylation analysis. Samples of DNA (10 mg) from various mouse
tissues were digested with an excess of restriction enzyme overnight, using buffers
and enzymes supplied by the manufacturer (New England Biolabs). A sample of
each reaction mix (1/10) was added to 0.1 mg of plasmid DNA as a control for
completeness of digestion. Samples were electrophoresed on 1.5% agarose gels
by using standard methods and Southern blotted to Hybond N1 nylon mem-
branes (Amersham). Probes and hybridization conditions were as for Northern
blotting. Digests were repeated several times to confirm results.

Production of transgenic mice. Transgenic mice were produced by microin-
jection of linearized transgene fragments at 1 mg/ml in 10 mM Tris-HCl (pH
7.5)–0.1 mM EDTA, using standard procedures (26). Donor mice were F2
animals from a C57BL/6 3 CBA/Ca cross.

RESULTS

The mouse I-Ab gene CpG island is nonmethylated in ex-
pressing and nonexpressing tissues. Figure 1A shows a plot of
CpG and GpC distribution through the mouse I-Ea gene and
I-Ab gene DNA sequences (30, 48). A 600-bp CpG cluster can
be seen in the I-Ab gene, which incorporates exon 2. It is
unlikely that the CpG-rich character of exon 2 is maintained
due to a selective requirement for CpG-containing codons, as
alternative CpG-poor codons could specify the same amino
acid sequence. For example, 10 of the 13 codons specifying
arginine have CG rather than AG as the first two nucleotides
of the codon. In the remainder of the protein, only 4 of 11
arginines use the CG-containing codon. There is no clustering
of CpG dinucleotides in the I-Ea gene sequence. The position
of the CpG island is unusual, as these regions are normally
located at the 59 end of the gene. To determine whether the
I-Ab CpG island is nonmethylated, DNA samples from various
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FIG. 1. The I-Ab gene contains a nonmethylated CpG island over the second exon. (A) Map plots of the mouse MHC class II I-Ea and I-Ab gene sequences (30,
48), represented by horizontal lines numbered above in base pairs. The short vertical lines indicate the positions of CpG or GpC dinucleotides in the DNA sequence.
The rectangular boxes represent gene exon arrangements, and the bracket under the I-Ab map plot shows the position of the CpG island. (B) Southern blot of DNA
isolated from various adult BALB/c mouse tissues hybridized to a BsaI probe from the I-Ab gene (see below). Digests were carried out with 10 mg of DNA/track with
HindIII (H) or HindIII in addition to HpaII (Hp), HhaI (Hh), SmaI (Sm), or SacII (Sa). The HindIII-alone digest is only shown in the kidney sample (first track). DNA
marker sizes are noted at the left. (C) Map plot of the I-Ab gene HindIII fragment showing the position of the CpG cluster over the second exon and the relative
positions of the methylation-sensitive restriction enzyme sites used in the methylation analysis. Although it is likely that all of the HpaII and HhaI sites are cleaved within
the CpG island, only sites which are resolved by electrophoresis are indicated by lollipops. A bar at the bottom shows the position of the BsaI probe. Exons are indicated
by rectangles.
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adult tissues were tested by using methylation-sensitive restric-
tion enzymes (Fig. 1B). Sites within the island were found to be
nonmethylated in all tissues examined. Figure 1B shows some
of this analysis using DNA extracted from an expressing tissue
(kidney) and from nonexpressing tissues (liver and brain). All
of these samples are cleaved with the methylation-sensitive
enzymes, as were DNA samples from spleen and testis DNA
(data not shown). The I-Ab CpG island is therefore nonmethy-
lated in all tissues tested, regardless of expression.

The MHC class II I-Ab gene uses an alternative CpG island
promoter in testis. To test the CpG island promoter model, we
analyzed RNA samples from various adult tissues by Northern
blot hybridization. A DNA probe which includes the second
exon of the I-Ab gene (Fig. 2D) detected a transcript of the
expected size (1.4 kb) in total RNA samples from spleen,
kidney, maxillary salivary gland, and testis. No expression was
seen in brain or liver (Fig. 2A). Low levels of I-Ab protein have
been detected in rat renal tubule cells (27), but to our knowl-
edge, expression in salivary gland has not been reported. An
exon 1 probe (Fig. 2D) detected expression in the same tissues
but, surprisingly, not in testis RNA (Fig. 2B). This result sug-
gested that an alternative promoter could be used in testis. As
transcription initiates at the 59 edge of the CpG island in many
genes, it was possible that transcription may also initiate at this
position in the I-Ab island, within the first intron. An intronic
probe (Fig. 2D) indeed detected a 1.4-kb transcript in testis but
not in the other tissues (Fig. 2C).

The transcriptional initiation sites were exactly mapped

within the first intron by S1 protection (Fig. 3a) and confirmed
by RNase protection (Fig. 3b). This analysis showed multiple
transcriptional start sites within the first intron in testis which
were located 60 to 90 bp upstream of the I-Ab exon II bound-
ary (Fig. 3c). In agreement with Northern blot analysis, S1
protection showed that the CpG island promoter is not detect-
ably active in spleen cells (Fig. 3a) where the normal I-Ab
promoter is used. A larger hybridizing transcript in the spleen
sample, which fully protected the S1 probe, may be due to
unprocessed mRNA transcribed from the upstream promoter
(Fig. 3a). Although different promoters are used, the testis and
spleen transcripts are approximately the same size, as pre-
dicted by Northern blot hybridization (Fig. 2A). The testis
transcripts do not contain exon 1 and are believed to be cor-
rectly processed based on transcript size and RT-PCR analysis
(see below). Transcripts were located in late spermatogenic
germ cells by in situ analysis (data not shown). If the transcript
produced in the germ cells were to be translated, the truncated
peptide would not contain the putative signal peptide sequence
or the external b1 domain (48), as the next in-frame ATG is in
the third exon (Fig. 2).

The I-Ab CpG island promoter is also active in embryonic
cells. We were interested to know if the I-Ab CpG island
promoter is active at low levels in other tissues. We detected
low levels of expression with an exon 2 probe in cultured
embryonic stem (ES) cells by Northern blot hybridization (data
not shown), but lack of sensitivity did not allow us to determine
if this hybridization was due to activity of the normal or CpG

FIG. 2. An alternative CpG island-specific promoter is used in BALB/c testis. (A to C) Autoradiographs showing Northern blot analysis using for each track 10 mg
of total RNA isolated from BALB/c mouse brain (B), kidney (K), liver (L), maxillary salivary gland (M), spleen (S), or testis (T) and probed with probe A, B, or C
(see panel D). The arrow indicates the position of the 1.4-kb transcript, and the lower panels show control hybridization with an S26 ribosomal protein probe. (D) CpG
map plot of the MHC class II I-Ab gene showing positions of probes A to C. The scale is shown in kilobase pairs. Probe A is a BsaI fragment used to detect transcripts
containing exon 2; probe B is a HindIII/NdeI probe used to detect exon 1; probe C is a SmaI fragment used to detect transcripts which include intron 1. The
transcriptional start sites for the normal (I) and CpG island (II) promoters are indicated. The spliced exon arrangement for each transcript is shown below. The position
of an in-frame ATG is indicated in transcript II.
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island promoter. We therefore chose RT-PCR as a more sen-
sitive assay method. Two sets of DNA primers were used;
primers p1 and p4 (exon 1 and exon 3) detect spliced tran-
scripts originating from the upstream promoter, and primers
p3 and p4 (intron 1 and exon 3) detect spliced transcripts
initiating from the CpG island promoter (Fig. 4). First-strand
cDNA was made from a variety of RNA samples primed with
oligo(dT). Amplified DNA molecules of the correct size were
detected by ethidium bromide staining following gel electro-
phoresis and confirmed by Southern blot hybridization to an
end-labeled internal DNA oligomer. This analysis was re-
peated several times and revealed that, in addition to being
active in testis, the I-Ab CpG island promoter was active in ES
cells but was not detectably active, after 25 cycles of PCR, in
cDNA samples from ovary, kidney, brain, liver, or spleen (Fig.
4). Activity of the normal I-Ab promoter was not detected in
ES cells but was strongly detected, as expected, in spleen and
kidney. A weaker PCR band was also detected in testis even
though Northern hybridization showed only trace amounts
(Fig. 2B). In all experiments, the correct fragments were de-
tected only in samples which contained reverse transcriptase in
the cDNA synthesis reaction. The same cDNA samples were
also used to amplify transcripts from the mouse aprt gene as a
control (Fig. 4).

Are most CpG island promoters active in ES cells? We
wished to examine whether other CpG island promoters of
tissue specific genes were also expressed in ES cells. Primers
were designed from a variety of CpG island-associated mouse
genes that are expressed tissue specifically in the adult. RT-
PCR analysis was carried out on ES cell cDNA by using prim-
ers from the 68-kDa neurofilament gene (45), the SCL gene,
which is expressed during hematopoiesis (5), the Twist gene,
which is expressed during embryogenesis and in adult skin
(67), and the MyoD1 gene, which is expressed during myogen-
esis (17, 72). In addition we tested genes which did not contain
CpG islands: those encoding b-globin (40), opsin (1), skeletal
muscle-specific a-actin (29), and casein (70). The results are
shown in Table 1. Transcripts were detected in ES cells from
three of the four genes which had CpG islands; SCL, 68-kDa
neorofilament, and Twist. We were unable to detect transcripts

FIG. 3. Mapping of transcriptional start sites originating from the I-Ab CpG
island. (a) Autoradiograph showing the results of S1 mapping using a 379-bp
end-labeled DNA probe (see panel c) annealed with 50 mg of total RNA in each
reaction. Samples were control tRNA (C), liver RNA (L), spleen RNA (S), testis
RNA (T), and marker (A). The arrowed band (P) indicates the position of the
full-sized probe which is fully protected in the spleen sample. The protected
bands in the testis RNA track are numbered according to distance (in bases)
from the intron 1/exon 2 boundary (see below). Faint bands at the top are
artifacts arising in the probe preparation. Samples were run on a 6% acryl-
amide–7 M urea gel. (b) Autoradiograph showing the results of RNase protec-
tion using a labeled antisense RNA probe prepared from the SmaI fragment
from intron 1. The probe was hybridized to 50 mg of tRNA (C) or total testis
RNA (T). Tracks A and G are random DNA sequence reactions used as a
marker (M). Reactions were treated with RNase for 15 min (tracks 1 and 4), 30
min (tracks 2 and 5), or 60 min (tracks 3 and 6). As in panel a, numbers at the
right indicate distance of protected fragments from the intron 1/exon 2 boundary.
The difference in sizes of protected fragments obtained by RNase protection and
S1 nuclease protection reflects the different mobilities of RNA and DNA mol-
ecules in denaturing gels. Samples were electrophoresed on 10% acrylamide–7
M urea gels. (c) Part of the mouse MHC class II I-Ab gene sequence (48).
Arrows show the positions of transcriptional start sites in testis as determined by
S1 protection. The boxed region indicates exon 2. The positions of the restriction
endonuclease sites SacI and NaeI, which were used to construct the pAbDSN
transgene, are underlined with a dashed line (deletion from 1348 to 1511). The
SmaI site, used to construct pAbDPS, is underlined (all sequences upstream of
position 1565 are deleted in this construct). The probe used for S1 analysis (S1)
extends from 1251 to 1625; the antisense RNase protection probe (R) extends
between 1562 and 1383.
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of the myogenesis gene MyoD1 in ES cells although it possesses
a CpG island. Conversely, transcripts from the b-globin, opsin,
skeletal muscle-specific a-actin, and casein genes, which are
highly tissue specific but lack CpG islands, were absent under
the same conditions.

Promoter inactivation can lead to methylation of the I-Ab
CpG island. Previous analyses have shown that embryonic cells
(ES cells and F9 cells) and transgenic mice have the ability to
recognize a CpG island and keep it free of methylation (11, 23,
39, 47). We wanted to test if this was also the case for the
mouse I-Ab CpG island and, in addition, if lack of methylation
was related to expression. A truncated I-Ab gene construct was
made by using a 3,364-bp fragment from the I-Abd gene (48)
which extends from a PstI site within exon 1 to an AccI site in
exon 3. The AccI end was ligated to a fragment from simian
virus 40 containing a polyadenylation initiation sequence. The
resulting construct (pAbpolyA) contained only the CpG island
promoter, as the normal promoter was deleted (Fig. 5a), and
transcripts originating from this promoter should be, on aver-
age, 720 bp. Thus, the transgene-specific transcripts could be
distinguished in size from the endogenous 1.4-kb transcript.
We produced six transgenic mouse lines with the pAbpolyA
construct, five of which were subjected to expression analysis.
Like the endogenous CpG island promoter, the transgene tran-
script was highly expressed in testis (Fig. 5b and c) but was not
present in spleen, kidney, or brain (Fig. 5b). The transgene was
also transcribed at lower levels in the ovaries of founder ani-
mals (data not shown).

It is interesting that the endogenous I-Ab gene in nontrans-
genic littermates was expressed at much lower levels in the
testis compared with BALB/c mice (Fig. 5b). These mice are
derived from an F2 cross between C57BL/6 and CBA/Ca par-
ents and provided the fertilized eggs which are the recipients of
the transgene DNA. Lower levels of endogenous gene expres-
sion in testis of nontransgenic littermates may be due to se-
quence differences in the intronic CpG island promoter region.
The transgenes are of the Abd haplotype, cloned from BALB/c
mice (48), and the C57BL/6 and CBA/Ca mice have the I-Abb

and I-Abk haplotypes, respectively (38). A comparison be-
tween the available genomic sequences, the I-Abd (48) and
I-Abb (42) haplotypes, revealed several polymorphisms in this
region, some of which may contribute to differences in expres-
sion.

Samples of DNA from the tails of pAbpolyA founder ani-
mals or from adult kidney, testis, or spleen were tested for
transgene methylation by using methylation-sensitive restric-
tion enzymes HpaII, SacII, and HhaI, which have multiple sites
within the CpG island (Fig. 1B). The transgenic DNA from all
six transgenic lines was cleaved with these enzymes and is

FIG. 4. The CpG island promoter of I-Ab is active in testis and ES cells.
RT-PCR analysis using cDNA samples prepared from testis, ES cells, ovary
(Ova.), kidney (Kid.), brain, liver, and spleen (Spl.) RNA derived from BALB/c
mice; 1 and 2 indicate with or without reverse transcriptase in the preparation
of cDNA. The results are presented as autoradiographs hybridized to an internal
labeled oligomer. PCR bands amplified from the CpG island (CGI) promoter
(top row) were obtained by using primers p3 and p4; those from the normal 59
promoter (middle row) were obtained with primers p1 and p4. A labeled primer
(p2) was used for Southern blot hybridization. The bottom row shows control
RT-PCR using the same cDNA samples, with primers from the mouse aprt gene.
The lower portion shows a CpG map plot of the I-Ab gene. The exon arrange-
ment of the gene is shown under the CpG plot, and the positions of primers p1
to p4 used for the RT-PCR analysis are numbered. Arrows above the CpG plot
refer to the transcriptional start sites for the normal promoter (I) and the CpG
island promoter (II). The spliced exon arrangements are shown underneath, and
the sizes of the RT-PCR bands with each of the primer sets are noted. Transcript
I is derived from the normal promoter, and transcript II is derived from the CpG
island promoter.

TABLE 1. RT-PCR data showing whether a specific gene is expressed in a particular mouse tissue or in ES cells

Type of gene

Expressiona

Testis ES cells Kidney Brain Spleen Muscle Skin Liver Eye Mammary
gland

With CpG islands
aprt 1 1 1 1 1 1
68-kDa neurofilament 1 1 2 1
SCL 2 1 2 2 1
Twist 2 1 2 2 1
MyoD1 2 2 2 2 1

Without CpG islands
Opsin 2 2 2 2 1
Casein 2 2 2 2 1
Skeletal a-actin 2 2 2 2 1
b-Globin 1 2 1 1 1

a 1, expression is detected by RT-PCR (observed by ethidium bromide staining and confirmed by using a labeled internal oligomer hybridized to Southern blots).
2, no PCR band is detectable. Samples which were not tested are assigned no symbol. In addition, each sample of RNA was incubated without reverse transcriptase
as a control; these samples did not show any PCR product in all cases.
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therefore nonmethylated at the tested sites. Examples of DNA
digested with methylation-sensitive HpaII and its methylation-
insensitive isoschizomer MspI are shown in Fig. 5d. Thus, the
integrated pAbpolyA transgenes have nonmethylated CpG is-
lands as does the endogenous gene.

To determine whether transcriptional activity is required to

prevent methylation, we attempted to inactivate the CpG is-
land promoter by making promoter-proximal deletions of
pAbpolyA. The pAbDSN transgene contains a 113-bp SacI/
NaeI deletion which removes some of the transcriptional start
sites and the region immediately upstream (Fig. 3c). In the
pAbDPS construct, all sequences upstream of a SmaI site (23

FIG. 5. Reduced promoter activity can lead to increased de novo methylation of the I-Ab gene CpG island. (a) Transgene constructs based on the mouse MHC
class II I-Ab gene. The distribution of CpG dinucleotides in the I-Ab gene, indicated by short vertical lines, is shown at the top. The clustered arrows indicate positions
of the transcriptional start sites in testis. The positions of HpaII sites relative to the gene sequence are also shown. Underneath the map plot is the normal exon
arrangement of the endogenous gene, and below this is shown the arrangement contained in each of the transgenes. The normal gene promoter is deleted in each
transgene. Positions of the BamHI (B) and AflII (A) sites are indicated. (b) Analysis of expression in transgenic mice. Total RNA extracted from brain (B), kidney (K),
spleen (S), and testis (T) hybridized to probe A from exon 2 (Fig. 2). Samples were derived from nontransgenic (C57BL6 3 CBA/Ca)F2 animals (CB6), BALB/c mice,
or a transgenic founder (P19) containing the pAbpolyA transgene. Note that BALB/c testis expression of the endogenous I-Ab gene is much higher than that of the
nontransgenic (CB6) littermates (undetectable at this exposure). Positions of the endogenous (E) and transgenic (T) transcripts are indicated. (c) Analysis of expression
from the testes of nontransgenic CB6 mice (C) or transgenic lines (numbered). In all cases, 10 mg of RNA was loaded except for the last two tracks (17 and 19), where
7 mg was loaded. The transgenes (Fig. 5a) are pAbpolyA, pAbDSN, and pAbDPS. Positions of the endogenous (E) and transgenic (T) transcripts are indicated. The
lower panel shows the same filter hybridized to the S26 ribosomal gene control probe. (d) Analysis of DNA methylation in animals carrying the undeleted control
transgene pAbpolyA (left; P11 and P16) or from the deleted construct pAbDPS (right). DNA from a nontransgenic littermate is also included in the right-hand panel
(CB6). DNA (10 mg) was cleaved in the pAbpolyA samples with AflII and BamHI or in the pAbDPS samples with BamHI alone (tracks B) or in addition to the
methylation-sensitive HpaII (tracks H) or its methylation-insensitive isoschizomer MspI (tracks M). Southern blots were probed with the BsaI fragment (Fig. 2D). In
both panels, positions of the transgene-specific band (T) and the endogenous band (E) are indicated. Positions of molecular weight markers are shown at the left. Note
that these are composite figures obtained from different gels and unequal exposures, and lower-molecular-weight bands do not always align exactly.

VOL. 18, 1998 INTRONIC CpG ISLAND PROMOTER IN I-Ab GENE 4439



bp upstream of the second exon) were removed from
pAbpolyA (Fig. 3c), thereby deleting all of the testis-specific
initiation sites and potential transcription factor binding sites
upstream. Transgenic lines were produced from these con-
structs, and transgene expression in adult testes was exam-
ined by Northern blot hybridization (Fig. 5). Transgene
transcription was detected in the testis samples from all
three founder pAbDSN transgenic lines and three tested
founder pAbDPS lines. However, the level of expression is
much lower than in the pAbpolyA transgenic mice (Fig. 5c).
Methylation of the DNA from transgenic animals was ana-
lyzed by using methylation-sensitive enzymes. Transgenic
DNAs from all six founder animals produced with the
pAbDSN transgene were found to be nonmethylated (data
not shown). However, 4 of 10 founder animals produced
with the pAbDPS construct showed extensive methylation of
the transgene, based on their resistance to cleavage by
HpaII (Fig. 5d). The results indicate that deletions of the
CpG island promoter and upstream regions are associated
with an increased frequency of de novo methylation of the
CpG island.

DISCUSSION

A promoter within a mouse MHC class II gene. Our moti-
vation for studying the MHC class II I-Ab gene was to test the
proposition that all CpG islands mark promoters and depend
for their existence on transcription. This well-studied gene was
thought to represent a serious challenge to the hypothesis for
two reasons. First, the I-Ab CpG island, like most other is-
lands, is nonmethylated in all tested tissues, including those
that do not express the I-Ab gene. The correlation between
transcription and lack of methylation was therefore absent.
Second, the CpG island is in an unusual place, far from the
I-Ab gene promoter, which is itself not associated with a CpG
island. We have demonstrated that this CpG island does in fact
harbor an alternative promoter which lies within intron 1 and
is active in embryonic and germ cells. The promoter is located
at the 59 edge of the CpG island, which extends downstream,
encompassing exon 2. Our finding of this novel promoter
strengthens the argument that CpG islands invariably contain
promoters. Moreover, the position of transcription initiation,
close to the periphery of the CpG island, is typical.

Transcripts from this island promoter are abundant in
BALB/c testis but are also found in ES cells. In addition, we
have detected expression from the CpG island promoter in
3.5d blastocysts by RT-PCR (data not shown). The normal
promoter is not active in ES cells, but low levels of expression
can be detected in testis by RT-PCR. Transcripts have previ-
ously been detected by using the I-Ab cDNA as a probe on
RNA isolated from mouse epididymal sperm cells (52). In
these experiments, the cDNA probe does not discriminate
between transcripts originating from the normal promoter and
the CpG island promoter. We have shown that the great ma-
jority of these transcripts are derived from the island promoter.
It is still controversial as to whether the I-Ab protein is located
on mouse sperm heads (44). Transcripts derived from the CpG
island promoter do not encode exon 1, and as the next initia-
tion codon is in exon 3, a putative peptide would lack the signal
sequence and external b1 domain (48). However, we cannot
rule out the possibility that such a truncated protein, contain-
ing only the dimerization and transmembrane domains, has a
function. Certainly any function of a putative peptide would
not be essential, as mice lacking MHC class II molecules have
a depleted T-cell repertoire and can show reduced growth but

are otherwise viable. However, these mice do not breed well
(16).

Downstream CpG islands have been observed in a variety of
genes, notably those that are tissue specifically expressed (24,
25, 43). In the case of the pro-opiomelanocortin (POMC) gene
and the apolipoprotein-AI and -E genes, the islands are lo-
cated over the extreme 39 exons of the genes concerned. Short
POMC transcripts that initiate at the edge of the downstream
POMC CpG island have been observed in various mammalian
species (see reference 25 for references). Notably, this CpG
island promoter is active in testis, ovary, and embryonic cells of
the mouse as well as a subset of other tissues (25). The result-
ing transcript could in theory give rise to some of the neu-
ropeptides that are normally processed from the translated
product of this gene, but the translation product appears to be
unprocessed in testis (15). Thus, as proposed for the I-Ab CpG
island transcript, it is possible that the POMC island-derived
transcript does not lead to a functional protein product. It has
recently been found that the intronic CpG island (region 2) of
the Igf2r gene is also associated with promoter activity (27a,
68). These examples further strengthen the connection be-
tween promoter activity, particularly in germ cells and embry-
onic cells, and CpG island formation.

We attempted to test the significance of the I-Ab CpG island
promoter by mutagenesis. Neither minor nor major deletions
in the presumed promoter region abolished transgene expres-
sion, but both led to significantly reduced levels of transcrip-
tion in testes of founders. All 6 founders with the small dele-
tion (pAbDSN) produced the nonmethylated CpG island, but
4 of 10 founders lacking the entire upstream region (pAbDPS)
showed extensive island methylation. Loss of immunity to
methylation with the large deletion, but not the small deletion,
may suggest the presence of a cis-acting sequence that persists
in DSN but is absent in DPS. As the effects of the two deletions
on transcription appears to be approximately similar in testes,
the putative demethylating sequence may not act via an effect
on promoter activity. In our view this interpretation is prema-
ture, as the number of founders is too low to be sure that the
probability of CpG island methylation differs significantly be-
tween the DSN and DPS constructs. In addition, transcription
of the two transgene constructs would be more usefully assayed
in early embryos rather than testes. We have unfortunately
been unable to detect transcription of the mutated or unmu-
tated transgenes in blastulae of transgenic mice by RT-PCR. It
is not clear whether the transgenes are inactive at this stage or
are transcribed at very low levels. In summary, the mutagenesis
experiments with the I-Ab CpG island are less clear-cut than
those with the aprt island (47), as point mutations in the latter
promoter reliably led to methylation of the CpG island. In view
of these uncertainties, the evidence for a causal relationship
between transcription of the intronic promoter and lack of
methylation at the I-Ab CpG island must be considered pre-
liminary.

An embryonic origin for CpG islands. If CpG islands arise as
a consequence of promoter activity, why do they remain meth-
ylation free in tissues where the CpG island promoter is inac-
tive? For example, the I-Ab island is nonmethylated in liver,
yet no CpG island-derived transcript is observed even by RT-
PCR. Also, the POMC CpG island transcript is apparently
absent in several tissues, and the human a-globin gene, which
falls entirely within a constitutively nonmethylated CpG island
(8), is silent in nonerythroid cells (69). The finding that CpG
island promoters are active in germ cells and embryos offers a
plausible explanation for the discrepancy, as all somatic cell
types are descendants of these lineages. Global de novo meth-
ylation changes take place during gametogenesis and mamma-
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lian embryonic development (35, 51, 58), and transcription
may protect CpG island sequences from methylation at these
developmental stages. Methylation analysis of founder trans-
genic animals shows that protection from de novo methylation
must occur in the early embryonic stages, as the transgenes
have not yet passed through the germ line (11, 39, 47). Thus,
the nonmethylated state of the CpG island may be established
in the early embryo and copied to the somatic lineages by
maintenance methylation. According to this scenario, the de-
cision to create a methylation-free island would be taken only
in totipotent cells.

We suggest that promoters that are active at the appropriate
totipotent stages invariably give rise to nonmethylated CpG
islands (Fig. 6). Consistent with this view is evidence for em-
bryonic transcription of a variety of CpG island-associated
genes that are expressed tissue specifically in the adult (see also
reference 24). MyoD1 is an exception, but it may be relevant
that in the Xenopus system, ubiquitous transient expression of
MyoD1 has been observed at the midblastula transition (57).
Transcriptional silence at this stage would, on the other hand,
invite de novo methylation. A subset of CpG islands that be-
come de novo methylated during mouse development, includ-
ing those at X-linked genes as well as transgenes, retroviral
proviruses, and some imprinted genes such as Xist, acquire
their methylation during the early stages of mouse embryogen-
esis (12, 32, 53, 56). In the cases of retroviral proviruses, inac-
tive X genes, and the inactive copy of the Xist gene, silencing
appears to precede de novo methylation (32, 46). Some other
imprinted genes with CpG islands remain partially methylated
at the blastocyst stage, and methylation becomes more exten-
sive after implantation (10, 62). Thus de novo methylation in
the early embryo has the character of a default condition (59),
affecting all sequences that are not specifically protected.

The mechanism that might connect embryonic transcription
with absence of methylation at the CpG island is obscure. It
has been suggested that active demethylation, perhaps via an
RNA intermediate, is responsible (64). It is also possible that

the demethylating mechanism is passive, due to exclusion of
the methyltransferase from a transcriptionally active CpG is-
land (50). Selker (59) proposed that bound transcription fac-
tors (and other sequence-specific proteins) that alter chroma-
tin structure or the timing or mechanistic requirements of
DNA replication could determine the methylation status of
DNA. Evidence that CpG islands depend on transcription ren-
ders less likely the idea that transcription factors such as Sp1
induce local demethylation by a mechanism that is indepen-
dent of transcription but does not rule it out. It is already clear
that Sp1 is not necessary for the demethylation process, as
CpG islands are methylation free in mouse embryos that have
no Sp1 gene (49). The CpG island promoter model is compat-
ible with this result, as it requires transcription per se for CpG
island formation rather than one particular transcription fac-
tor. Recently, data indicating that CpG island promoters serve
as origins of replication have been presented (18). This finding
raises the intriguing possibility that CpG islands are footprints
of replication initiation at embryonic promoters.

Functional significance of the MHC class II CpG islands. A
possible function of CpG islands is to ensure that the promot-
ers of the associated genes are free of high-density methylation
which will silence transcription. Preservation of the down-
stream CpG island of the MHC class II I-A b-chain gene has
a less obvious rationale, however, as the major promoter of the
gene is remote from the CpG island. A plausible explanation
for its existence is that the presence of the CpG island is
involved in maintenance of polymorphism of amino acids en-
coded by exon 2. Colocalization of the CpG island with the
polymorphic exon was first noted by Tykocinski and Max (64).
Later data emphasized the correlation, as the homologous
human MHC genes which encode the HLA-DQ, -DP, and -DR
b chains all contain CpG islands over the second exon, based
on CpG frequency. The polymorphic regions of the class I
chains also lie within CpG islands, and it has been suggested
that these GC-rich regions within class I and II genes may be
important in promoting polymorphism (64). Base substitutions

FIG. 6. Transcription-related origin for CpG islands. Transcription of CpG island promoters in the early cleavage stages would protect these regions from the global
de novo methylation which occurs at implantation. This nonmethylated profile, once established, would then be maintained in the somatic tissues of the adult mouse.
The open rectangles represent nonmethylated DNA; the filled areas represent methylated regions. The horizontal arrows indicate active transcription.
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(within the island) of mouse class I genes may be due to gene
conversion (54). Also, polymorphisms in class II b chain genes,
in the second exon of the mouse I-Ab chain gene (60), and
between alleles of the HLA-DPB1 gene in the human germ
line (71) have been attributed to interallelic gene conversion.
We suggest that germ line transcription facilitates genetic ex-
change between related sequences, thereby sustaining poly-
morphism of exon 2. Specifically, exposure of the DNA for
strand invasion may be aided by the relatively decondensed
nature of transcribed CpG island chromatin (63). According to
this view, the functional significance of this CpG island would
be confined to totipotent cells.
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