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ABSTRACT Mouse Sip, a duplicate of the fourth comple-
ment component (C4) gene, exhibits EDTA-independent com-
plement activity with a hepatic expression that is male spe-
cific. To provide an underlying mechanism for the male-
specific expression, we have analyzed the promoter activity of
the various 5’-flanking sequences and CpG demethylation of
the Sip gene. Transient transfections using HepG2 cells indi-
cate that the element TTCCGGGC (nt —124 to —117) regu-
lates the promoter activity. Moreover, CpG at position —121
of this regulatory element is demethylated to a much higher
degree in males than in females. This sexually dimorphic DNA
demethylation is consistent with the male-specific expression
of the Slp gene in DBA /2 males. The regulatory element binds
to the different TTCCGGGC-specific nuclear proteins de-
pending on the methylation of the CpG site. In contrast, the
corresponding CpG at position —119 of the C4 gene, which is
expressed in both males and females, is demethylated at equal
and high levels in both sexes. We therefore propose that the
DNA demethylation and methylation-sensitive transcription
factors may be a part of the regulatory mechanism for the
male-specific expression of the Sip gene.

DNA methylation is known to regulate cellular physiology by
altering gene expression. It is also programmed in the growth
and developmental processes (1-4). In general, methylation is
inversely associated with gene expression. This report exam-
ines the possibility that sexually differentiated expression of
the Slp gene is also regulated by DNA methylation.

Slp is encoded by the S region of the major histocompati-
bility complex and mediates EDTA-independent complement
activity (5-8), which may play a role in the mobilization of
additional polymorphonuclear leukocytes to inflammation
sites (see, however, ref. 9, which suggests that Slp has no
biological function). Despite the high identity (95%) of the
nucleotide sequences, the mouse Slp and C4 genes display
distinct patterns of expression. The former gene is expressed
only in adult male mice with certain H-2 haplotypes such as
H-2¢ and H-2°. In contrast, the latter gene is expressed in both
females and males regardless of the H-2 haplotype. It was once
thought that androgen regulates the male-specific expression
of the Slp gene. Moreover, a putative androgen-response el-
ement is located within a 160-bp fragment 2 kbp upstream of
the Sip gene (10, 11). These previous studies, however, are
contradicted by a recent finding that it is growth hormone that
directly regulates the expression (12). Therefore, a role of this
element in male-specific transcription remains to be further
evaluated. The Slp gene, therefore, needs to be studied from
other possible directions to associate its specific expression
with a cis-acting element.

In a manner similar to Slp expression, hepatic steroid 16a-
hydroxylase cytochrome P450 2d-9 is also expressed specifi-
cally in the adult male mice and is regulated by growth hor-
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mone at the transcriptional level of the gene Cyp2d-9 (13-17).
A regulatory element of the Cyp2d-9 promoter has been char-
acterized by a phylogenetic comparison with the other mem-
bers within the gene subfamily (18). Furthermore, we have
recently found that the levels of CpG methylation in this
element are inversely associated with the male-specific expres-
sion of the Cyp2d-9 gene. In this paper, we compare the
promoter sequences of the two male-specific genes so as to
identify the conserved regulatory element. We then determine
the promoter activity and the CpG methylation of the element.
DNA methylation as a general mechanism for sex-specific
gene expression will be discussed.

EXPERIMENTAL PROCEDURES

Construction of Plasmids. To construct a series of pSlp-
CAT plasmids, we amplified various portions of the Sip gene
promoter using PCR kits (Perkin-Elmer/Cetus) and specific
primers based on the reported sequence of the Slp gene (7).
These primers were also designed to create the HindIlI site at
the 5’ end. The 3’ primer used was 5'-GGGTCTAGAG-
GATCCAGGAGAGGTCAACCT, in which the Xba I site is
underlined. In addition, the following 5’ primers were used:
pSIp(—248)CAT, 5'-GGGAAGCTTGTACTGGGAATA-
AACAAG; pSlp(—142)CAT, 5'-GGGAAGCTTCTTGAC-
CATCACGTGGTTTCCGGG; pSlp(—124)CAT, 5'-GGGA-
AGCTTTTCCGGGCTCATGGGTC; pSlp(—116)CAT, 5'-
GGGAAGCTTTCATGGGGTCAAAGGGAG; pSlp(—124)/
M(—121)CAT, 5'-GGGAAGCTTTTCaGGGCTCATGGG-
GTC. The created HindIlI sites are underlined, and the mutated
nucleotide at position —121 is indicated by a lowercase letter. The
amplified promoter DNAs were digested by HindIII and Xba I,
ligated into the corresponding cloning sites of the pCAT-Basic
vector (Promega), and transformed into Escherichia coli HB101
cells. The plasmids were purified by CsCl centrifugation and
verified by DNA sequencing.

Cell Culture, Transfection, and Chloramphenicol Acetyl-
transferase (CAT) Activity. Human hepatocellular carcinoma
HepG2 cells were cultured in minimum essential medium
Eagle (Sigma) supplemented with 10% (vol/vol) fetal bovine
serum, penicillin (100 units/ml), and streptomycin (100 ug/
ml) at 37°C. At 24 hr prior to transfection, HepG?2 cells were
transferred to plastic plates (60-mm diameter). Using the
calcium phosphate/DNA coprecipitation method provided by
the CellPhect transfection kit (Pharmacia), each pSlp-CAT
DNA (2 pg) was transfected into HepG2 cells at 37°C for 12
hr. The transfected cells were then washed twice with PBS
solution and cultured in the medium at 37°C for 40 hr. To
measure the CAT activity, the harvested cells were lysed by
freezing and thawing. Then the heat-treated cell extract (5 ug
of protein) was incubated with [**C]chloramphenicol, accord-
ing to Gorman et al. (19).

Abbreviation: CAT, chloramphenicol acetyltransferase.
*Communication of this paper was initiated by Donald Shreffler and,
after his death (August 8, 1994), completed by Ray D. Owen.
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Genes Promoter Sequences Sex-Specificity
C4 gene: 2TC'ACGTGGTTTCCCGGCTCA  Male and Female
I:Slp gene: 1BTCACGTGGT SEEEE T C A Male
Cyp2d-9:  ®TCCTCCCTATTCEEEEECAA Male
[ Cyp2d-10:  "®TCCTCCCTACAGGTGGACAA  Male and Female

Fic. 1. Nucleotide sequence comparisons. The nucleotide se-
quences from the 5'-flanking regions of the Slp and C4 genes (7) are
compared with those from the Cyp2d-9 and Cyp2d-10 genes (16).
Potential CpG methylation sites are underlined, and the conserved
sequence is shaded.

Gel-Shift Assay. Fifty adult CD-1 mice were used to obtain
nuclear extracts as described by Gorski et al. (20). Each oli-
gonucleotide, synthesized with an Applied Biosystems DNA/
RNA synthesizer, was annealed to its complement and labeled
by using [a-32P]dATP (>6000 Ci/mmol; Amersham; 1 Ci = 37
GBq) and the Klenow fragment of DNA polymerase. Meth-
ylated oligonucleotides were prepared by including 5-methyl-
cytosine during the appropriate cycle of synthesis. Each ra-
dioactive probe (=~20,000 cpm) was incubated with 5 ug of
male liver nuclear proteins in 10 ul of 20 mM Tris'HCI buffer
(pH 7.5) containing 1 ug of poly(dI-dC), 50 mM NaCl, 0.1 mM
dithiothreitol, and 10% (vol/vol) glycerol at room tempera-
ture. An ~50-fold excess of unlabeled oligonucleotide was
used for competition experiments.

Sequencing of the Sodium Bisulfite-Treated Promoter.
Genomic DNAs were prepared from the livers of 2-month-old
CD-1 (Charles River Breeding Laboratories) and DBA/2 (The
Jackson Laboratory) males and females using the SDS/
proteinase K method, digested with Pst I, and then subjected
to sequential reactions to determine CpG methylation patterns
according to Frommer et al. (21). The oligonucleotide primers
were synthesized based on the reported sequences of the Sip
and C4 genes (7). The top strand of promoter sequence (nt
—196 to —36) of the Slp gene was amplified using 10 pl of the
bisulfite-reacted DNA as a template and the oligonucleotides
5'-GGGTCTAGAAGATTTTGGTGTTTGGGTTGT and
5'-GGGTCTAGACTAACTATCTACTCCCTTCTA as the
5’ and 3’ primers, respectively. The underlined regions indicate
that an Xba I site was added at each end of the amplified
DNAs. The —194 to —37 region of the C4 gene was also
amplified using the same primers. Amplified DNAs were
digested with Xba I and cloned into M13mp19 vectors for DNA
sequencing. Variations of the bisulfite reaction were measured
as follows: pBluescript plasmid Q ug) was methylated in vitro
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by Hpa 11 methylase and included during the bisulfite reac-
tions. The plasmid DNA was amplified using the oligonucle-
otides 5'-GGGTCTAGAAATTTAATTTTTATTAAAG-
GG and 5'-GGGTCTAGATATAATACAACTCACTATAA
as 5’ and 3’ primers, respectively, and sequenced.

RESULTS AND DISCUSSION

Nucleotide sequences of two sets of gene pairs are compared:
the Slp and C4 genes, which are two different isotypes, and the
Cyp2d-9 and Cyp2d-10 genes, which are members of the mouse
cytochrome P450 2D subfamily (Fig. 1). Cyp2d-9, which en-
codes a hepatic steroid 16a-hydroxylase cytochrome P450, is
selected for the comparison since it is expressed only in adult
male mice (15, 16). In contrast, the C4 and Cyp2d-10 genes are
expressed similarly in both sexes. Although Slp and Cyp2d-9
are members of the different gene families and located on
different chromosomes, they share the conserved sequence
TTCCGGGC in their 5'-flanking regions. While this sequence
is located in the middle of the strong Cyp2d-9 promoter (18),
CpG at position —97 [CpG (—97)] in the sequence is de-
methylated completely (93%) in adult males but only partially
(48%) in adult females (unpublished results). The correspond-
ing sequence also provides the Slp gene with a potential
methylation site at position —121. Both sites are either elim-
inated by the nucleotide mutations in the Cyp2d-10 gene or
shifted downstream to position —119 in the C4 gene. In
addition to the unique CpG (—121), Slp contains another CpG
at position —130, which lies within the region we are compar-
ing. Since this CpG is also conserved at position —129 in the
C4 gene, it appears to be a common CpG site for the both Sip
and C4 genes.

It is known that the 5'-flanking regions up to positions —244
or —189 of the Slp gene possess the promoter activity in the
transfected HepG2 cells (7, 8). Although transfection does not
measure directly sex-limited promoter activity, Nonaka et al.
(7) previously found that the Sip and C4 promoters exhibited
different activities. Conversely, Miyagoe et al. (8) have recently
reported that there is no difference in promoter activity.
Nevertheless, these regions contain the conserved sequence
TTCCGGGC (nt —124 to —117), and the role of this sequence
for the promoter activity has not been examined specifically.
Therefore, successive 5’'-deletion mutants of the Slp promoter
were constructed with or without the presence of this se-
quence, placed in front of the CAT reporter gene, and then
transfected into HepG?2 cells to measure their promoter ac-
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Relative CAT Conversion (%)

PSIp(-248)CAT PSip(-142)CAT

PSip(-124)CAT

pSIp(-116)CAT  pSip(-124)/M(-121)

FIG. 2. Slp promoter activity in HepG2 cells. Each deletion construct was transfected into HepG2 cells, and its activity was measured as the
conversion rate of chloramphenicol to its acetylated forms as described in Experimental Procedures. Standard errors were obtained from four

independent results.
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tivities (Fig. 2). pSlp(—124)CAT, which included the con-
served TTCCGGGC (—124 to —117) sequence, displayed
strong promoter activity. Activity was dramatically decreased
by the removal of this sequence from the promoter. Moreover,
the C — A mutation at position —121 decreased the activity
of pSlp(—124)CAT to the low level observed with
pSlp(—116)CAT. The results indicate, therefore, that TTC-
CGGGC (—124 to —117) is the regulatory element that plays
the key role in the Slp promoter activity. In addition, the
activity strongly depends on the type of nucleotide at position
—121, the potential methylation site in the regulatory element.
For technical reasons, it was not possible to directly determine
whether the methylation at position —121 interfered with the
promoter activity in HepG2 cells. Furthermore, HepG?2 cell
may not maintain an in vivo phenotype for sex-specific gene
expression. We therefore decided to measure the in vivo meth-
ylation pattern of CpG (—121) in the Slp gene and compare it
with other CpG sites in Slp and C4 genes.

For that purpose, we have sequenced bisulfite-treated
genomic DNA (Fig. 3)-to determine the methylation levels at
the unique CpG (—121) and common CpG (—130) sites of the
Slp gene in female and male livers from DBA/2 and CD-1
mice. Slp was first reported as a variant serum protein with
whose expression was associated with H-2 locus (22). Subse-
quently, more extensive studies have concluded that, while the
Slp gene is expressed only in adult male mice with certain
haplotypes including H-24 and H-2, it is not expressed in either
sex with other haplotypes such as H-2°, H-2%, and H-24 (23, 24).
In contrast, the C4 gene is expressed in both females and males
regardless of the H-2 haplotype. In DBA/2 mice carrying the
H-2¢ haplotype, the Slp gene is expressed only in males (6).
CpG (—121) but not CpG (—130) exhibits a demethylation
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FiG. 3. Sequencing of bisulfite-treated genomic DNA. The three
sequences with different methylation patterns of the Sip gene are
shown. Genomic DNA here was prepared from DBA/2 mice. The
following symbols are used: m—, not methylated; m+;, methylation at
position —121; m. 2, methylation at both positions —121 and —130. A
bracket with a broken line indicates the sequences of the Sip gene.
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FiG. 4. Level of CpG methylation. The levels of CpG methylation
are shown as percentages of the total number of sequences (indicated
by N at bottom of each bar). Open and closed bars represent meth-
ylation in the female and male mice, respectively. We prepared two
independent, bisulfite-treated DNAs and performed two separate
amplifications from each of these two DNA samples. The values in this
figure were obtained by adding together the bisulfite sequences from
similar numbers from each amplified DNA template. The average
error of this deamination method to measure the methylation levels
was ~10%.

pattern that agrees with the specific expression of the Slp gene
in DBA/2 males (Fig. 4). CpG (—121) of the gene is de-
methylated ~3 times greater in males than females (70%
versus 23%). Consistent with the association of the high meth-
ylation level with the repression of the gene in DBA/2 mice is
the observation that CpG (—121) is heavily methylated in the
both sexes of. CD-1 mice (70-60%). CD-1 mice carry the H?
haplotype and do not express the gene at a detectable level of
Slp mRNA in either sex. CpG (—130) of this gene, on the other
hand, is always highly demethylated regardless of the sex and
strain of mouse. In addition, the C4 gene, which is expressed
in all of the mice tested, is always demethylated at the CpG
(—119) as well as the CpG (—129) sites. Over 90% of the CpG
sites in the in vitro-methylated pBluescript were found to
always be methylated. Hence, CpG (—121) is the only site with
methylation levels associated with the expression of the Sip
gene in both DBA/2 and CD-1 mice. It remains, however, to
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be determined whether any linkage exists between the de-
methylation and H-2 haplotypes.

It is interesting that the basal methylation levels differ
significantly in the two strains of mice [“basal level” is defined
as the methylation of CpG (—130) in the Slp gene as well as at
both CpG sites in the C4 gene]. These sites are methylated at
higher levels in DBA/2 than in CD-1 mice (Fig. 3). Assuming
that the methylated gene is inactive, this evidence suggests that
the number of genes that can potentially be activated is dif-
ferent in each strain of mice. For example, over 95% of the
time, demethylation of CpG (—130) coincides with that of CpG
(—121). As a result, the sex-specific expression of the Slp gene
must be determined by not only the absolute level of de-
methylation at CpG (—121) but also relative differences in
demethylation levels between sexes. Another intriguing find-
ing is that CpG (—121) of the Sip gene is demethylated to some
degree even in mice (DBA/2 males and both males and fe-
males of CD-1) that appear not to express the gene. This
demethylation may result in low-level expression of the Sip
gene in female mice. Unfortunately, experimental procedures
may be involved in producing low levels of demethylation,
since genomic DNA for our experiments was prepared from
liver tissues containing other types of cells such as Kupffer and
blood cells in addition to hepatocytes. Although only hepato-
cytes express the Sip gene, they account for approximately half
of the genomic DNA prepared from liver tissue. Most of the
demethylation observed in the DBA/2 female and CD-1 male
and female mice may be accounted for by the nonhepatic cells.

An oligonucleotide (TTCCGGGC), was prepared with and
without CpG methylation from which a gel-shift assay was
performed (Fig. 54). The results indicate the presence of
different nuclear proteins that specifically bind to either the
unmethylated or the methylated probes. Since an Sp1 consen-
sus does not compete, these proteins are not Spl or Spl-
related proteins. It remains, however, to be tested whether the
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proteins represent the known methylation-sensitive transcrip-
tion factors and methyl-CpG-binding proteins such as MeCpl1
(1). Among the organs tested, both the methylation-sensitive
and the methyl-CpG-binding proteins are present in liver,
brain, and heart but not in kidney, spleen, and testis (data not
shown). This tissue-dependent coexpression implies that these
two proteins are a pair of factors that regulate a gene through
the regulatory element TTCCGGGC, most likely as a part of
a large regulatory complex. Might the C4 gene be regulated by
binding of the same proteins to the corresponding sequence
TTCCCGGC (—123 to —116)? A gel-shift binding is observed
with the methylated (TTCCm3CGGC), but not with the un-
methylated (TTCCCGGC), probes (Fig. 5SB). Additionally,
the methylated probe of the C4 gene binds to a different
protein from that binding to (TTCm3’CGGGC); of the Slp
gene. This protein, which binds to (TTCCm*CGGC)s, is ubig-
uitously distributed in all organs tested, including liver, kidney,
spleen, heart, brain, and testis (data not shown). Hence, the Sip
and C4 genes appear to be regulated by different nuclear
proteins, although they are homologous genes sharing high
nucleotide identity and similar G+C-rich sequences.
Disruption of the mouse DNA methyltransferase gene
shows that DNA methylation is programmed in the develop-
mental processes (1-4). For instance, cell transformation re-
sults in a high degree of DNA methylation (25), whereas
demethylation of the myoD or another regulatory gene leads
to myogenesis (26). The parental imprinting of the H-19 and
Igf-2 receptor genes is regulated by allele-specific methylation;
the promoters are methylated in the inactive paternal genes
and demethylated in the active maternal copies (27). Our
present studies show that the regulatory element of the Sip
gene undergoes sex-dependent DNA demethylation in accor-
dance with the expression in male mice and binds to the
specific factors depending on the methylation patterns. In
addition to these previously reported regulation mechanisms,
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FiG.5. Gel-shift assay. Nuclear extracts used for this experiment were prepared from CD-1 male mice. The probes used were (TTCCGGGC);
and (TTCm*CGGGC); from the Slp and Cyp2d-9 genes (4) and (TTCCCGGC); and (TTCCm>’CGGC), from the C4 gene (B). An approximately
50-fold excess of unlabeled oligonucleotide was used for the competition experiment. The binding complex formed with (TTCCm3CGGC), migrated
faster than that with (TTCm’CGGGC),. In addition, no cross competition was observed. Arrows indicate the binding complexes.



1306 Genetics: Yokomori ef al.

the sex-specific gene expression can also be regulated by DNA
methylation. Until direct evidence indicating that the methyl-
ation of CpG site inhibits gene transcription, other possibilities
remain to be excluded. The demethylation, for example, can
indirectly affect the gene transcription by altering chromatin
structure, or it may be a secondary phenomenon caused by
another sex-dependent modification occurring at a topologi-
cally different site of the Slp gene.

In conclusion, the male-specific Slp gene contains the meth-
ylation site at CpG (—121) within the conserved regulatory
element TTCCGGGC (—124 to —117). This CpG site is
preferentially demethylated in adult male mice concordantly
with their male-specific expressions in DBA/2 and CD-1 mice.
In addition, the element binds to the specific nuclear proteins
depending on the methylation pattern of the CpG site. We
conclude, therefore, that the element and additional protein
factors may be a part of the general mechanism of the sex-
specific gene expression including the Sip gene.

We especially thank Dr. Kaoru Aida for his helpful discussion
throughout this research. Our sincere thanks are also due to Drs. Joyce
Goldstein, Cary Weinberger, and Lee Pedersen and colleagues in the
Pharmacogenetics Section for critical reading of this manuscript.
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