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Soggy (Sgy) and Tead2, two closely linked genes with CpG islands, were coordinately expressed in mouse
preimplantation embryos and embryonic stem (ES) cells but were differentially expressed in differentiated
cells. Analysis of established cell lines revealed that Sgy gene expression could be fully repressed by methyl-
ation of the Sgy promoter and that DNA methylation acted synergistically with chromatin deacetylation.
Differential gene expression correlated with differential DNA methylation, resulting in sharp transitions from
methylated to unmethylated DNA at the open promoter in both normal cells and tissues, as well as in
established cell lines. However, neither promoter was methylated in normal cells and tissues even when its
transcripts were undetectable. Moreover, the Sgy promoter remained unmethylated as Sgy expression was
repressed during ES cell differentiation. Therefore, DNA methylation was not the primary determinant of
Sgy/Tead2 expression. Nevertheless, Sgy expression was consistently restricted to basal levels whenever down-
stream regulatory sequences were methylated, suggesting that DNA methylation restricts but does not regulate
differential gene expression during mouse development.

The average spacing of genes in human cells has been esti-
mated to be 85 kb (22, 48). However, the number of closely
spaced, divergently expressed genes is surprisingly high (1). In
some cases, two closely spaced genes are transcribed in the
same cells (coordinately expressed), whereas in other cases,
only one of the two genes is transcribed in a particular cell type
(differentially expressed). A common feature of these bidirec-
tional loci is the presence of a high density of unmethylated
CpG dinucleotides (CpG islands), suggesting that DNA meth-
ylation may regulate their expression during animal develop-
ment. To evaluate this hypothesis, we compared expression
and DNA methylation at the Soggy (Sgy)/Tead2 gene locus in
mouse cells and tissues.

The Sgy/Tead2 locus provides not only an example of two
closely spaced, divergently transcribed genes but a unique par-
adigm for differential regulation of gene expression during
mammalian development. Mammals contain four highly con-
served genes that were originally named transcription en-
hancer factor or TEF genes but which have been redesignated
TEA domain or Tead genes by the mouse genome project
(www.informatics.jax.org; references 14, 15, and 18 and refer-
ences therein). These genes encode site-specific DNA binding
proteins that, in the company of the transcriptional coactivator
YAPGS, can activate expression of genes in a variety of embry-
onic and adult cells (47). Tead2 (TEF-4), like other Tead
genes, is expressed to various extents in many cells and tissues
(references 17 and 18 and references therein). However,

* Corresponding author. Mailing address: National Institute of
Child Health and Human Development, Building 6, Room 416, Na-
tional Institutes of Health, 9000 Rockville Pike, Bethesda, MD 20892-
2753. Phone: (301) 402-8234. Fax: (301) 480-9354. E-mail:
depamphm@mail.nih.gov.

1968

Tead2 is the only Tead gene expressed in mouse embryos
during the first 7 days of development (17, 50), suggesting that
it plays a unique role at the beginning of mammalian develop-
ment by allowing preimplantation mouse embryos to utilize
Tead-dependent promoters and enhancers (17, 24, 26). Sgy is
a novel single-copy gene whose mRNA start site is located only
3.8 kb upstream of the Tead2 mRNA start site (19). The
function of Sgy is unknown, but it is presumed important
because of its restricted expression pattern in the adult and its
partial homology to the Dickkopf gene family, potential effec-
tors of the Wnt signaling pathway (19). Since Tead2 and Sgy
are transcribed in opposite directions, their regulatory ele-
ments lie in close proximity. In fact, the same locus is found in
humans on chromosome 19q13.3, except that the two mRNA
start sites are separated by only 1.5 kb. Both mRNA start sites
lie within CpG islands (this report). Moreover, the Sgy/Tead2
locus (chromosome 7, 23.0 cM) lies adjacent to the imprinted
region of chromosome 7 corresponding to Prader-Willi/An-
gelmann syndromes (20), suggesting that one or both genes
may be imprinted.

In the examples reported so far, Sgy and Tead2 appear to be
differentially expressed; either Tead2 or Sgy is expressed in a
particular cell type, but the two are never expressed together.
In adult mice, Tead2 is expressed strongly in heart and lung
tissues and the granulosa cells of the ovary and weakly in
several other tissues. Furthermore, Tead2 and its transcrip-
tional coactivator YAP65 are enriched in embryonic, neural,
and hematopoietic stem cells (30). In contrast, Sgy appears to
be expressed only in the developing spermatocytes of seminif-
erous tubules and in lymphocytes.

In principle, DNA methylation could govern differential
gene expression at bidirectional loci by preventing expression
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of one gene while allowing expression of the other. Clearly,
differentiated cells first appear during blastocyst formation
with a separation of embryonic stem (ES) cells (inner cell mass
[ICM]) from trophoblasts (cells forming the outer layer). After
implantation, most CpG sequences are progressively methyl-
ated, except for those located in the promoter region of active
genes (32). Thus, active promoters are frequently associated
with CpG islands (44). Methylation of CpG dinucleotides is
commonly correlated with loss of gene expression both in vivo
and in vitro (6, 29, 40). However, hypermethylation of CpG
islands in some cell lines appears to be an intrinsic property of
the cell line rather than the tissue from which it originated
(41). Furthermore, the absence of a change in the DNA meth-
ylation pattern of several tissue-specific genes during develop-
ment either of wild-type or of DNA methyltransferase-defi-
cient mouse embryos suggests that CpG methylation is a
consequence rather than a cause of the transcription repres-
sion seen (reference 49 and references therein). In this capac-
ity, DNA methylation may serve primarily to ensure that
repressed genes remain silent. Moreover, while DNA methyl-
ation has been linked directly to X chromosome inactivation,
genomic imprinting, and silencing of transposable elements, a
direct role for DNA methylation in regulating gene expression
during animal development has yet to be demonstrated (33, 42,
49).

We reasoned that if DNA methylation is the primary factor
in determining which of two closely spaced genes is expressed
in a particular cell type, there should exist a strict correlation
between the methylation status of a gene’s regulatory region
and its expression. This correlation should exist in normal cells
such as germ cells, preimplantation embryos, ES cells, spleno-
cytes, and tissues, as well as in established cell lines. Moreover,
changes in DNA methylation should accompany changes in
gene expression in normal cells. We found that while DNA
methylation can differentially regulate the expression of two
closely linked genes such as Sgy and Tead2 in established
mouse cell lines, DNA methylation is not the primary deter-
minant of Sgy/Tead2 expression patterns during mouse devel-
opment. Nevertheless, DNA methylation of downstream reg-
ulatory sequences did appear to restrict expression of the Sgy
gene to basal levels in both normal cells and established cell
lines.

MATERIALS AND METHODS

Cells, tissues, and nucleic acid isolation. CCE ES cells were from StemCell
Technologies. LC12, M109, CA51, and MC38 cells were from the National
Cancer Institute Frederick Cancer Research and Development Center DCT
Tumor Repository. All other cell lines were from the American Type Culture
Collection. The lymphocytes (splenocytes) were purified from spleen tissue iso-
lated from 10-week-old BALB/c females (21). Preimplantation embryos and
oocytes were isolated from CD-1 mice (17). ES cells and embryoid bodies were
cultured as previously described (37). Genomic DNA was isolated from sperm of
14-week-old CD-1 males (8) and from other cells (39), and total RNA was
isolated from cells as previously described (17).

Methylation-sensitive restriction enzyme assays. Fifteen micrograms of
genomic DNA from either EL4 or TM3 cells was digested with Sacl (40 to 80 U,
37°C, 16 h; Roche), precipitated with ethanol in the presence of 2.5 M ammo-
nium acetate, resuspended in water, and combined with 100 pg of pBluescript-
NE. This plasmid DNA consisted of Bluescript KS plasmid (Stratagene) modi-
fied by inserting double-stranded oligonucleotides with restriction sites for Nsbl
and Eco471II between the Sacl and Kspl sites. The appropriate buffer and
enzyme were added, and the following mixture was incubated at 37°C (Smal at
25°C) for 16 h: 5 U of Cfr101, 12.5 U of Kspl, 5 U of Smal, 12.5 U of Xhol, 10

DIFFERENTIAL GENE EXPRESSION AT THE Sgy/Tead2 LOCUS 1969

TABLE 1. PCR primers used in this study

Sequence

Primer

.CCGACATTGAGCAGAGTTTTCAGG
.CTTCACGTCTGGAACATTCCATGG
ACTGAGGGTCTTGCTGCTGCT
GGAAGTTCCTAGGAAGGTCTC
.CCCTTCATTGACCTCACTACATGG
.CCTGCTTCACCACCTTCTTGATGTC
.AAGGCCTAATCTCAGAAGC
CATAAACCATCACTCTTGGG
ACCCAGAAGACTGTGGATG
.GATGGTATTCAAGAGAGTAGGG
.GACTAAGAGCTGGGACAC
TTCTGGCCACTTGTCTTTGC

U of Bsh1285I, 10 U of Nsbl, 2.5 U of Eco47111, and 5 U of Psp1406. The buffer
recommended by the enzyme manufacturer was used. NsbI was from Fermentis,
and all others were from Roche Molecular Biochemicals. DNA was then pre-
cipitated with ethanol-ammonium acetate, resuspended in Tris-EDTA (pH 8.0),
fractionated by electrophoresis in 0.7% agarose (Tris-borate-EDTA buffer),
transferred to Nytran N membrane (Schleicher & Schuell), and hybridized with
a 3?P-labeled 2.1-kb Sacl/Xhol DNA fragment (see Fig. 6A) (19). The blot was
stripped and reprobed with 3?P-labeled plasmid DNA.

RT-PCR assay. Reverse transcription (RT)-PCR assays were carried out as
follows. Five micrograms of total RNA was transcribed with Superscript 11
reverse transcriptase (Invitrogen) by using random primers, and then 10% of the
cDNA reaction mixture (2 pl) was amplified with Platinum 7aq polymerase
(Invitrogen) in accordance with the manufacturer’s protocol. Gene products
were detected with PCR primers 1 and 2 (Tead2), primers 3 and 4 (Sgy), and
primers 5 and 6 (glyceraldehyde-3-phosphate dehydrogenase [GAPDH]) (Table
1) as previously described (17). Reactions were carried out for the indicated
number of cycles. One-tenth of the reaction mixture (5 pl) was then fractionated
by electrophoresis in a 10% polyacrylamide gel with Tris-borate-EDTA buffer
(Bio-Rad), and the DNA was visualized by staining with ethidium bromide.

Poly(A)* PCR assay. Quantitative RT-PCR assays [poly(A)* PCR] were
carried out as previously described (3, 37), with modifications. The PCR con-
tained 5 U of Platinum Tag Polymerase (Invitrogen). One-tenth (5 ul) of the
PCR product was fractionated in a 1.2% agarose gel (Tris-borate-EDTA buffer)
and then transferred to a Zeta-probe GT membrane (Bio-Rad). A probe com-
plementary to the 3’ end of Tead2 was generated by PCR amplification of
full-length Tead2 cDNA (17) with primers 7 and 8 (Table 1). The Sgy probe
consisted of the entire Sgy cDNA containing the 3’ untranslated region (19).
GAPDH and Rex-1 probes were generated with 3 ug of total RNA from undif-
ferentiated CCE ES cells. Reverse transcription with oligo(dT) primers was
carried out as described above, and 10% of the reaction product was amplified
for 25 cycles with 2.5 U of Platinum 7aq polymerase (described above) and
primers 9 and 10 for GAPDH or primers 11 and 12 for Rex-1 (Table 1). The
amplified product (amplicon) was purified by gel electrophoresis, cloned, and
sequenced. A Prime-It RmT Random Primer Labeling Kit (Stratagene) and
6,000 Ci of dCTP (Amersham) per mmol were used to label 25 ng of probe,
which was then purified through a ProbeQuant G-50 Micro column (Amersham).
Southern blotting-hybridization analyses were carried out as previously described
(19).

Bisulfite genomic sequencing. Bisulfite genomic sequencing was carried out as
previously described (25, 35), with modifications. pGEM 3Zf(+) (100 ng; Ap-
plied Biosystems) and 20 U of SacI (Roche) were added to lysates (prepared as
previously described [25]) of 80 to 100 oocytes, 75 to 375 two-cell embryos, or 20
to 200 morulae and then incubated overnight at 37°C. For all other samples, 100
ng of genomic DNA was digested with Sacl in the presence of 100 ng of pPGEM
3Zf(+). Bisulfite treatment and subsequent purification were carried out as
already described, except that the digested genomic DNA was frozen and thawed
twice (—80°C and room temperature) and then heated at 100°C for 10 min
before addition of NaOH to ensure complete denaturation. One-fifth of the
bisulfite-treated DNA was resuspended in 20 pl of H,O, amplified by PCR (5
min at 94°C and then 30 to 40 cycles of 30 s at 94°C, 30 s at 48°C, 1 min at 72°C,
and then finally 7 min at 72°C). Except for amplicons D and F, two sets of
primers were used to amplify the indicated region (Table 2). After the first round
of amplification (outer primers), products were purified over a PCR purification
spin column (Qiagen), and 1 to 4 pl of a 50-pl eluate was used for a second round
of amplification (inner primers). PCR products were purified with a PCR puri-
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TABLE 2. Amplicons used for bisulfite genomic sequencing

Amplicon”

Outer primer set

Inner primer set

A (1415-1927)

B (1873-2420)

C (2368-2879)

D (6135-6529)

E (5233-5471)

F (4803-5024)

TTCCTATTTTATATTATCATATCC
TGATTGTGGGATTTGAAATTGT

CACATTACAAATAAATAAAAAACTA
AGGTATTAGGTAAAATAAATGTTTG

TCTACACCTAATAACCTTACTCAT
GATGGATGGTTGATTTTTTTGG

TTAATGGTTGAAGTTTTAAGGGGTT
AAATCCTACTTAAAATTTATAAAT

ATACCCTCTTCTAACCTCTA
TAAGTATATTGTAGTTGATTTAAG

CTAATTAAACCAAATACAACTC
GTATTTGGGAGGTAGAGGTA

ATCTATTCAACCCAACACCTAC
TTTGTTATAGTTTTTTATTTATTTGT

AACAAAAACAATTTCAAATCCCA
TATGAGTAAGGTTATTAGGTGTA

CAAACATTTATTTTACCTAATACCT
TAGAGAATAGTAGATAGAGAATAG

TTAATGGTTGAAGTTTTAAGGGGTT
AAATCCTACTTAAAATTTATAAAT

TACATACAAACAAAACATACAA
TAAGTATATTGTAGTTGATTTAAG

CTAATTAAACCAAATACAACTC
GTATTTGGGAGGTAGAGGTA

“ Nucleotide map positions are given in parentheses for each amplicon (1 = nucleotide 1 of GenBank accession no. AF274313).

fication spin column and eluted with 30 to 40 pl of H,O. The amount of DNA
was estimated by fractionating a sample by agarose gel electrophoresis. A portion
of the total PCR product (~100 ng) was sequenced directly with the inner primer
set and an ABI 373 or 310 sequencer.

Nuclease-hypersensitive site assay. Approximately 10% cells were washed twice
with ice-cold phosphate-buffered saline and then lysed in 5 ml of buffer A (10
mM Tris-HCI [pH 7.5], 10 mM NaCl, 3 mM MgCl,, 0.2% Triton X-100, 1 mM
dithiothreitol, 0.5 mM EGTA, 0.4 mM phenylmethylsulfonyl fluoride, 10 ng of
aprotinin per ml). Nuclei were recovered by sedimentation (300 X g, 5 min, 4°C),
washed with buffer A without Triton X-100, and resuspended in 1 ml of a mixture
containing 10 mM Tris-HCI (pH 7.5), 10 mM NaCl, 3 mM MgCl,, and 1 mM
CaCl,. Aliquots (100 pl) were digested with pancreatic DNase I (0 to 2 U of
RQ-RNase free DNase; Promega) for 5 min at 25°C. Digestion was stopped by
addition of 20 pl of a mixture containing 10 mM Tris-HCI (pH 8.0), 60 mM
EDTA, and 3% sodium dodecyl sulfate. RNase A (10 p.g; Sigma) was added, and
the sample was incubated for 15 min at 37°C. Proteinase K (400 pg; Roche) was
added, and the sample was incubated overnight at 37°C. Genomic DNA was
extracted with phenol-chloroform-isoamyl alcohol and precipitated with ethanol-
ammonium acetate (39). DNA (15 ug) was digested with SacI and fractionated
by electrophoresis in a 0.7% Tris-borate-EDTA agarose gel, and the Sgy/Tead2
locus was detected by Southern blotting-hybridization with the Sgy probe.

RESULTS

Coordinate expression of Sgy and Tead2 in totipotent cells
of preimplantation embryos. To determine whether Sgy and
Tead2 are expressed differentially or coordinately at the be-
ginning of mouse development, the number of copies of Tead2
mRNA was determined with an RT-PCR assay based on uni-
form amplification of the 3’-terminal region of all poly(A)*
mRNAs (31). The amplified products were then quantified by
hybridization with **P-labeled DNA probes that were specific
for either Tead2 or Sgy mRNA. The data were expressed first
as counts per minute bound per ovum or embryo (Fig. 1A and
D) and then as the number of mRNA copies per ovum or
embryo (Fig. 1B and E), calculated as previously described
(31).

The results revealed that only Tead2 was expressed in 0o-
cytes but that Tead2 and Sgy were expressed concurrently and
to similar levels during zygotic gene expression in preimplan-
tation mouse embryos. Sgy poly(A) " mRNA was first detected
in two-cell and four-cell embryos (Fig. 1F), and it then in-
creased to about 20,000 copies per blastocyst (Fig. 1E). Tead2

poly(A)* mRNA was present in oocytes and unfertilized eggs
at about 500 copies per cell (Fig. 1C; standard RT-PCR data in
reference 17). Following fertilization, the level of Tead2
mRNA decreased until the late two- or four-cell stage and then
increased rapidly (Fig. 1C). Since Tead2 mRNA levels in one-
and two-cell embryos were insensitive to a-amanitin (a specific
inhibitor of RNA polymerase II), most of this mRNA was
inherited from the egg. Tead2 and Sgy mRNAs accumulated
dramatically from the eight-cell stage to the blastocyst stage,
consistent with their transcription from zygotic genes. In blas-
tocysts, the level of both mRNAs was about 10,000 to 20,000
copies per embryo (Fig. 1B), about 1.5 to 3% of the level of
B-actin mRNA (31). Thus, the level of Tead?2 in blastocysts was
20-fold greater than in oocytes or 50-fold greater than in two-
and four-cell embryos. Comparisons of preimplantation em-
bryos with oocytes (Fig. 1) and ICMs with blastocysts (Table 3)
suggested that while the two genes are expressed at similar
levels in blastocysts, Tead2 is expressed preferentially in the
ICM while Sgy is expressed preferentially in the trophecto-
derm. This suggested that Sgy and Tead2 became differentially
expressed as totipotent embryonic cells differentiated into spe-
cific cell types.

To test this hypothesis, the levels of Tead2 and Sgy poly(A)™
mRNA were measured in mouse ES cells before and after they
were induced to differentiate into embryoid bodies by removal
of leukemia inhibition factor and transfer to bacterial petri
dishes. ES cells are derived from the ICMs in blastocysts, and
they are capable of developing into a complete embryo when
transplanted back into the blastocoel cavity. Embryoid bodies
contain a variety of specific cell types that appear during myo-
genesis, angiogenesis, hematopoiesis, neurogenesis, and car-
diogenesis (36, 37).

Sgy and Tead2 were expressed coordinately in ES cells, but
Tead2 was expressed to a greater extent than Sgy (Fig. 2, zero
time point), suggesting that differential expression of these two
genes begins when the two distinct cell lineages of the blasto-
cyst, trophectoderm and ICM, are produced (Table 3). In
addition, within 1 to 2 days after induction of ES cell differ-
entiation, Sgy expression was selectively repressed, and within
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FIG. 1. Tead2 and Sgy expression in mouse oocytes and preimplan-
tation embryos. One-cell embryos were isolated from pregnant females
and cultured in vitro to allow development up to the blastocyst stage
(8). Some one-cell embryos were cultured in the presence of a-aman-
itin to prevent transcription (@). Some two-cell embryos were isolated
from pregnant females (m). RT-PCR was used to amplify the entire
population of poly(A)" mRNA from mouse ova and embryos under
conditions that preserve the relative abundance of each mRNA in the
c¢DNA population (31). Three to eight samples were used per stage.
Data were fitted to a fourth-order polynomial with the standard error
of the mean indicated. A **P-labeled probe specific for Tead2 (A) or
Sgy (D) was hybridized with this cDNA population, and the number of
counts per minute per ovum or embryo was recorded. The data in
panels A and D were used to calculate the number of copies of
mTead2 (B) or Sgy (E) mRNA as previously described (31). The scale
used in panels B and E was expanded to facilitate comparison of the
early stages in development (C and F). The data for Tead2 were
reproduced from reference 17; in the process, an arithmetical error
discovered in the Tead2 copy number was corrected.

5 days, Tead2 expression was selectively stimulated (Fig. 2).
These changes were accompanied by repression of Rex-1 ex-
pression (Fig. 2) and by morphological transformation of ES
cells into embryoid bodies (data not shown), changes that have
been reported previously (37, 38). The ubiquitous GAPDH
gene was expressed continuously at high levels during this
period of time, as previously reported (27), and was therefore
used as a standard reference throughout subsequent studies.
In a previous study, we did not detect coordinate expression
of Sgy and Tead2 in any of the cells or tissues examined,
including pluripotent embryonic carcinoma F9 cells (19). Since
this study used Northern blotting-hybridization analysis
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TABLE 3. Differential expression of Tead2 and Sgy in blastocysts”

Gene Blastocyst ICM Trophectoderm Trol%l&czoafgm/
Tead2 321 =36 187 =50 134 0.7
Sgy (expt 1) 213 =27 34*5 179 53
Sgy (expt 2) 1,868 =442 218 =29 1,650 7.6

“ Assays were done as described in the legend to Fig. 1, and mean counts per
minute * the standard error of the mean were obtained from six blastocysts and
six ICMs. Trophectoderm = blastocyst — ICM.

(Northern analysis) with appropriate gene-specific **P-labeled
DNA probes to detect Sgy and Tead2, a direct comparison of
ES cells and some of the cells and tissues from this previous
study was carried out by Northern analysis (Fig. 3A). The
results confirmed those previously reported and extended
them to show that Northern analysis also did not detect the
presence of Sgy mRNA in ES cells. Apparently, the threshold
of the Sgy gene probe was insufficient to detect low levels of
Sgy RNA.

The results described above revealed that Sgy and Tead?2 are
expressed concurrently at the beginning of mouse development
and only begin to be differential expressed when cell differen-
tiation begins during embryonic development.

Differential expression of Sgy and Tead2 in differentiated
cells. PCR-based assays [RT-PCR and poly(A)" PCR] re-
vealed three levels of gene expression in mouse cells and tis-
sues (summarized in Table 4): off, basal level, and on. Cells in
which RNA was not detected by PCR were considered not to
express the gene. For example, Sgy was not expressed in either
oocytes (Fig. 1) or TM3 cells (Fig. 3B), and Tead2 was not
expressed in either MPC-11 or EL4 cells (Fig. 3B). Cells in
which RNA could only be detected by RT followed by >25

Embryoid
ES Bodies Long Exposure
Days(-LIF) 01 2 5 7 01 2 5 7
Tead2 |* ﬂ"
sgy |* |.mr T
Rex-1 h. o
GAPDH

FIG. 2. Sgy and Tead2 expression in mouse ES cells and embryoid
bodies. ES cells were cultured for the indicated number of days in the
absence of leukemia inhibitory factor (LIF) after being transferred to
petri dishes in order to induce cell differentiation. Quantitative
poly(A)* PCR assays for the indicated mRNA were carried out by
repeatedly stripping and reprobing the same blot. Both short and long
exposures of the same blots are provided to facilitate comparisons.
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FIG. 3. Sgy and Tead2 expression in mouse cells and tissues.
(A) Total RNA (20 pg) was analyzed by Northern blotting-hybridiza-
tion analysis (17). (B) Total RNA was isolated from the indicated cell
or tissue (39) and assayed for Sgy, Tead2, or GAPDH mRNA by
RT-PCR. Identity was based both on sequence specificity of primers
and on amplicon size. Water was used for a mock RT-PCR. Numbers
of PCR cycles are indicated on the right.

cycles of PCR, and in which expression was not detected by
Northern analysis, were considered to express the gene at basal
levels. For example, Sgy was expressed at basal levels in MPC-
11, F9, and ES cells (Fig. 3). Cells in which RNA could be
detected by both PCR and Northern analyses were considered
to fully express the gene. For example, Sgy was fully expressed
in EL4 cells and testis tissue (Fig. 3).

The results from PCR-based assays confirmed that either
Sgy or Tead2 was expressed in differentiated cells and tissues
but not both (Fig. 3 and 4; Table 4). Tead2 was expressed to
various extents in a variety of tissues (15, 17, 54, 55), most
notably in lung and heart tissues, in cells derived from these
tissues (Table 4), in oocytes (Fig. 1), and in embryoid bodies
(Fig. 2). In contrast, Sgy was expressed only in lymphocytes
isolated from the spleen (splenocytes), in a variety of lympho-
cytic cell lines such as the T-lymphocyte cell line EL4, and in
testis tissue, where its expression was localized to developing
spermatocytes (Fig. 3 and 4) (19). Tead2 was not detected in
any cell of hematopoietic origin even when RT-PCR was car-
ried out for 35 or more cycles (Fig. 5; data not shown). More-
over, the absence of a functional Tead2 protein was confirmed
in EL4 cells by the fact that they did not support Tead-depen-
dent transcription unless both Tead2 and its transcriptional
coactivator YAP65 were provided by transfection with appro-
priate expression vectors (47). The trace amount of Tead2
RNA detected in testis tissue by RT-PCR presumably origi-
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nated from Leydig and Sertoli cells, as represented by TM3
and TM4 cells, respectively (Fig. 3 and 4).

Repression of Sgy gene expression by DNA methylation.
Sequence analysis (44) of a 10-kb fragment containing the
Sgy/Tead2 locus (GenBank accession number AF274313) re-
vealed only two CpG islands (observed CpG/expected CpG
ratio = 0.7), one at the Sgy mRNA start site and one at the
Tead2 mRNA start site (Fig. 6; see also Fig. 10 and 11).
Therefore, one mechanism by which cell differentiation could
cause differential gene expression is by methylating either the
Sgy or the Tead2 promoter region. To test this hypothesis,
established cell lines were cultured in 5'-aza-deoxycytosine
(5AC) to inhibit DNA methyltransferase and thereby generate
unmethylated DNA. SAC did not reduce expression of either
Sgy or Tead?2 in cells that normally expressed that gene (Fig. 4
and 5). However, SAC did induce Sgy expression in several cell
lines that did not normally express the Sgy gene (CA51, MC38,
C1271, and CH1). This suggested that these cells were permis-
sive for Sgy expression but that the Sgy gene was repressed by
DNA methylation. Furthermore, SAC did not induce Sgy ex-
pression in all cells (e.g., lung LL/2 and LLC cells), and it did
not induce Tead2 expression in any of the lymphocytic cells.
This suggested either that some aspect of chromatin structure
may repress the genes in these cell types or that these cells lack
one or more of the transcription factors required for expres-
sion of these genes.

To determine whether or not induction of Sgy gene expres-
sion was accompanied by demethylation of the Sgy gene locus,
the DNA methylation status of CAS51 cells was analyzed by
bisulfite genomic sequencing (described below for Fig. 9). The
Sgy gene locus in CAS51 cells was fully methylated, but the Sgy
gene promoter and exon 1 and intron 1 were partially demeth-
ylated in SAC-treated CAS1 cells (see Fig. 10B), suggesting
that DNA methylation of the Sgy promoter region repressed
Sgy gene transcription in these cells.

DNA methylation and chromatin deacetylation act synergis-
tically to repress Sgy expression. Previous studies have sug-
gested that some silent genes can be reactivated to basal-level
expression by treating cells with SAC to induce demethylation
of regulatory sequences but that further reactivation requires a
combination of SAC and trichostatin A (TSA), an inhibitor of
histone deacetylase that induces hyperacetylation of core his-
tones (2). These results support the hypothesis that ™"CpG
dinucleotides recruit histone deacetylase, which changes chro-
matin structure to a transcriptionally repressive state (16, 28).
In our studies, some cells, such as TM3 cells, did not express
Sgy and contained a fully methylated Sgy promoter region
(described below). Other cells, such as MPC-11 cells, ex-
pressed Sgy at a basal level and contained an unmethylated
promoter (described below) that exhibited DNase I-hypersen-
sitive sites characteristic of active promoters (see Fig. 8). To
determine whether or not these levels of gene activity were
dictated solely by the extent of DNA methylation, TM3 and
MPC-11 cells were treated either with SAC or with a combi-
nation of 5AC and TSA.

The results revealed that Sgy expression in TM3 cells could
be increased to basal levels by SAC alone (Fig. 5A and C) and
that this stimulation was accompanied by partial demethylation
of the Sgy promoter (data not shown). TSA also activated Sgy
expression to basal levels in TM3 cells, but TSA and SAC
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TABLE 4. Cell-specific expression of the mouse Sgy and Tead2 genes”

Gene expression and mouse cells Classification Soggy Tead2 Data
Sgy-specific expression
Developing spermatocytes Spermatocytes + - Reference 19
Round spermatids Spermatocytes + - cDNA library
Splenocytes B lymphocytes, T lymphocytes + - Fig. 4
EL4 T lymphocytes + - Fig. 3, 4, 11
YAC-1 MuLV? lymphoma + - Fig. 4
P815 Mastoma + - Fig. 4
A20 B lymphoma + - Fig. 4
MPC-11 B lymphoma * - Fig. 3, 11
CH1 B lymphoma * - Fig. 4
Tead2-specific expression
™3 Leydig cells - + Fig. 3, 4, 11
T™M4 Sertoli cells - + Fig. 4
NIH 3T3 Embryo fibroblasts - + Fig. 4
LL/2 Lung carcinoma - + Fig. 4
LLC Lung carcinoma - + Fig. 4
CAS1 Colon carcinoma - + Fig. 4
MC38 Colon carcinoma - + Fig. 4
B16 Melanoma - + Fig. 4
C1271 Mammary epithelial cells - + Fig. 4
Oocytes Germ cells - + Fig. 1
Eggs Germ cells - + Fig. 1
Embryoid bodies Multiple cell types - + Fig. 2
Sgy and Tead2 expression
Two-cell embryos to morulae Totipotent blastomeres + + Fig. 1
Blastulae ICM, trophoblasts + + Fig. 1, Table 3
Trophectoderm Trophoblasts + + cDNA libraries
F9 Embryonic carcinoma * + Fig. 3
ES Embryonic stem cells + + Fig. 2, 3

“ Gene-specific RNA was assayed by RT-PCR, by the poly(A)* PCR assay, by in situ hybridization (19), or by analysis of cDNA libraries (National Center for
Biotechnology Information Unigene). Most of the tissues analyzed expressed various levels of Tead2, while testis tissue was the only tissue that strongly expressed Sgy

(19; data not shown).
» MuLV, murine leukemia virus.

together stimulated expression more than either treatment
alone (Fig. SA and C). However, in MPC-11 cells that already
expressed Sgy at basal levels, SAC alone had no effect whereas
TSA alone stimulated Sgy expression (Fig. 5B and C). These
data suggest that DNA methylation and histone deacetylation
act synergistically to repress Sgy gene expression in mamma-
lian cells.

Differential methylation of Sgy and Tead2 genes in estab-
lished cell lines. To determine whether or not differential gene
expression is accompanied by differential DNA methylation,
the methylation status of the Sgy/Tead2 locus was determined
by measuring its sensitivity to methylation sensitive restriction
endonucleases (34). Eleven specific sites within a 7.9-kb Sacl
DNA fragment that encompassed the Sgy/Tead2 locus (Fig.
6A) were examined in TM3 and EL4 cells. TM3 cells expressed
Tead2 but not Sgy, whereas EL4 cells expressed Sgy but not
Tead2. Genomic DNA was mixed with an unmethylated plas-
mid DNA control and then digested with the indicated endo-
nuclease. The DNA products were fractionated by gel electro-
phoresis, attached to a membrane, and then hybridized either
with an Sgy-specific **P-labeled DNA probe (Fig. 6A) or with
a plasmid-specific probe. In each sample, the unmethylated
plasmid DNA was cleaved completely by the indicated enzyme
(Fig. 7B), confirming that digestion was complete. Therefore,
in those samples where the cellular DNA was digested com-
pletely (Fig. 7A), the indicated restriction site was not meth-

ylated (Cfr10L, Kspl, and Smal in TM3 cells [Fig. 6B]; Xhol and
Bsh12851 in EL4 cells [Fig. 6C]). In those samples where
genomic DNA was either not digested or partially digested
(Psp1406 in TM3 cells), the indicated site was either com-
pletely or partially methylated, respectively. Partial methyl-
ation meant that only a fraction of the genomes (i.e., cells) in
the population was methylated at this site.

The results revealed a striking inverse correlation between
DNA methylation and gene expression: the gene that was not
expressed was methylated in each cell line, whereas the gene
that was expressed was unmethylated in each cell line (Fig. 6B
and C). Thus, DNA methylation accompanied the selective
inactivation of either the Tead2 or the Sgy gene. Furthermore,
the transitions between methylated and unmethylated DNA
(Fig. 6, vertical shaded bars) indicated the presence of sharply
defined boundaries in which all of the CpGs on one side were
methylated while all of the CpGs on the other side were not
(diagrammed in Fig. 8B).

DNase I-hypersensitive sites were associated only with the
active gene. Regulatory sequences for transcriptionally active
genes commonly contain nuclease-hypersensitive sites that re-
sult from the presence of site-specific DNA binding proteins
(9). To determine whether or not such sites exist in the Sgy/
Tead?2 locus, nuclei were isolated and digested with increasing
concentrations of pancreatic DNase I. The results (Fig. 8A)
revealed three hypersensitive sites (S1, S2, and S3) at the Sgy
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FIG. 4. Sgy and Tead2 expression in mouse cells and tissues before
and after treatment with SAC. Splenocytes (Sc) are a lymphocyte
population isolated from spleen tissue. Where indicated, cells were
cultured in 1 wM 5SAC for 48 h before RNA isolation. Total RNA was
analyzed for Tead2, Sgy, and GAPDH expression by RT-PCR.

gene locus in cells that expressed Sgy at high levels (e.g., EL4)
and two hypersensitive sites (S1 and S2) in cells that expressed
Sgy at basal levels (e.g., F9 and MPC-11 cells). Conversely,
cells that did not express Sgy did not exhibit DNase I-hyper-
sensitive sites in the Sgy gene region (e.g., TM3 cells). Simi-
larly, cells that expressed Tead2 (TM3 and F9 cells) contained
at least one DNase I-hypersensitive site (T1) just upstream of
the Tead2 mRNA start site, whereas cells that did not express
Tead2 (EL4 and MPC-11 cells) did not exhibit any hypersen-
sitive sites in the Tead2 gene region. These data are consistent
with the presence of site-specific DNA binding proteins in the
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FIG. 5. Effects of SAC and TSA on Sgy expression in mouse TM3
(A) and MPC-11 (B) cells. Where indicated, cells were cultured in 1
uM 5AC for 48 h, in 1 uM TSA (Wako) for 24 h, or in 1 wM 5AC for
24 h and then in 1 wM 5AC and TSA for 24 h. Total RNA was isolated
and used to determine gene expression levels by RT-PCR (A and B) or
poly(A)* PCR (C) assays.

promoters of active genes but not in the promoters of silent
genes. Moreover, the S3 site in EL4 cells in the Sgy locus
suggests the presence of a regulator element downstream of
the Sgy mRNA start that is required for full Sgy expression.
Site-specific transition from unmethylated to methylated
DNA. To define accurately the transitions from unmethylated
to methylated DNA, the methylation status of each cytosine in
the transition loci was determined by bisulfite genomic se-
quencing (34). Bisulfite-induced deamination converts C to U
in single-stranded DNA. Subsequent amplification by PCR
translates each uracil into thymidine. Thus, CpG dinucleotides
are converted into TpG dinucleotides on one strand and CpA
dinucleotides on the complementary strand. Cytosines are not
converted by bisulfite if they are either methylated or reside in
double-stranded DNA (34). In the work described here, the
possibility that unconverted cytosines resulted from regions of
undenatured DNA was eliminated in two ways. First, only
cytosines within CpG dinucleotides were resistant to bisulfite;
all of the cytosines in CpC, CpA, and CpT dinucleotides were
converted to U. Second, PCR primers were designed to select
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FIG. 6. Methylation status of 11 CpG dinucleotides within the Sgy/
Tead2 gene locus. The methylation status of a 7.9-kb Sacl DNA frag-
ment containing the Sgy and Tead2 gene start sites was characterized.
(A) Schematic representation of the 23.0-cM region within chromo-
some 7 containing the Sgy, Tead2, and CD37 genes (GenBank acces-
sion number NW000319), with a more detailed representation of an
~7.9-kb Sacl fragment containing the Tead2/Sgy intergenic region
(GenBank accession number AF274313). The Sgy gene consists of 5
exons within a 4.6-kb region, and the Tead2 gene consists of 12 exons
within a 17.9-kb region (43). Indicated are the number of CpG dinucle-
otides (lollipops) per 0.5-kb segment (not arranged according to map
position), the locations of the only two CpG islands (nucleotides 1868
to 2370 and 5941 to 6620) in the bp 1 to 7866 region, the start sites for
the Sgy (nucleotide 2166) and Tead2 (nucleotide 6031) mRNAs, and
the sequence used as a probe to detect specific restriction endonucle-
ase cleavage events. (B) Methylation status of 11 CpG dinucleotides in
TM3 cells, which express Tead2 but not Sgy (@, "CpG; O, CpG).
(C) Methylation status of 11 CpG dinucleotides in EL4 cells, which
express Sgy but not Tead2. The transitions from unmethylated to
methylated DNA (vertical shaded bars) determined from these anal-
yses were 385 bp at the Sgy locus and 789 bp at the Tead?2 locus.

against any unconverted DNA that may have been present as
a result of incomplete denaturation (34).

Bisulfite genomic sequencing can be analyzed in two ways:
either individual DNA molecules from the PCR amplification
product are cloned and sequenced (Fig. 9A), or the entire PCR
amplification product is sequenced (Fig. 9B). The first method
reveals the methylation status of individual genomes, whereas
the second method determines the average methylation status
of a cell population. In addition, it avoids pitfalls inherent in
the cloning and sequencing of individual genomes (5, 34).
Therefore, since the results of the two approaches were com-
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FIG. 7. Digestion of genomic DNA with methylation-sensitive re-
striction endonucleases (RE). (A) DNA from either TM3 or EL4 cells
was digested with Sacl and then with the indicated methylation-sensi-
tive restriction endonuclease (see Fig. 6B and C). DNA digestion
products were fractionated by gel electrophoresis and visualized with a
#2P-labeled DNA probe (Fig. 6A) by blotting-hybridization. (B) The
extent of DNA cleavage in each genomic DNA sample was monitored
by cleavage of an unmethylated plasmid DNA added as an internal
standard. Arrows indicate the positions of undigested Sacl DNA frag-
ments. The size(s) of the expected DNA product(s) from each diges-
tion is indicated at the bottom of each lane, while boldface values
indicate the sizes of the DNA fragments observed. The endonucleases
used were Cfr10I (C), Kspl (K), Smal (S), Xhol (X), Bsh12851 (B),
Nsbl (N), Eco4711I (E), and Psp1406 (P).

parable, the second method was used routinely in order to
directly observe the average methylation status of thousands of
individual genomes.

With a single DNA fragment, a sharp transition between
unmethylated and methylated DNA was detected 646 bp up-
stream of the Sgy transcription start site in EL4 cells (Fig. 9).
Here, the last CpG and the first "CpG were separated by only
64 bp. Upstream of this transition site, all of the CpGs were
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FIG. 8. Detection of DNase I-hypersensitive sites. (A) Nuclei were
isolated from EL4, MPC11, F9, or TM3 cells and digested with in-
creasing amounts of DNase I. No DNase I was added to lane 0.
Genomic DNA was purified, digested with Sacl, fractionated by gel
electrophoresis, and visualized with a **P-labeled DNA probe (Fig.
6A) by blotting-hybridization. The positions of an ~7.8-kb Sacl frag-
ment and fragments generated because of the presence of hypersen-
sitive sites are indicated by arrows. DNase I-hypersensitive sites (S1,
S2, and S3) in the Sgy gene were located at approximately map posi-
tions —430, —120, and +615, respectively. Hypersensitive site T1 in the
Tead2 gene was located at approximately position —140. (B) Map
positions of the Sgy and Tead2 mRNA start sites, DNase I-hypersen-
sitive sites, and methylated regions in TM3 and EL4 cells (see Fig. 6A).

methylated (Fig. 9, 10A, and 11A). Downstream of this tran-
sition site, all of the CpGs were unmethylated, at least to +691
(Fig. 9, and 10A). These data were consistent with those gath-
ered at methylation-sensitive restriction endonuclease sites
(Fig. 6C).

The CpG-to-"CpG transition in the Tead2 locus was not
mapped with the same accuracy, because primers were not
found that would amplify bisulfite-treated DNA in the transi-
tion site. Nevertheless, the available bisulfite data (Fig. 11A,
amplicons D and E), together with restriction endonuclease
data (Fig. 6B), indicate that a sharp transition also exists some-
where within a 167-bp region that encompasses the Tead2
mRNA start site (Fig. 11). These transitions presumably mark
the upstream boundary of the active promoter.

In normal cells, gene activity was restricted, but not deter-
mined, by DNA methylation. To determine whether or not the
three levels of Sgy gene transcription described above (off,
basal, and on) are related to DNA methylation, the methyl-
ation status of all 52 CpG dinucleotides within a 1,337-bp
region encompassing the Sgy gene regulatory region was de-
termined by bisulfite genomic sequencing of DNA from a va-
riety of cells and tissues, and the data were related to Sgy gene
expression (Fig. 10). The same analysis was also carried out for
36 of the 53 CpG dinucleotides within a 1,726-bp region en-
compassing the Tead2 locus (Fig. 11). Unfortunately, despite
numerous attempts, we were not able to amplify the bisulfite-
treated DNA product from the 167-bp segment containing
exon 1 and 17 CpGs. Fortunately, we were able to analyze the
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30 CpGs in the remaining 387-bp portion of the Tead2 CpG
island, and this served to clearly distinguish methylated from
unmethylated promoter regions. These results revealed that
DNA methylation may restrict Sgy gene expression by limiting
it to basal levels but that DNA methylation could not be the
primary mechanism for preventing either Sgy or Tead2 expres-
sion during animal development, because the promoter regions
in normal cells and tissues were unmethylated, even when the
gene was silent.

The Sgy and Tead2 promoter regions were unmethylated in
all cells that expressed the gene, consistent with the hypothesis
that DNA methylation would repress gene expression. This
was true for normal cells, as well as for established cell lines.
For example, in both splenocytes (a mixture of T and B lym-
phocytes isolated from spleen tissue; Fig. 10D) and EL4 cells
(a cell line derived from a T-cell lymphoma; Fig. 10A), the Sgy
gene locus was unmethylated and the Sgy gene was expressed
to similar levels (Fig. 4). In fact, all cells that expressed Sgy, at
either basal or fully activated levels, contained an Sgy pro-
moter region that was unmethylated. Several of these genomes
also exhibited a sharp transition between unmethylated and
methylated DNA at positions —385 to —450, similar to EL4
cells (Fig. 10; data not shown). Similar, but less complete, data
were obtained for the Tead2 promoter region (Fig. 6 and 11).

In surprising contrast, neither the Sgy nor the Tead2 pro-
moter region was methylated in any cells that did not express
the gene, revealing that DNA methylation is not the primary
determinant in silencing these genes. While established cell
lines that did not express Sgy contained fully methylated Sgy
gene regions (TM3 and CAS51 cells, Fig. 10A and B), normal
cells that did not express Sgy did not contain a methylated Sgy
promoter (oocytes, Fig. 10C). Similarly, established cell lines
that did not express Tead2 contained fully methylated Tead2
gene regions (EL4 and MPC-11 cells, Fig. 11A). However,
splenocytes also did not express Tead2, even though their
Tead2 promoter was unmethylated (Fig. 11C). Therefore,
while all methylated promoters were silenced, DNA methyl-
ation was not required to silence either gene. This conclusion
was confirmed by differentiation of ES cells into embryoid
bodies. Sgy expression was completely repressed by day 2 and
then again expressed by day 7 (Fig. 2), but the Sgy promoter
remained unmethylated during the entire period (Fig. 10C).

DNA methylation did appear to restrict Sgy expression in
both normal cells (ES cells and uterus, lung, and liver tissues
[Fig. 10C and D]) and established cell lines (MPC11, F9, and
CAS51* cells [Fig. 10A and B]) because Sgy expression was
inversely related to the extent of DNA methylation down-
stream of the promoter region. Only a basal level of Sgy ex-
pression was detected when sequences downstream of the pro-
moter were methylated. These sequences included about half
of the CpG island encompassing the Sgy mRNA start site. The
DNase I-hypersensitive site at +615 (S3) was absent from
MPC-11 and F9 cells, although the sites at —120 (S1) and
—430 (S2) were present (Fig. 8). These data suggest that the
site near +615 marks the location of an Sgy gene regulatory
element that is sensitive to DNA methylation. Thus, cells con-
taining low levels of Sgy transcripts always contained an un-
methylated Sgy gene promoter, whereas in cells that contained
high levels of Sgy transcripts, the unmethylated region was



VoL. 24, 2004

(A)

DIFFERENTIAL GENE EXPRESSION AT THE Sgy/Tead2 LOCUS

EL4

1977

909999900

2299929¢%%2¢%¢9

A AR B e

99999995 999%%

§O999999%%%Y

Y9972 909990

290990¢999%Y

209999999999

PPIQP0OP 0TS

PRV IRITYY

999999909%%¢9

99?99?{??99?

B)

CpG

.
-MCpG 'g §
Transition v

i _..-fl|'l

“WJM*

IDC"ITJ(I,'UCC"IJ!TN'D‘T: ATCTCTCTRARAARCACRARCT TRTAC TTTAAMOCAC AAC CAC CTATCTOOCT ACC TTTADC
] 110 120 130 14¢ 150

TAATATACCCARRRATA ARC ATTOC TOC AL GT AT TTCTTCAT
160 170 180 1 O 200 210 220 0 240

|ul A a||| i
|
J|r|” M |I'| Il

il
R

FIG. 9. Transition between unmethylated and methylated DNA upstream of the Sgy gene mRNA start site. Bisulfite genomic sequencing
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from a PCR amplicon and sequenced. Their methylation status is shown. (B) About 10% of the total PCR amplicon was sequenced directly to
obtain the methylation status of the entire population. Seven of the 12 CpGs in this sequence are shown as an example. Nucleotides appear as
color-coded peaks in the electropherogram. CpG dinucleotides are enclosed by rectangles, and their methylation status is indicated by an open

(CpG) or closed (MCpG) lollipop.

extended downstream of exon 2 and exhibited an additional
DNase I-hypersensitive site.

DISCUSSION

DNA methylation is clearly required for normal embryonic
development. In the absence of DNA methyltransferase 1, ES
cells proliferate normally but die upon differentiation. Conse-
quently, embryos lacking this enzyme are delayed in develop-
ment and do not survive past mid-gestation (23). Similarly,
mice lacking MBD-3, a protein that binds specifically to "CpG
dinucleotides, also die during early embryogenesis (10). The
precise reasons for these effects, however, and the identity of
the factors that control the pattern of DNA methylation during
gametogenesis and early development are largely unknown.

Moreover, a direct role for DNA methylation in regulating
gene expression during animal development has yet to be dem-
onstrated (2, 33, 42). On the one hand, methylation of pro-
moter sequences can repress gene expression by interfering

with binding of proteins required for transcription through
recruitment of histone deacetylase and other transcription re-
pressors (16, 28). On the other hand, the promoters of several
tissue-specific genes are not methylated in some tissues in
which they are inactive, and they remain inactive under con-
ditions in which global demethylation causes up regulation of
imprinted loci (49). These results suggest that while DNA
methylation can repress gene expression, DNA methylation is
not the primary mechanism that regulates gene expression
during animal development.

The studies described here addressed this conundrum by
determining whether or not there is a strict correlation be-
tween the methylation status of a gene’s regulatory region and
its expression in both normal mouse cells and established cell
lines. The Sgy/Tead2 locus was chosen for this study, because
these two closely linked genes each contain a CpG island and
became differentially expressed concurrent with the onset of
cell differentiation and DNA methylation. The results de-
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FIG. 10. Methylation status of 52 CpG dinucleotides at the Sgy gene locus in mouse cells and tissues. Bisulfite genomic sequencing analysis was
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tissues. Nucleotide positions of the first and last CpG in each box, the number of base pairs encompassed by each box, and the positions of DNase

I-hypersensitive (HS) sites (Fig. 8) are indicated.

scribed here, however, reveal that while DNA methylation can
repress Sgy expression in established cell lines and restrict its
expression to basal levels during mouse development, DNA
methylation per se is not the mechanism primarily responsible
for repressing either Sgy or Tead2 expression during develop-
ment.

Differential gene expression is developmentally acquired.
Both Sgy and Tead2 were expressed coordinately and in equiv-
alent amounts during the activation of zygotic genes from the
2-cell stage to the morula stage (compacted 8- to 32-cell em-
bryos) in preimplantation mouse embryos (Fig. 1), consistent
with the lack of DNA methylation in their promoter regions
(Fig. 10 and 11). Differential expression appeared only with the
onset of cell differentiation and DNA methylation. Sgy was
overexpressed in the trophoblasts but underexpressed in the

ICM (Table 3), in totipotent ES cells (Fig. 2) derived from the
ICM, and in pluripotent F9 cells (Fig. 3) derived from an
embryonic carcinoma. Moreover, ES cells induced to undergo
differentiation into embryoid bodies rapidly repressed Sgy ex-
pression and then stimulated Tead2 expression (Fig. 2). Only
one of the two genes was expressed in 10 different tissues
(testis, ovary, uterus, kidney, muscle, liver, lung, spleen, brain,
and heart [15, 17, 19, 54, 55]), in 4 normal cell types (sper-
matocytes, splenocytes, oocytes, and embryoid bodies), as well
as in 15 different established cell lines (summarized in Table
4). Moreover, the gene chosen for expression was independent
of cell immortalization or cell transformation. For example,
normal lymphocytes (splenocytes), immortalized lymphocytes
(ELA cells), and transformed lymphocytes (YAC-1, A20, MPC-
11, and CH1) all expressed the Sgy gene exclusively. Thus, Sgy
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(C) Same as Fig. 10D.

and Tead2 are differentially expressed in most mammalian
cells, but differential expression of these two genes is develop-
mentally acquired when cell differentiation begins.

DNA methylation can repress gene expression at the Sgy/
Tead locus in established cell lines. One mechanism that could
account for the developmental acquisition of differential gene
expression (i.e., repressing one of two closely linked but diver-
gently transcribed genes) during cell differentiation is DNA
methylation. Only two CpG islands exist within a 10-kb region
encompassing the Sgy/Tead2 locus, one at the Sgy mRNA start
site and one at the Tead2 mRNA start site (Fig. 6A). Analyses

of these two regions and the intervening sequences by methy-
lation-sensitive restriction endonucleases (Fig. 6 and 7) and by
bisulfite genomic sequencing (Fig. 9 to 11) in established cell
lines TM3 and EL4 revealed DNA methylation patterns con-
sistent with the hypothesis that DNA methylation can differ-
entially repress expression of Sgy and Tead2 during mouse
development.

In fact, none of the cells in which either the Sgy or the Tead2
promoter region was methylated expressed that gene. In these
cases, gene-specific RNA was not detected either by Northern
analysis or by RT-PCR. In those cases, such as CA51 cells, in
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which Sgy expression could be restored by treatment with SAC
alone (Fig. 4), recovery of Sgy expression was accompanied by
demethylation of its promoter region (Fig. 10B). In those
cases, such as TM3 cells, in which recovery of Sgy expression
required treatment with both SAC and TSA (Fig. 5), Sgy ex-
pression was accompanied by only partial demethylation of its
promoter region (data not shown), as previously reported for
other genes that could be reactivated by the same regimen (4).
Taken together, these results revealed an inverse correlation
between the extent of DNA methylation in the promoter re-
gion and the extent of gene expression, consistent with a role
for DNA methylation in repressing gene activity during devel-
opment.

DNA methylation restricts Sgy expression to basal levels
during mouse development. Methylation of downstream se-
quences appeared to restrict Sgy expression to basal levels
during mouse development. Full Sgy expression was observed
only when both the promoter region and the downstream hy-
persensitive site (S3 in Fig. 8) were unmethylated in either
normal cells such as splenocytes, two-cell embryos, and moru-
lae or in established cell lines such as EL4 cells (Fig. 10).
However, expression was restricted to basal levels when the
promoter region was unmethylated but the S3 site was meth-
ylated in either normal cells such as ES cells, embryoid bodies,
and uterus, lung, and liver cells or in established cell lines such
as MPC-11, F9, and CAS51 cells following treatment with SAC
(Fig. 10).

A similar result occurs in the skeletal alpha-actin gene pro-
moter, where a subset of CpG dinucleotides are preferentially
methylated in nonexpressing tissues (51). These data are con-
sistent with previous studies showing that the extent of tran-
scriptional suppression by DNA methylation in a plasmid-en-
coded reporter gene depends on the density of ™CpG
dinucleotides (12) and on the location of the methylated region
(13). Maximum repression occurs when both the promoter and
downstream regions of the gene are methylated.

The sequences downstream of the Sgy mRNA start site that
contain hypersensitive site S3 appear to contain an enhancer or
other regulatory element. Sequences from this region stimu-
lated expression of a plasmid-encoded reporter gene driven by
a viral promoter and bound a protein(s) present in EL4 cells
but not in MPC-11 cells (data not shown). Interestingly, S3
corresponds to a repetitive SINE/B4 element located within
intron 2. Such repetitive Alu elements are associated with
insulator activity (53), and insulator activity can be regulated
by DNA methylation (11). Therefore, sequences within intron
2 and their methylation status may determine whether Sgy is
expressed at basal levels or fully activated. An analogous situ-
ation may exist with the Tead2 gene, where an enhancer has
been identified within intron 1 of the Tead2 gene (45; data not
shown).

DNA methylation is not the primary determinant of Sgy/
Tead2 expression during mouse development. If DNA meth-
ylation is the primary mechanismdetermining differential ex-
pression at the Sgy/Tead2 locus, then the gene that is not
expressed should always contain a methylated promoter re-
gion. Surprisingly, the promoter regions of both genes were
unmethylated in all of the primary cells and tissues examined.
These included sperm cells, oocytes, two-cell embryos, moru-
lae, ES cells, primary embryo fibroblasts, embryoid bodies, and
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splenocytes and uterus, lung, and liver tissues. Furthermore, in
three of these examples, one of the two genes was silent despite
the fact that its promoter region was unmethylated. (i) Oocytes
expressed Tead2 but not Sgy, although the Sgy promoter re-
gion was unmethylated. Sgy expression began with zygotic gene
expression following fertilization. (ii) The mixture of T and B
lymphocytes isolated from spleen tissue did not express Tead2,
despite the fact that the Tead2 promoter region was unmeth-
ylated. (iii) ES cells expressed Sgy at basal levels, but when they
were induced to differentiate into embryoid bodies, Sgy gene
expression was rapidly repressed by day 2 without increasing
the extent of DNA methylation in the Sgy promoter region.
Therefore, DNA methylation is not the primary determinant
of Sgy/Tead2 expression during mouse development. The ab-
sence of DNA methylation at promoter regions is required but
not sufficient for gene activity. The only silent Sgy or Tead2
genes that were also methylated were found in established cell
lines, consistent with previous observations that hypermethyl-
ation of CpG islands is an intrinsic property of cultured cell
lines rather than a general mechanism for regulating gene
activity during animal development (41).

Regulation of zygotic gene activation. The results described
here suggest that the regulatory regions of genes such as Sgy
and Tead2 that are destined to be transcribed during zygotic
gene activation are not methylated in either sperm cells or
oocytes. In oocytes, both the Sgy and Tead2 promoter regions
were unmethylated. In sperm cells, the entire Sgy gene CpG
island and sequences upstream to the Tead2 gene were largely
unmethylated. This pattern was also found in two-cell embryos
and in morulae, consistent with previous reports that, with the
exception of imprinted genes (reference 52 and references
therein), a global demethylation of the mouse genome occurs
upon fertilization (32). Sequences downstream of exon 2 re-
mained methylated, revealing that sequences in this region are
immune to the global demethylation that occurs during pre-
implantation development (33). DNA methylation down-
stream of the Sgy mRNA start site increased as two-cell em-
bryos underwent development to the ES cell stage and further
increased as ES cells differentiated into embryoid bodies.

What is the purpose of these demethylation-remethylation
events in preimplantation embryos? If the primary function of
DNA methylation is to suppress expression of parasitic repeat
sequences (49), then it is curious that oocytes and cleavage
stage embryos contain an abundance of mRNA transcripts for
Bl and B2 repeat elements (Alu repeats in humans) (46),
consistent with the notion that global demethylation would
result in an increase in the transcription of repeated sequences.
Thus, oocytes and early embryos can tolerate expression of
these potentially harmful sequences during the first 3 to 4 days
of development. One general consequence of global demeth-
ylation is to remove one of the major obstacles to binding of
proteins to DNA. These proteins may include repressor pro-
teins whose binding is eliminated by methylation (7). With the
exception of the five proteins known to bind specifically to
"CpG dinucleotides, the affinity for DNA of all other DNA
binding proteins appears to be reduced by methylation of their
DNA binding sites. Thus, demethylation may facilitate remod-
eling of sperm chromatin into somatic cell chromatin in one-
cell embryos, and it may allow more subtle remodeling to take
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place in both paternal and maternal genomes during the pre-
implantation period.
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