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Background: There are two isoforms of MeCP2: MeCP2_el and _e2. It is not known whether MeCP2_e2 has specific

functions in vivo.

Results: Deletion of MeCP2_e2 results in no neurological phenotypes but confers a survival disadvantage to embryos and

placenta defects.

Conclusion: MeCP2_e2 functions in placenta development and embryo survival.
Significance: MeCP2_e2 deletion results in a non-Rett syndrome phenotype but adversely affects embryo viability.

Methyl CpG-binding protein 2 gene (MeCP2) mutations are
implicated in Rett syndrome (RTT), one of the common causes
of female mental retardation. Two MeCP2 isoforms have been
reported: MeCP2_e2 (splicing of all four exons) and MeCP2_el
(alternative splicing of exons 1, 3, and 4). Their relative expres-
sion levels vary among tissues, with MeCP2_el being more dom-
inant in adult brain, whereas MeCP2_e2 is expressed more
abundantly in placenta, liver, and skeletal muscle. In this study,
we performed specific disruption of the MeCP2_e2-defining
exon 2 using the Cre-loxP system and examined the conse-
quences of selective loss of MeCP2_e2 function in vivo. We per-
formed behavior evaluation, gene expression analysis, using RT-
PCR and real-time quantitative PCR, and histological analysis.
We demonstrate that selective deletion of MeCP2_e2 does not
result in RTT-associated neurological phenotypes but confers a
survival disadvantage to embryos carrying a MeCP2_e2 null
allele of maternal origin. In addition, we reveal a specific
requirement for MeCP2_e2 function in extraembryonic tissue,
where selective loss of MeCP2_e2 results in placenta defects and
up-regulation of peg-1, as determined by the parental origin of
the mutant allele. Taken together, our findings suggest a novel
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role for MeCP2 in normal placenta development and illustrate
how paternal X chromosome inactivation in extraembryonic tis-
sues confers a survival disadvantage for carriers of a mutant
maternal MeCP2_e2 allele. Moreover, our findings provide an
explanation for the absence of reports on MeCP2_e2-specific
exon 2 mutations in RTT. MeCP2_e2 mutations in humans may
result in a phenotype that evades a diagnosis of RTT.

Methyl CpG-binding protein 2 gene (MeCP2) mutations are
implicated in Rett syndrome (RTT),® one of the common
causes of female mental retardation (1, 2). RTT patients exhibit
apparently normal early psychomotor development and then
gradually lose previously acquired psychomotor skills. Stereo-
typic hand movements and microcephaly are also clinical fea-
tures of this disorder (3). McCP2 binds to methylated CpG
dinucleotides and functions as a transcriptional repressor
through its interactions with the Sin3A/histone deacetylase
complex and the SWI/SNF chromatin remodeling complex
(4-8). To date, two MeCP2 isoforms have been characterized.
The first reported MeCP2 isoform, referred to as MeCP2_e2
(translational start site in exon 2; also known as MeCP2A or
MeCP28), is generated by splicing of all four cxons and has a
translation start site in the middle of exon 2. The more recently
discovered isoform, MeCP2_el (translational start site in exon
1; also known as MeCP2B or MeCP2a«), results from alternative
splicing of exons 1, 3, and 4 and has a translation start site in
exon 1 (9, 10). Their relative expression levels vary among tis-
sues, with MeCP2_el being more dominant in adult brain,
whercas McCP2_c2 is expressed more abundantly in placenta,

5 The abbreviations used are: RTT, Rett syndrome; TRE, tetracycline-respon-
sive promoter; tTA, tetracycline transactivator; XCl, X chromosome inacti-
vation; PGK, phosphoglycerate kinase.
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FIGURE 1. Generation of MeCP2_e2-deficient mice. g, strategy for selective targeting of MeCP2_e2. Transcription start sites for MeCP2_e2 and MeCP2_e1
before and after exon 2 disruption are shown. loxP sites are denoted as filled triangles. Relative location of probes for Southern hybridization, and positions of
restriction enzymes BamH| (B) and Pvull (P) are indicated. Crossing of MeCP2_e2 conditional mice with Nestin-Cre deleter mice results in the excision of the
transcriptional start site of MeCP2_e2 and the creation of the MeCP2_e2 null allele, not only in neuronal cells but also in the germ line. Note that the
transcriptional start of MeCP2_e1 remains intact after disruption of the MeCP2 locus. b, MeCP2_e2 wild-type and mutant alleles as differentiated by two sets of
Southern hybridization. For the first screening (top), genomic DNA was digested with BamH! and probed to visualize the presence of the targeted MeCP2 locus
containing the exon 2x-tTA sequence. In the second screening (bottom), Pvul-digested genomic DNA was probed to differentiate between the conditional
X"y and null (X¥27) alleles. Approximate band sizes are indicated in parentheses.

liver, and skeletal muscle (10). The most common MeCP2
mutations in RTT occur in exons shared by both isoforms (11).
However, no mutation in the MeCP2_e2-dcfining exon 2 has
ever been reported in RTT. In this study, we performed specific
disruption of the MeCP2_e2-defining exon 2 using the Cre-loxP
system and examined the consequences of selective loss of
MeCP2_e2 function in vivo.

EXPERIMENTAL PROCEDURES

Selective Targeting of MeCP2_e2—The MeCP2_e2 null allele
was generated by Cre recombinase-mediated cxcision of exon 2
in MeCP2_e2 conditional mice (Fig. 1). MeCP2 sequences were
either directly derived or amplified from genomic DNA
obtained from CJ7 ES cells or a BAC clone carrying the MeCP2
locus. The 5’-end of the targeting vector consisted of a 1.2-kb
region possessing homology to intron 1 and was generated by
high fidelity PCR. The early part of exon 2 containing the
untranslated region (referred to as exon 2x) was fused to the
tetracycline transactivator (tTA) gene, having a stop codon and
poly(A) sequence. The latter half of exon 2 (referred to as exon

13860 JOURNAL OF BIOLOGICAL CHEMISTRY

2y) beginning from the ATG start site of MeCP2_e2 was placed
under the control of the tetracycline-responsive promoter,
TRE. A pair of loxP sites flanked this TRE-exon 2y sequence. A
PGK-driven neomycin selection marker was positioned
between the first loxP site and the TRE-2y region. The 3’ arm of
the targeting vector consisted of a 5.9-kb EcoRI fragment
derived from intron 2.

Generation of MeCP2_e2 Null Mice—A correctly targeted ES
cell clone, confirmed by Southern blot analysis, was injected
into 3.5-day postconception (dpc) C57BL/6] blastocysts.
Approximately 10 ES cells were injected per blastocyst, and 20
blastocysts were transferred to each pseudopregnant recipient.
The resulting chimeric offspring were intercrossed mice to gen-
erate F1 progeny. For deletion of MeCP2_e2, we crossed
MeCP2_e2" %" females with deleter mice carrying a Cre
recombinase transgene under the control of the Nestin pro-
moter. However, leaky expression from Nestin promoter-
driven Cre recombinase induced a deletion in the germ line,
resulting in progeny that carried the MeCP2 e2 null allele
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FIGURE 2. Absence of RTT-associated phenotypes in MeCP2_e2-deficient mice. g, reverse transcription PCR showing the selective loss of MeCP2_e2
transcripts in brains of MeCP2_e2 null males and females at P28. b, sections of P28 mouse brain were stained with cresyl violet to visualize neurons. Immuno-
chemical staining was performed using anti-MeCP2 antibody. The MeCP2-deficient mouse, a previously reported MeCP2_e2 and MeCP2_e! knockout {12),
shows thinning of the cerebral cortex and no MeCP2-immunopositive cells. MeCP2_e2 null mouse exhibits MeCP2-immunopositive cells in the cerebral cortex.
¢, real-time PCR analysis of MeCP2_e2 and MeCP2_e1 of P28 brains. The MeCP2_e2-deficient mouse shows MeCP2_eT expression but not MeCP2_e2, as indicated
by the presence of exons 3 and 4 and the absence exons 2 and 3. d, quantitation of BDNF and IGFBP3 transcripts in PO MeCP2_e2-deficient mice by real-time
PCR. An XY male mouse was used as a reference. Statistical analysis was performed using Student's t test at p < 0.0001 (*) and p < 0.001 (**). Error bars, S.D.

TABLE 1

Offspring distribution at 4 weeks of age; crossing of X**X**~ females
and X*'Y males (maternal transmission of MeCP2_e2 null allele)

x sum = 107.04, p < 0.0001. % Change = (% observed value — % expected valuc)/%
expected value) X 100.

TABLE 2
Offspring distribution at 4 weeks of age; crossing of XX~ females
and X27Y males (biparental transmission of MeCP2_e2 null allele)

x sum = 16.20, p < 0.002. % Change = (% observed value — % cxpected value)/%
expected value) X 100.

XU XX XY XY Total XX XX X™Y | XY Total
Observed 52 27 101 12 192 Observed 11 4 20 5 40
(27%) (14%) (53%) (6%) (28%) (10%) (50%)  (12%)
Estimated 48 48 48 48 192 Estimated 10 10 10 10 40
(25%) (25%) (25%) (25%) (25%) (25%) (25%)  (25%)
% Change 8% —44% -112%  —76% % Change  10% —60% 100%  —50%

{X®27). This population was expanded and used in succeeding
experiments. Genotypes of the resulting progeny were assessed
by an initial PCR screen followed by two sets of Southern blot-
ting. The MeCP2_e2 null allele was generated by Cre recombi-
nase-mediated excision of exon 2 in MeCP2_e2 conditional
mice (Fig. 1). A previously reported MeCP2 null mouse,
B6.129P2(C)-Mecp2!- 154 (described as MeCP2™ "), gener-
ated by targeted disruption of exons 3 and 4 (12), was obtained
from Jackson Laboratory (Bar Harbor, ME) and used as a con-
trol for some of the experiments. All animal studies were per-
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formed with the approval of the Animal Care Committee of the
National Institute of Neuroscience, National Center of Neurol-
ogy and Psychiatry, Japan.

RT-PCR and Real-time Quantitative PCR—We prepared
3-8 fresh frozen brains and placentas of various genotypes at
13.5 dpc and postnatal days 0 (PO) and 28 (P28). Total RNA was
isolated from mouse tissue using the RNeasy minikit (Qiagen,
Valencia, CA) following the manufacturer’s recommendations.
We carried out reverse transcription with the First-Strand
¢DNA synthesis kit (Amersham Biosciences) or TagMan
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reverse transcription reagents (Applied Biosystems, Foster
City, CA) using oligo(dT). Primer scquences and anncaling
conditions are as follows: for MECP2 exons 2 and 3,5'-TTAG-
GGCTCAGGGAGGAAAA-3' (forward) and 5'-CAAAATCA-
TTAGGGTCCAAGG-3’ (reverse) with annealing temperature
of 50 °C and expected PCR product size of 451 bp; for MECP2
exons 3 and 4, 5'-ATTATCCGTGACCGGGGA-3' (forward)
and 5'-TGATGCTGCTGCCTTTGGT-3" (reverse) with
anncaling temperaturc of 55 °C and an cxpected PCR product
size of 354 bp.

For quantitative analysis, we carried out PCR amplifications
using Universal PCR Master Mix (Applied Biosystems) accord-
ing to the manufacturer’s recommendations in a real-time ABI
PRISM 7700 platform (Applied Biosystems). Relative transcript
ratios were normalized to GAPDH RNA. Primers and probes
for mouse MeCP2 (common sequence of MeCP2_e2 and
MeCP2_el), MeCP2_e2, MAP2, IGFBP3, and BDNF are avail-
able from Applied Biosystems. The probes 5'-CGCCGAGCG-
GAGGAG-3' and 5-CCTGGTCTTCTGACTTTTCTTCCA
were designed to amplify a portion of the MeCP2_el transcript,
and a probe of CCTCCTCGCCTCCTCC-3' was used. Sequence
Detection System 1.7 software (Applied Biosystems) was used for
analysis.

Immunohistochemical Analysis and TUNEL Assay—Tissues
were fixed in 4% paraformaldehyde and then embedded in par-
affin. Three-micrometer sections were prepared and stained
with cresyl violet to visualize neurons. Purified MeCP2 anti-
body (provided by Dr. S. Kudo, Hokkaido Institute of Public
Health, Sapporo, Japan), cleaved caspase-3 antibody (Chemi-
con International Inc., Temecula, CA), Peg-1 antibody (Atlas
Antibodies AB, Stockholm, Sweden), and CRCX4 antibody
(Abnova, Taipei, Taiwan) were used for immunohistological
experiments. TUNEL assays were performed using terminal
deoxynucleotidyltransferase (Roche Applied Scxence) follow-
ing the manufacturer’s recommendations.

Behavior Analysis—We performed tail suspension, foot-
printing, and open field analysis, using 4- or 5-week-old wild-
type, MeCP2_e2~, MeCP2_e2%°**, and MeCP2 ™" males.

Statistical Analysis—Statistical analysis was performed using
the x* test. Animal crossings were performed to evaluate the
effect of parent-specific transmission of the MeCP2_e2 null
allele using appropriate sample sizes. Statistical significance of
the expression levels was evaluated using Student’s ¢ test with a
significance level of p < 0.05.

RESULTS AND DISCUSSION

MeCP2_e2-null Mouse Generation—We generated the
MeCP2_e2 mutant allele (X**7) by crossing mice carrying a
tetracycline-inducible MeCP2_e2 conditional allele (X2%*")
with deleter mice carrying a Nestin-driven Cre recombinase
transgene (Fig. 1). We observed germ line transmission of the
MeCP2_e2 null allele in some of the F3 generation (Fig. 1),
probably resulting from leaky expression of Nestin-driven Cre
recombinase in non-brain tissue. This subpopulation was
expanded, and the F10 to F12 generations were used for the
experiments in this study. We confirmed loss of McCP2_c2
expression, whereas MeCP2_el transcription remained intact
in these animals (Fig. 2, 4 and c). Brain histological analysis
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TABLE 3

Offspring distribution at 4 weeks of age; crossing of X"'X"* females
and X°?~Y males (paternal transmission of MeCP2_e2 null allele)

x sum = 2.28, no significant difference. % Change = (% observed value — %
expected value)/% expected value) X 100.

XWXt XY Total
Observed 50 55 105
(48%) (52%)
Estimated 52.5 52.5 105
(50%) (50%)
% Change —4% 4%
TABLE 4

Offspring distribution at 13.5 dpc; crossing of X**X**~ females and
X"*Y males (maternal transmission of MeCP2_e2 null allele)

x sum = 13.25, p < 0.005. % Change = (% observed value — % expected valuc)/%
expected value) X 100.

XX X=X Xy XY Total
Observed 36 28 46 18 128
(28%) (22%) (36%) (14%)
Estimated 32 32 32 32 128
(25%) (25%) (25%) (25%)
% Change 13% —13% 44% —44%
TABLE 5

Offsprlng distribution at 13.5 dpc; crossing of X*'X** females and
X*27Y males (paternal transmission of MeCP2_e2 null allele)

x sum = 2.28, no significant difference. % Change = (% observed value — %
expected value)/% expected value) X 100.

X Xy Total
Observed 27 17 44
(61%) (39%)
Estimated 22 22 44
(50%) (50%)
% Change 23% —23%

showed no difference between MeCP2_e2 null mouse and wild-
type mice (Fig. 2b).

Phenotypes and Expression Analyses of MeCP2_e2-null Mice—
At birth, mice carrying MeCP2_e2 mutant alleles were indistin-
guishable from wild-type littermates. They developed into fer-
tile adults and did not display any neurological deficits observed
in murine models for RTT (12, 13), indicating that MeCP2_el is
sufficient to carry on the functions of MeCP2 in the brain.
Moreover, mice carrying MeCP2_e2 mutant alleles lived as
long as their wild-type siblings, over 2 years (data not shown).
Immunohistochemical staining of brain tissue from X**~Y and
X™X**~ animals at 28 days of age revealed normal morphology
of neuronal layers in contrast to the denser packaging of neu-
rons in a previously reported RTT model wherein both MeCP2
isoforms have been knocked out (Fig. 2b) (14, 15). Taken
together, these results demonstrate that loss of MeCP2_el
function is not sufficient to cause RTT-associated neurological
phenotypes. : .

To examine the implications of MeCP2_e2 deficiency on
MeCP2 transcriptional silencing activity, we checked mRNA
levels of two MeCP2-regulated genes, insulin like growth factor
binding protein 3 (IGFBP3) (16, 17) and brain-derived nerve
growth factor (BDNF) (18). The mRNA levels of these genes in
brains of X**~Y mice did not significantly differ from those of
age-matched wild-type males (Fig. 2d). In contrast, IGFBP3 and
BDNF transcript levels increased by 1.6- and 2-fold, respec-
tively, in the XY total MeCP2 knockout. These findings indi-
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