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FIGURE 3. MeCP2_e2 deficiency results in placenta abnormalities. The top panels (a-d) show placenta sections stained with hematoxylin and eosin. The
inset shows the section at higher magnification. Arrows show apoptotic cells. The middle panels (e- h) show TUNEL staining of the same sections. Apoptotic
nuclei appear as multiple spots (yellow), indicating DNA fragmentation. Prapidium iodide was used as counterstain. The bottom panels (i- show cleaved
caspase-3 immunostaining of the placenta. TUNEL-positive cells are indicated by arrows. Scale bar, 25 um. An increase in the number of TUNEL-positive cells
and cleaved caspase 3-positive cells was observed in the placentas of X*2~X**and X**~Y embryos having a maternal MeCP2_e2 null allele (refer to bar graphs
in lower panel for quantitation) *, p < 0.001; brackets and asterisks indicate significant differences. Error bars, S.D.

cate that MeCP2_e2 is not essential for mediating transcrip-
tional silencing of MeCP2 target genes in the brain.
Parent-specific Effects of MeCP2_e2 Null Allele Birth Rates—
We next examined whether MeCP2_e2 deficiency mediated
any other non-neuronal phenotype. Interestingly, we observed
reduced births of progeny that carried MeCP2_e2 null allele of
maternal origin. Specifically, we found a 76% reduction in
X°27Y males and a 44% reduction in X“>~X"* females born to
X™*X°2~ female and wild-type male pairings (Table 1). Simi-
larly, in X*27X™* and X°>7Y pairings, X**7Y and X®?7X2~
births were reduced by 50 and 60%, respectively (Table 2). In
contrast, birth rates of X**X**~ females (having a paternal
X®%7) did not deviate from the expected values (Tables 2 and 3).
We exclude the possibility that these were nonspecific effects
resulting from toxicity of the tTA in the targeting vector
because no such decreases in births were observed in an unre-
lated transgenic mouse model carrying the same vector back-
bone.® Taken together, these results point to an association
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between reduced embryo viability and a maternally transmitted
MeCP2_e2 null allcle.

To further delineate the time period at which selection
against embryos carrying maternal MeCP2_e2 null allcles
occurred, we examined the genotype distribution at 13.5 dpc
and observed similar trends (Tables 4 and 5). Morcover, we did
not find any evidence of resorbed embryos at this time point
(data not shown). We also performed morphological assess-
ment of the uterus at preimplantation and postimplantation
stages and found no abnormalities in preimplantation sites and
the implantation process (data not shown). Nevertheless, these
findings suggest that the reduced number of embryos carryinga
mutant maternal MeCP2_e2 allele is due neither to a failure in
implantation nor to embryo lethality at postimplantation but to
reduced viability of the embryo prior to implantation or early
embryonic lethality after implantation.

Maternally Transmitted MeCP2_e2 Null Allele Results in
Apoptosis and Altered peg-1 Expression in Placenta—During
early development of the female mammal, one of the two X
chromosomes becomes transcriptionally inactive to allow dos-
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FIGURE 4. Loss of maternal MeCP2_e2 results in failure to silence peg-1 expression in trophoblast cells. CXCR4 is a trophoblast cell marker. X**/Y and
X°27X"* placenta have minimal peg-1 expression, whereas X®27/Y placenta show elevated peg-1 levels in trophoblast cells (arrows). Scale bars, 50 pm.

age compensation of X-linked genes (19, 20). In mouse extra-
embryonic lineages, such as placenta, the paternally derived X
chromosome undergoes preferential inactivation, a phenome-
non called imprinted paternal X chromosome inactivation
(XCI) (21, 22). Hence, we examined the effect of MeCP2_e2
deficiency in placenta tissue at 13.5 dpc. Interestingly, placentas
of embryos carrying a maternal MeCP2_e2 null allele exhibited
increased apoptosis, which was more notable in placentas of
males (Fig. 3). These TUNEL-positive cells expressed peg-1
(supplemental Fig. 1), an imprinted gene known to function in
placenta development (23, 24). In contrast, very few apoptotic
cells were observed in the placenta of X**X**~ embryos carry-
ing a paternal MeCP2_e2 null allele (Fig. 3). In addition, immu-
nostaining revealed increased Peg-1 levels in cells expressing
CXCR4, a trophoblast marker (25), in the placenta of animals
carrying a maternal MeCP2_e2 null allele (Fig. 4 and supple-
mental Fig. 1). Taken together, our results indicate that
MeCP2_e2 is essential for the maintenance of peg-1 silencing in
trophoblast cells and that elevated expression of peg-1 in the
placenta has deleterious effects on cell survival.

We also examined transcript levels of peg-1 and other
imprinted genes involved in placenta function, such as peg-3,
igf-2, and K19 (23). Among these four genes, peg-1 exhibited
elevated transcript levels in the placenta of embryos carrying a
maternal mutant allele (Fig. 5a), in concordance with our
immunohistological findings. The mRNA levels of the other
three genes were unchanged (Fig. 54). In placentas of animals
carrying the MeCP2 two-isoform knock-out allele, peg-I
expression was also clevated (Fig. 5b). The peg-1 transcript lev-
els were not due to deregulation of imprinting in placenta
because imprinted paternal XCI was found to be intact in these
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animals (Fig. 5¢). Rather, elevated peg-1 transcript levels
directly correlate with the loss of MeCP2_e2 expression
effected by imprinted paternal XCI. These findings indicate
that MeCP2_e2-specific transcriptional silencing activity is
essential for the regulation of peg-1 expression and possibly of
other genes in placenta.

The imprinted gene peg-1, located in murine chromosome 6,
has been reported to play a role in angiogenesis in extraembry-
onic tissue (26). Mutations in peg- I have also been implicated in
placenta failure (24, 25) and embryonic growth retardation
(27). One group has reported that paternally expressed tran-
scripts are associated with prematurc placenta (28). Interest-
ingly, paternal transmission of a peg-1 null allele in heterozy-
gous mice results in diminished postnatal survival rates,
whereas maternal transmission does not generate any remark-
able phenotype (27, 29). Itis clear from these reports that dereg-
ulation of peg- 1 expression or imprinting status has deleterious
consequences on embryo viability and placenta function. Our
current study demonstrates that McCP2_e2 is an essential reg-
ulator of peg-1 expression in extraembryonic tissue. As for how
increased peg-1 expression correlates with observed placenta
defects in carriers of a maternal MeCP2_e2 null allele, we pro-
pose a scenario wherein perturbations in peg-I expression
results in disruption of biological pathways that involve Peg-1,
leading to enhanced apoptosis in placenta. Peg-1 is a mem-
brane-bound protein that is predicted to have lipasec or acyl-
transferase activity based on sequence homology with the «/3-
hydrolase superfamily of proteins (30). Lipid metabolism is a
very important biological process and is critical for the devel-
oping embryo and placenta. We propose that loss of MeCP2_e2
results in failure to transcriptionally silence peg-1 in extraem-
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FIGURE 5. Quantitative PCR analysis of placenta. Shown are (a) placenta transcript levels of selected imprinted genes, peg-1, peg-3, igf-2,and h19, from 13.5
dpc embryos and (b) placenta transcript levels of peg-1in MeCP2_e2 and MeCP2_eT (two-isoform knockout) mutants. The horizontal and vertical bars of peg-1
transcripts (a) show averages and S.D. of each genotype, respectively. ¢, peg-T expression in placentas of various genotypes. Maternally derived X=?~ allele
up-regulated peg-T1 expression. *, p < 0.05; **, p < 0.001. Brackets and asterisks indicate significant differences. Error bars, S.D.

bryonic tissue, leading to increased Peg-1 enzymatic activity,
aberrant regulation of Peg-1 binding partners or downstream
targets, and, ultimately, apoptosis.

We have earlier stated that we found the implantation proc-
ess to be normal for thesc animals. Moreover, at 13.5 dpc, there
was no evidence of resorbed embryos, and the skewed embryo
genotypes resembled that from postnatal analysis. These
results, taken together with the increased number of apoptotic
trophoblast cells and elevated peg-1 expression in embryos car-
rying a maternal MeCP2_e2 null allele, suggest that the loss of
MeCP2_e2 leads to trophoblast dysfunction during preimplan-
tation through abnormal peg-I1 expression. Furthermore, we
view the increase in apoptotic trophoblast cells as a persisting
phenotype brought about by carly perturbation of placenta
gene expression. In mice, placental development begins in the
blastocyst at embryonic day 3.5 when the trophectoderm layer
becomes distinct from the inner cell mass (32). The trophoblast
that lines the blastocyst plays an important role during attach-
ment to the endometrium and in the formation of the placenta
(31, 32). It has been reported by other groups that trophoblast
dysfunction leads to disruption of placenta formation and
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reduction of birth number (31, 33). In our current study, we
have shown that loss of MeCP2_e2 results in a trophoblast
defect that ultimately leads to reduced embryo viability.

Because some carriers of a mutant MeCP2_e2 allele are born
and develop into healthy adults, we hypothesize that the pla-
centa abnormalities in these animals may have been overcome
by de novo MeCP2_el compensation or some other adaptation.
In some types of extraembryonic cells, XCI can follow either a
paternal or maternal pattern (34, 35). In somatic tissue, rclax-
ation of imprinting occurs in certain pathological conditions
(28, 36), and epigenetic heterogeneity at imprinted loci of auto-
somal chromosomes influences individual traits (37). The
absence of MeCP2_e2 correlated with up-regulation of peg-1
expression, indicating a disturbance in regulation of down-
stream MeCP2 gene targets. Although increased apoptosis in
placenta could be used to cxplain the decreased viability of
X¢27Y mice, this may also be interpreted as a way to eliminate
functionally defective cells, thus contributing to the survival of
some embryos.

The deleterious effects of MeCP2 mutations have been
viewed mostly in the context of somatic XCI patterns. A num-
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ber of studies have addressed the contribution of XCI to the
pathogenesis of MeCP2 mutations (38, 39). It is suggested that
XCI patterns may partly explain phenotypic variability in
human RTT with MeCP2 mutations (38) and in mouse RTT
models (39). Our findings indicate that this is not the full pic-
ture and that paternal X chromosome inactivation in the extra-
embryonic lineage also contributes to the deleterious conse-
quences of MeCP2 mutations and, most likely, other X-linked
gence mutations.

Recently, it has been reported that transgenic expression of
either the MeCP2_el or MeCP2_e2 splice variant prevents the
development of RTT-like neuronal phenotypic manifestations
in a mouse model lacking MeCP2. This finding indicates that
either MeCP2 splice variant is sufficient to fulfill MeCP2 func-
tion in the mouse brain (40). Our findings reveal a novel mech-
anism for the pathogenesis of MeCP2 mutations in extraembry-
onic tissue, wherein maternally inherited MeCP2_e2 mutations
result in placenta abnormalities that ultimately lead to a sur-
vival disadvantage for carriers of this mutant allele. Our study
also provides an explanation for the absence of reports on
MeCP2_e2-specific exon 2 mutations in RTT. It is conceivable
that MeCP2_e2 mutations in humans may result in a phenotype
that evades a diagnosis of RTT. Moreover, the possible link
between a novel genetic disorder characterized by reduced
embryo viability and MeCP2 exon 2 mutations is a concept that
merits further exploration. In summary, we have demonstrated
that MeCP2_e2 is dispensable for RTT-associated neurological
phenotypes. We have also discovered a novel requirement for
MeCP2_e2 in placenta and embryo viability and have provided
proof of existence of isoform-specific functions for two MeCP2
splicing variants.
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introduction

Rett syndrome (RTT) is a neurodevelopmetal disorder that
affects one in 13,000 female births, and represents a leading cause
of mental retardation and autistic behavior in girls [1,2].
Mutations in the methyl-CpG-binding protein 2 (MeCP2) gene,
located in Xq28, have been identified as the cause for the majority
of clinical RTT cases [3 ] Knockout mouse models with disrupted
MeCP2 function mimic many key clinical features of RTT,
including normal early postnatal life followed by developmental
regression that results in motor impairment, irregular breathing,
and early mortality [4,5,6]. MeCIP2 dysfunction may thus disrupt
the normal developmental or/and physiological program of gene
expression, but it remains unclear how this might result in a
predominantly neurological phenotype.

In several RTT mouse models, a conditional knockout that is
specific to neural stem/progenitor cells or postmitotic neurons
results in a phenotype that is similar to the ubiquitous knockout,
suggesting that MeCP2 dysfunction in the brain and specifically in
neurons underlies RTT [1,6,7]. Recent studies have demonstrated

@ PLoS ONE | www.plosone.org

that mice born with RTT can be rescued by reactivation of
neuronal MeCP2 expression, suggesting that the neuronal damage
can be reversed [1,6]. In addition, several studies using in vitro cell
culture systems also indicate that MeCP2 may play a role in
processes of neuronal maturation including dendritic growth,
synaptogenesis, and electrophysiological responses [1,7]. These
data support the idea that MeCP2 deficiency in neurons is
sufficient to cause an RTT-like phenotype. However, emerging
evidence now indicates that MeCP2 deficiency in glia may also
have a profound impact on brain function [8,9,10,11,12,13]. Brain
magnetic resonance (MR) studies in MeCP2-deficient mice
demonstrated that metabolism in both neurons and glia is affected
[8]. Furthermore, in vitro co-culture studies have shown that
MeCP2-deficient astroglia non-cell-autonomously affect neuronal
dendritic growth [9,10]. In addition, MeCP2-deficient microglia
cause dendritic and synaptic damage mediated by elevated
glutamate (Glu) release [11]. Very recent studies have indicated
that re-expression of MeCP2 in astrocytes of MeCP2-deficient
mice significantly improves locomotion, anxiety levels, breathing
patterns, and average lifespan, suggesting that astrocyte dysfunc-
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tion may be involved in the neuropathology and characteristic
phenotypic regression of RTT [13].

Astrocytes regulate the extracellular ion content of the central
nervous systems (CNS); they also regulate neuron function, via
production of cytokines, and synaptic function, by secreting
neurotransmitters at synapses [14,15]. Moreover, a major function
of astrocytes is efficient removal of Glu from the extracellular
space, a process that is instrumental in maintaining normal
interstitial levels of this neurotransmitter [16]. Glu is a major
excitatory amino acid; excess Glu causes the degeneration of
neurons and/or seizures observed in various CNS diseases [14,17].
RTT is also associated with abnormalities in Glu metabolism, but
these findings are controversial due to the limitations of the
experimental strategies used. Two studies have demonstrated that
Glu is elevated in the cerebrospinal fluid (CSF) of RTT patients
[18,19]. MR spectroscopy in RTT patients also revealed
elevations of the Glu and GlIn peak [20,21]. On the other hand,
an animal MR study reported that the levels of Glu and Gln were
decreased in a mouse model of RTT [8]. A more recent study
indicated that MeCP2-null mice have reduced levels of Glu, but
elevated levels of Gln, relative to their wild-type littermates [22].
Another study reported increased Gln levels and Gln/Glu ratios in
Mecp2 mutant mice, but no decreases in Glu levels [23]. Although
these in vivo studies have explored the hypothesis that the Glu
metabolic systems might be altered in RTT, no solid conclusions
have yet been reached [24,25].

In this study, we investigated the contribution of MeCP2 to the
physiological function of astrocytes. Our studies demonstrate that
MeCP2 is not essential for the growth and survival of astrocytes,
but is involved in astrocytic Glu metabolism via the regulation of
astroglial gene expression.

Resulis

Characterization of MeCP2-null astrocytes

It was recently reported that MeCP2 is normally present not
only in neurons but also in glia, including astrocytes, oligodenro-
cytes, and microglia [9,10,11]. To determine the roles of MeCP2
in astrocytes, we cultured cerebral cortex astrocytes from both
wild-type (MeCP2*%) and MeCP2-null (MeCP2™"*) mouse brains
(Fig. 1). MeCP2-null astrocytes exhibited a large, flattened,
polygonal shape’ identical to that of the wild-type astrocytes,
suggesting that normal patterns of cellular recognition and contact
were present. Semi-quantitative RT-PCR using primer sets that
specifically amplify two splice variants, Mecp2 el and e2, showed
that control astrocytes expressed Mecp2 el and e2, whereas
neither Mecp?2 variant was detectable in MeCP2-null astrocytes
(Fig. 1A). We further confirmed expression of MeCP2 by
immunocytochemical staining of astrocytes. In control samples,
almost all GFAP-positive cells exhibited clear nuclear MeCP2
immunoreactivity in astrocytes, but no immunoreactivity was
observed in MeCP2-null astrocytes (Fig. 1B).

MeCP2 has been reported to be involved in regulation of
astroglial gene expression [26,27]. Consistent with this, GFAP
levels were significantly higher in MeCP2-null astrocytes (Fig. 1A).
Similarly, the expression of S100B, another astrocyte maturation
marker, was significantly upregulated by MeCP2 deficiency (fold
change of control = 1.0, GFAP: 2.195%0.504, n =4 each, p<<0.05;
S100B: 2.779%0.329, n =4 each, p<<0.01). These results show that
MeCP2 deficiency upregulates astroglial gene expression in
astrocytes.

To compare the growth of the wild-type and MeCP2-null
astrocytes, we counted total cell number at each passage (Fig. 2A).
As passage number increased, the cell growth rate decreased
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dramatically for both types of astrocytes, ultimately culminating in
senescence. There was no significant difference in growth rate
between the control and MeCP2-null astrocyte cultures. We then
measured astrocyte proliferation via BrdU incorporation assay
(Fig. 2B and Fig. S1). After 2 h of BrdU treatment, the proportions
of BrdU-incorporating cells were similar in the control and
MeCP2-null  astrocytes (6.635%£1.635% in control versus
6.774%2.272% in MeCP2-null astrocytes, n =4 each, p =0.962).
These results suggest that the absence of MeCP2 did not affect the
proliferation of astrocytes in our culture condition.

We also tested the cytotoxic effects of hydrogen peroxide
(H9Oy), ammonium chloride (NH,Cl), and glutamate (Glu), on
astrocytes in our culture (Fig. 2C-E). In cultures derived from both
wild-type and MeCP2-null strains, cell viability decreased with
increasing concentrations of H,O, and NH,CL In contrast, in our
culture conditions, we observed virtually 100% viability of both
the control and MeCP2-null astrocytes after 24 h incubation with
10 mM Glu. Glu-induced gliotoxic effects have been previously
reported by Chen et al. (2000), and are probably due to distinct
differences in culture conditions, specifically the presence of
glucose [28]. These results showed that HyO, and NH,Cl had a
similar effect in both strains of astrocytes. There was no significant
difference in wviability between the control and MeCP2-null
astrocyte cultures, indicating that MeCP2 deficiency did not affect
astrocyte viability upon treatment with HyOy and NH,CL

Effects of glutamate on glutamate transporters and
glutamine synthetase transcripts in MeCP2-null
astrocytes

High extracellular Glu interferes with the expression of the
astrocyte transporter subtypes, excitatory amino acid transporter
I(EAAT1)/glutamate/aspartate  transporter  (GLAST)  and
EAAT2/glutamate transporter-1 (GLT-1) [16,29]. To explore
the effects of Glu on the expression of Glu transporter genes in
cultured astrocytes from wild-type and MeCP2-null mouse brains,
we asked whether treatment with 1.0 mM Glu altered expression
of EAAT1 and EAAT2 mRNA, using a semi-quantitative RT-
PCR assay (Fig. 3). EAAT1 and EAAT2 mRNA were expressed in
both wild-type and MeCP2-null astrocytes, and were slightly
higher in controls than in MeCP2-null astrocytes. Both EAAT1
and EAAT2 mRNA levels were altered in the control astrocytes
after treatment with 1.0 mM Glu. EAATI mRNA levels
decreased significantly in the wild-type astrocytes, both 12 h and
24 h after treatment with Glu (Fig. 3A). In contrast, EAATI
decreased significantly in the MeCP2-null astrocytes, at 12 h but
not 24 h after treatment. As with EAAT1, EAAT2 mRNA levels
also decreased significantly in the control astrocytes, both 12 h and
24 h after treatment (Fig. 3B). However, EAAT2 decreased
significantly in MeCP2-null astrocytes, 24 h but not 12 h after
treatment. In addition, the effects of Glu on EAAT! and EAAT?2
relative fold expression at 12 h were altered in the MeCP2-null
astrocytes (Fig. 3D: EAATI; 0.618%+0.033 in control versus
0.758%0.049 in MeCP2-null astrocytes, n=10 each, p<<0.03;
Fig. 3E: EAAT?2; 0.794%0.055 in control versus 0.964%0.048 in
MeCP2-null astrocytes, n=8 each, p<0.03). These results suggest
that the loss of MeCP2 leads to transcriptional dysregulation of
these genes, either directly or indirectly.

One important enzyme that plays a role in the Glu metabolic
pathway is glutamine synthetase (GS) [17,29]. GS is mainly
located in astrocytes; cultured astrocytes response to Glu with
increased GS expression [17,29]. Consistent with this, 1.0 mM
Glu treatment simulated GS mRNA expression in both the wild-
type and MeCP2-null astrocytes about 1.2-fold after 12 h but not
24 h (Fig. 3C). In addition, MeCP2 deficiency did not modify the
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Figure 1. Characterization of assay cultures. A. Expression of astroglial genes in primary cultured cortical astrocytes. Semi-quantitative RT-PCR
analysis of Mecp2 and astroglial genes was performed in wild-type (white column) and MeCP2-null {(gray column) astrocytes. Mecp2 el and e2 were
detectable in the wild-type astrocytes. The lower graphs show that the GFAP/HPRT or S1008/HPRT expression ratio in each genotype was normalized
against the level in control astrocytes. Bars represent the means * standard errors (SE) of samples from three independent experiments (*p<<0.05).
The expression of astroglial markers was significantly upregulated by MeCP2 deficiency. B. Expression of MeCP2 in the primary cultured cortical
astrocytes. The astrocytes were immunostained with MeCP2 (green) and GFAP (red) as glial-specific astrocytic markers. Scale bars indicate 50 um.

doi:10.1371/journal.pone.0035354.g001

effects of Glu on GS mRNA relative fold expression in cultured
astrocytes (Fig. 3F, 1.245%0.054 in control versus 1.265%0.093 in
MeCP2-null astrocytes, n=6 each, p=0.859). These results
suggested that MeCP2 did not modify the expression of GS in
the cultured astrocytes. Overall, the expression levels of GS
mRNA did not differ between both strains of astrocytes following
treatment with Glu.

Comparison of glutamate clearance between wild-type

and MeCP2-null astrocytes

Because MeCP2 contributed to the transcriptional regulation of
Glu metabolism-related genes in our culture systems, we next
compared the Glu clearance capability of the wild-type and
MeCP2-null astrocytes (Fig. 4A). The cell culture supernatants in
both astrocyte cultures were collected at 3-24 h post incubation in
culture media containing 1.0 mM Glu. After incubation in culture
medium containing Glu, we identified a time-dependent reduction
in Glu over 24 h of incubation in both strains of astrocytes.
Although the shapes of the profiles of Glu concentration versus
time for each strain of astrocytes were grossly similar, Glu
concentration in the medium of MeCIP2-null astrocytes were lower
than those of control astrocytes at 12 and 18 h (12 h: control,
0.513%£0.052 mM  versus  MeCP2-null, 0.395%+0.022 mM,
p<0.03; 18 h: control, 0.368%0.029 mM versus MeCP2-null,
0.125%0.007 mM, p<<0.01, n=6 each, Fig. 4A). The differences
in Glu clearance were not due to changes in cell death of control
astrocytes upon application of Glu (Fig. 2E). This indicates that
Glu clearance by MeCP2-null astrocytes was more eflicient than
by control astrocytes.

The Glu transporters EAAT1 and EAAT? are located primarily
on astrocytes and are critical in maintaining extracellular Glu at safe
levels [16]. Threo-beta-benzyloxyaspartate (TBOA) is a broad-
spectrum glutamate transporter antagonist, affecting EAATT and
EAAT2 [30]. UCPH-101 (2-amino-4-(4-methoxyphenyl)-7-
(naphthalen-1-yl)-5-0x0-3,6,7,8-tetrahydro-4H-chromene-3-car-

@ PLoS ONE | www.plosone.org

bonitrile) and dihydrokainate (DHKA) are selective inhibitors for
EAAT1 and EAAT?, respectively [30,31]. To investigate the
functional Glu transporters in our astrocyte cultures, we analyzed
three Glu transporter blockers (TBOA, UCPH-101, or DHKA)
for their ability to alter the effects of Glu clearance (Fig. 4B-D).
Glu clearance by the wild-type astrocytes was partially blocked
by addition of TBOA and UCPH-101, but not DHKA. This
suggests that EAATI, but not EAAT?Z, plays a major role in Glu
clearance under our astroglial culture conditions.

Effects of glutamate on glutamine synthetase and EAAT1

protein in MeCP2-null astrocytes

The initial set of experiments aimed to determine whether Glu
modulate the translation of GS and EAATTI protein (Fig. 5 and
Fig. §2). GS protein was expressed in both wild-type and MeCP2-
null astrocytes, and was significantly more abundant in MeCP2-
null astrocytes (Fig. 5B: fold change of control = 1.0, 2.6310.368,
p<<0.01). After 12 h exposure to 0.01-1.0 mM Glu, wild-type
astrocytes exhibited a dose-dependent increase in GS protein
levels (about 6-fold in 1.0 mM Glu treatment). Similar to its effect
on the wild-type astrocytes, in the MeCP2-null astrocytes Glu
exposure dose-dependently increased GS protein levels relative to
untreated astrocytes (Fig. S2). We then examined the effect of
1.0 mM Glu on levels of GS protein, over a time course (Fig. 5A).
GS expression was highest after 12 h exposure to 1.0 mM Gluy,
decreasing slightly by 24 h in both wild-type and MeCP2-null
astrocytes. Densitometric analysis of the bands in three indepen-
dent experiments demonstrated that GS protein in MeCP2-null
astrocyte cultures was higher than in wild-type astrocytes, 12 h but
not 24 h after treatment (Fig. 5B: fold change of control = 1.0, at
12 h: 1.421%0.139, p<0.05; at 24 h: 1.131%0.130, p=0.354,
n =4 each). These results indicated that MeCP2 deficiency caused
higher expression of GS protein in cultured astrocytes.

We also asked whether treatment with 1.0 mM Glu altered
expression of EAATI protein. EAAT1 protein was expressed in
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Figure 2. Cell growth and viability. A. Comparison of cell growth in wild-type and MeCP2-deficient astrocytes. As passage number increased, cell
growth rate decreased dramatically in both strains of astrocytes. There was no significant difference in growth rate between the control and MeCP2-
null astrocyte cultures. B. Quantification of BrdU-incorporating cells in control and MeCP2-null astrocytes. Astrocytes were cultured for 24 h and
incubated with BrdU for 2 h. The graph shows the percentage of BrdU-incorporating cells in the control (white column) and MeCP2-deficient (gray
column) astrocytes 2 h after BrdU exposure. The number of BrdU-incorporating cells is expressed as a percentage of the total number of Hoechst-
stained cells (Fig. S1). Bars represent the means = SE of the samples from four independent experiments. The ratio of BrdU-incorporating cells is
similar in astrocytes taken from both control and MeCP2-null strains. C-E. Comparison of effects of various neurotoxins (C, H,04; D, NH,Cl; E,
Glutamate) on control and MeCP2-null astrocytes. The graph shows the percentage of viability in the control (white column) and MeCP2-deficient
(gray column) astrocytes after neurotoxin treatment at the indicated concentrations. Bars represent the means * SE of samples from three
independent experiments. The glial cultures showed no difference in viability between the control and MeCP2-null strains.

doi:10.137 1/journal.pone.0035354.g002

both wild-type and MeCP2-null astrocytes, at levels that were Discussion
similar in controls and MeCP2-null astrocytes. EAAT1 protein
levels were altered in the wild-type astrocytes after treatment with cies sugs 5 ‘
1.0 mM Glu. EAAT] protein levels decreased significantly in the €Ul onal dysfunction in RTT via non-cell-autonomous eﬁev':ts.
wild-type astrocytes, 24 h but not 12 h after treatment (Fig. 5C). Here, we have demonstrated that MeCP2 regulates the expression
In contrast, EAAT] did not decrease in the MeCP2-null of astroglial marker transcripts, including GFAP and S100B in
astrocytes, either 12 h or 24 h after treatment. In addition, the cultured astrocytes. In addition‘,‘MeCPQ is ngt ?Ss?ntizﬂ for the cell
relative expression levels of EAAT1 24 h after treatment were ~ Morphology, growth, or Viab}hm rather, it is involved in G%“
lower in the wild-type than in the MeCP2-null culture, although clearance through the regulauon of Glu transporters and GS in
the difference was not statistically significant (Fig. 5D: 12 b astrocytes. Altered astroglial gene expression and abnormal Glu
1.102%0.169 in control versus 1.096+0.142 in MeCP2-null ~ clearance by MeCP2-null astrocytes may underlie the pathogen-
astrocytes, n=6 each, p=0.979, 24 h; 0.456+0.123 in control ~ ©sis of RTT.

versus 0.901£0.172 in MeCP2-null astrocytes, n=5 each, .In this stut':ly, MeCP2-null astrocytes exhibited significantly
p=0.068). These results suggest that MeCP2 deficiency affects ~ igher transcripts corres;?onding o astroglial markers, including
the expression of GS and EAAT! protein, and that accelerated ~ CFAP and SIOO.B' Consistent with this, transcription of several
Glu clearance may result from dysregulation of GS and EAAT1 astrocytic genes, including GFAP, is upregulated in RTT patients
protein in MeCP2-null astrocytes. [26,32]. Indeed, MeCP2 binds to a highly methylated region in
the GFAP and S1008 in neuroepithlial cells [27,33]; ectopic

Recent studies suggest that glia, as well as neurons, cause
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Figure 3. Effect of glutamate on glutamine synthetase and glutamate transporter gene expression in MeCP2-null astrocytes. A-C.
Effects of Glu on Glu clearance-related genes in wild-type (white column) and MeCP2-null (gray column) astrocytes. Semi-quantitative RT-PCR analysis
of Glu clearance-related genes, EAAT1 (A), EAAT2 (B), and GS (C), was performed in the control and MeCP2-null astrocytes 12 or 24 h after treatment
with 1.0 mM Glu. The bands corresponding to PCR products were quantified by densitometry, normalized against HPRT levels, and expressed as % of
controls (equals 100%). Bars represent the means * SE of samples from 3-4 independent experiments (*p<<0.05, **p<<0.01). D-F. Comparison of the
effects of Glu on EAAT1, EAAT2 or GS expression in the control and MeCP2-null astrocytes. The ratio of EAAT1/HPRT (D), EAAT2/HPRT (E) or GS/HPRT
(F) in each treatment group was normalized against that of the non-treated astrocytes from each group. Bars represent the means * SE of samples

from 3-5 independent experiments (*p<C0.05). Numbers in each column indicate the total number of samples analyzed.

doi:10.1371/journal.pone.0035354.g003

overexpression of MeCP2 inhibited the differentiation of neuro-
epithelial cells into GFAP-positive glial cells [34]. Our recent study
in RTT-model ES cells also demonstrated that MeCP2 is involved
in gliogenesis during neural differentiation via inhibition of GFAP
expression [12]. Therefore, MeCP2 may be involved not only in
the suppression of astroglial genes in neuroepithelial cells/neurons

during neurogenesis, but also in the physiological regulation of

astroglial gene expression in astrocytes.

We also demonstrated that MeCP2 is not essential for cell
growth or cell viability in in vitro models of astrocyte injury, such
as HyOy oxidative stress and ammonia neurotoxicity. On the other
hand, it has been reported that MeCP2 is involved in regulating
astrocyte proliferation, and are probably due to distinct differences
in culture conditions, specifically the presence of serum [10].
Consistent with these results, obvious neuronal and glial
degeneration had not been observed in RTT [6,35]. These
observations suggest that RTT is not caused by reduced cell
numbers, but rather by dysfunction of specific cell types in the
brain.

The regulation of Glu levels in the brain is an important
component of plasticity at glutamatergic synapses, and of neuronal
damage via excessive activation of Glu receptors [153,16].

). PLoS ONE | www.plosone.org

Astrocytic uptake of Glu, followed by conversion of Glu to
Glutamine (Gln), is the predominant mechanism of inactivation of
Glu once it has been released in the synaptic cleft. This uptake
involves two transporters, EAAT1/GLAST and EAAT2/GLT-1
[16]. Increases in extracellular Glu, present in many brain injuries,
are sufficient to modulate the expression of Glu transporters and
GS [16,29]. Furthermore, application of 0.5-1.0 mM Glu to
cultured cortical astrocytes causes a decline in EAAT1/GLAST
and EAAT2/GLT-1 expression [29]. Our present studies reveal
that 1.0 mM extracellular Glu is sufficient to inhibit astroglial Glu
transporter expression and to stimulate GS expression in control
astrocytes. However, such regulatory influences on Glu transport-
ers are impaired by MeCP2 deficiency. Therefore, MeCP2 may
regulate the expression of Glu transporters under physiological
conditions. Currently, little is known about the promoter regions
of the main Glu transporters [36,37]. Promoter analysis in each
gene may help to elucidate the complex regulations of astroglial
genes by MeCP2. :
On the other hand, in our culture conditions, MeCP2 deficiency
did not impair the expression of GS transcripts in cultured
astrocytes, but did affect the expression of GS protein. A very
recent study has shown that defects in the AKT/mTOR pathway
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are responsible for altered translational control in MeCP2 mutant
neuron [38]. These findings suggest that a deficit ‘in protein

synthesis and/or turnover in the MeCP2-null astrocytes might -

influence the final levels of GS protein. Further studies are
necessary to investigate whether MeCP2 deficiency impairs the
synthesis and turnover of proteins in RTT.

The most important finding in this study was that MeCP2
deficiency in astrocytes accelerates Glu clearance. Consistent with
this, RTT is associated with abnormalities in the Glu metabolism
[24]. Some studies have demonstrated increases in Glu levels in
the cerebrospinal fluid (CSF) of human RTT patients [18,19]. On

the other hand, in animal studies there have been instances of

decreased Glu levels and/or Glu/Gln ratios, as determined by in
MR spectroscopy [8,21,22,23]. Furthermore, MeCP2-deficient
microglia release an abnormally high level of Glu, causing
excitotoxicity that may contribute to dendritic and synaptic
abnormalities in RTT [11]. These results clearly suggest that
MeCP2 has the potential to regulate Glu levels in the brain under
certain circumstances. Glu levels are altered in the RTT brain, but
the mechanisms responsible for the changes in Glu metabolism are
unknown. In light of our findings, we speculate that abnormal
expression of Glu transporters and GS resulting from MeCP2

3. PLoS ONE | www.plosone.org

deficiency could lead to abnormal Glu clearance in astrocytes and
in turn to altered levels of Glu in RTT brain. Additional studies
are needed to determine the mechanisms underlying changes in
Glu levels and Glu metabolism, and their role in the RTT brain.

In conclusion, MeCP2 modulates Glu clearance through the
regulation of astroglial genes in astrocytes. This study suggests a
novel role for MeCP2 in astrocyte function; these findings may be
useful in exploration of a new approach for preventing the
neurological dystunctions associated with RTT.

Materials and Methods

Cell culture

For each experiment, primary cultures were generated from
individual MeCP2-null neonates and their wild-type littermates;
tail snips from each neonate were obtained for genotyping, as
described below. Enriched cultures of GFAP-expressing astroglial
cells, which are virtually free of neurons and microglial cells, were
established from the cerebral hemispheres of postnatal day (P) 0 to
P1 newborn mice, as previously described [29]. In brief, pieces of
dissected tissue were trypsinized (0.05%) for 10 min in Cay*- and
Mg, "-free phosphate-buffered saline (PBS) supplemented with
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samples from three independent experiments. Numbers in each column indicate the total number of samples analyzed.
doi:10.1371/journal.pone.0035354.g005

nearly pure without contamination of microgha and neurons (Fig.
S3 and Information S1).

0.02% EDTA. Tissue samples were subsequently dissociated in
Hank’s balanced salt solution (HBSS) containing 15% fetal calf
serum (FCS; F2442, Sigma-Aldrich, Inc., St. Louis, MO, USA) by

trituration though 10-ml plastic pipettes. Cells were pelleted at
100xg for 5 min, resuspended in Dulbecco’s moditied Eagle’s
medium (D-MEM; Wako Pure Chemical Industries, Ltd., Osaka,
Japan) containing 15% FCS, and seeded into 100-mm culture
dishes previously coated with poly-D-lysine (0.1 mg/ml; Wako
Pure Chemical Industries, Ltd., Osaka, Japan). Upon reaching
confluency, cells were trypsinized and replated. Cells were used
after the third passage (P3) in all experiments, and were seeded at
3x10* cells/cm? in 6-well plate dishes or 35-mm culture dishes.
Cultures were assayed by immunochemical analysis using
antibodies against GFAP, MAP2, and CDIlb in order to
determine the degree of enrichment; the astrocyte cultures were

. PLoS ONE | www.plosone.org

Cell growth and bromo-2'-deoxyuridine (BrdU) uptake
assay

To determine growth rate, cells were plated at 2x10° cells/dish
in 33-mm dishes. At each passage, three dishes per cell line were
harvested by trypsinization, and cell numbers were determined
using a hemocytometer. Growth rate was expressed as the number
of harvested cells divided by the number of seeded cells.

BrdU incorporation during DNA synthesis was determined
using the 5-Bromo-2'-deoxy-uridine Labeling and Detection Kit I
(Roche, Indianapolis, IN, USA). Briefly, cells were seeded at
3.0%10* cells per well in 48-well culture plates and incubated in D-
MEM containing 10% FCS at 37°C for 24 h. After cells were
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Table 1. PCR primers.
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Sense

Antisense Ta cycles

5'-AGAGGACTCCAGCAGCAAAGG-3’

5'-ATGCTCATCCTCCCTCTTATCATC-3'

5'-CCTGCTGGATTACATTAAAGCACTG-3'

incubated with 10 pM BrdU for 2 h, they were fixed with 70%
ethanol in 50 mM glycine (pH 2.0) for 20 min at —20°C. Cells
were incubated with an anti-BrdU monoclonal antibody, followed
by a fluorescein-coupled goat anti-mouse Ig and Hoechst33324
(1 pg/ml). To determine the percentages of BrdU-positive cells,
fluorescent images were obtained by a Biorevo BZ-9000
fluorescence microscope (KEYENCE Co., Osaka, Japan); images
were analyzed using the BZ-II application. BrdU-positive cells and
total cells were counted in random 3 fields per well (approximately
1200 cells per well). Results were obtained from four independent
experiments.

Cell Viability Analysis

Cell were seeded at 1 x10* cells per well in 96-well plates and
incubated in D-MEM containing 15% FCS at 37°C for 24 h. In
injury models of drug and oxidative stress, cells were incubated
with 0.01-10 mM glutamate for 24 h, 12.5-200 mM NH,CI
(Sigma Chemical Co.) for 4 h, or 0.125-1.0 mM H,O, (Wako
Pure Chemical Industry, Osaka, Japan) for 1 h as previously
described [28,39,40]. After 24 h of drug treatment, cell viability
was determined using the WST-8 assay (NACALAI TESQUE,
INC., Kyoto, Japan) [39,41].

PCR analysis

MeCP2™’* female mice (B6.129P2(C)-Mecp2™!'57/] strain)
were purchased from the Jackson Laboratory (Bar Harbor, ME)
and mated with wild-type C57BL/6 male mice. DNA samples
were extracted from tail snips from newborn animals; prior to
nucleic acid extraction, snips were digested with proteinase K.
Genotyping was performed by PCR analysis of genomic DNA
according to the protocol provided by the manufacturer
(http:/ /jaxmice.jax.org/pub-cgi/protocols/protocols.sh?objtype =
protocol&protocol_id=598) [4,12]. All experiments were per-
formed in accordance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals, and were
approved by the Animal Research Committee of Kurume
University.

Total RNA was extracted from cells using a Sepazol RNA I
super kit (Nacalai Tesque, Inc., Kyoto, Japan) [41,42]. One
microgram of total RNA was reverse transcribed, and 1/100 of the
cDNA (equivalent to 10 ng of total RNA) was subjected to PCR
amplification with Tag DNA polymerase (Promega, Co., Ltd,,
Madison, WI) using the following conditions: 25-35 cycles of 94°C
for 30 s, annealing temperature for 60s, and 74°C for 60 s.
Primer sets and annealing temperatures are shown in Table 1. The
most appropriate PCR conditions for semi-quantitative analysis of

PLoS ONE | www.plosone.org

" TGTCTGCTCAATGTCTTCCCTACC 3!
5'-AGAGAGCTCAGCTCCTTCGAG-3'

5'-CTTTCTTTGTCACTGTCTGAATCTG-3’

5'-AAGGGCATATCCAACAACAA-3’

GFAP, glial fibrillary acidic protein; EAAT, excitatory amino acid transporter; GS, glutamine synthetase; HPRT, hypoxantine-phosphoribosyi-transferase; MeCP2, methyl-
CpG-binding protein 2; Ta, annealing temperature (°C).
doi:10.1371/journal.pone.0035354.t001

each gene were carefully determined by several preliminary
experiments (Fig. S4). The number of cycles for GFAP, S1008,
EAATI, EAAT2, and GS was 25, 32, 35, 32, and 25, respectively
(Table 1). The amplified cDNA was electrophoresed on 2%
agarose gels containing ethidium bromide, and quantities were
analyzed by densitometry using Image] software (the Research
Service Branch of the National Institute of Health, Bethesda, MDD,
USA) [42]. The relative expression of each gene was normalized to
the intensity of a housekeeping gene, hypoxantine-phosphoribosyl-
transferase (HPRT; 30 cycles). The expression level of each gene is
reported as a ratio relative to the level of normalized expression in
a control sample.

Immunocytochemistry

Cultures were fixed with 4% paraformaldehyde for 10 min and
permeabilized with 0.05% Triton-X 100 for 5 min. After blocking
of nonspecific binding sites with 10% nonfat dry milk in PBS for
1 h, cultures were immunocytochemically stained using antibodies
against MeCP2 (anti-MeCP2 polyclonal antibody, MILLIPORE,
Temecula, CA, USA; anti-MeCP2 monoclonal antibody, G-6,
Santa Cruz Biotechnology, Inc., Santa Cruz, CA), B-tubulin type
III (Tu]J, Sigma-Aldrich, Inc., St. Louis, Missouri), or glial fibrillary
acidic protein (GFAP) (anti-GFAP polyclonal antibody, G9269;
anti-GFAP monoclonal antibody, G3893, Sigma-Aldrich, Inc., St.
Louis, Missouri), followed by secondary fluorescent antibodies as
described previously [12]. Cultures were additionally stained with
Hoechst33342 and examined using an Olympus IX-70 (Olympus
Japan Inc. Tokyo, Japan) microscope. Photomicrographs were
captured using an Olympus DP70 digital camera.

Immunoblotting

Cell extracts were prepared from astroglial cultures as described
previously [41]. Western blot analysis was performed using anti-
glutamine synthetase (G2781; Sigma-Aldrich, Inc., St. Louis,
Missouri), anti-excitatory amino acid transporter 1 (EAATI,
GLAST; Santa Cruz Biotechnology, Inc., Santa Cruz, CA),
horseradish peroxidase-conjugated anti-rabbit IgG (DakoCytoma-
tion, Glostrup, Denmark), and chemiluminescent substrate
(Chemi-Lumi One, NACALAI TESQUE, INC., Kyoto, Japan)
[12,41]. Several different exposure times were used for each blot to
ensure linearity of band intensities. Immunoreactive bands were
quantified using the Image] software (Research Service Branch of
the National Institute of Health, Bethesda, MD, USA). The
relative expression of each protein was normalized to the intensity
of B-actin. The expression level of each protein is reported as a
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ratio relative to the level of normalized expression in a control
sample.

Glutamate Clearance Assay

To measure extracellular glutamate (Glu) concentrations, we
used the Glutamate Assay Kit colorimetric assay (Yamasa
Corporation, Tokyo, Japan) [43]. Assays were carried out in six
independent trials. The clearance ratio of Glu was calculated from
the Glu concentration (UM) in the medium sample of the drug-
treated astroglial cells (Glugn,g) and the control non-drug treated
(ie., treated with drug vehicle alone) glial cells (Glugy). This is
represented mathematically as follows: Glu clearance ra-
tio = (100— Glugn,g)/(100— Gluy,,). Threo-beta-benzyloxyaspartate
(TBOA), UCPH-101 (2-amino-4-(4-methoxyphenyl)-7-(naphtha-
len-1-yl)-3-0x0-3,6,7,8-tetrahydro-4H-chromene-3-carbonitrile), or
dihydrokainate (DHKA) (all purchased from Tocris Bioscience
Ellisville, MO, USA) were applied to astroglial cells 60 min before
Glu.

Statistical analysis

Quantitative results are expressed as means * standard errors
(SE). Student’s t-test was used to compare data, with p<<0.05
considered significant.

Supporting Information

Figure S1 BrdU-incorporating cells in wild-type and
MeCP2-null astrocytes. The top and bottom pictures show
BrdU-incorporating (Green) and Hoechst-stained (Blue) cells,
respectively, which were stained with the primary anti-BrdU
antibodies, the secondary fluorescein-coupled antibodies, and
Hoechst 33324. Negative controls received identical treatments,
but were not exposed to BrdU. Representative pictures were used
to accurately count the number of BrdU incorporated cells to
assess the efficiency of astrocyte cell growth. Scale bar =200 pm.
(EPS)

Figure S2 Concentration dependency of GS and EAAT1
expression in wild-type and MeCP2-null astrocytes
treated with Glutamate. The astrocytes of each group were
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treated with 0.01-1.0 mM Glu for 12 h, and subsequently
analyzed for expression of GS and EAATI by western blot
analysis.
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Figure S3 Purity of astroglial cultures from mouse
brain. The purity of astroglial cultures was assessed by
immunocytochemisty (A) and immunoblotting (B) using antibodies
against glial fibrillary acidic protein (GFAP; astrocyte marker;
Sigma-Aldrich), CD11b (microglial marker; Santacruz), or micro-
tubule associated protein 2 (MAP2; neuronal marker; Sigma-
Aldrich). A. Immunocytochemistry indicates that neither CD11b
nor MAP2 were expressed in astrocyte cultures. Positive control
indicates microglia and mouse ES-derived neural cells that stained
with anti-CD11b and MAP2 antibodies, respectively. Scale
bar =100 pm. B. Western blot analysis of protein extracts from
cultured astrocytes and mouse whole brain. Western blot analysis
also confirmed that the cultured astrocytes expressed GFAP, but
did not express CD11b and MAP2.

(EPS)

Figure S4 Optimization of the semi-quantitative RT-
PCR assay. Total RNA extracted from neonatal mouse brain
astrocytes was serially diluted (2.5, 5, 10, 20, and 40 ng RNA in
lanes 1, 2, 3, 4, and 3, respectively), reverse-transcribed and used
as control samples in semi-quantitative RT-PCR for GFAP (A),
S100B (B), HPRT (C), EAAT1 (D), EAAT?2 (E), and GS (F). PCR

was carried out for indicated cycles using each of primer sets

shown in Table 1. The amplified cDNA was electrophoresed in a
2% agarose gel containing ethidium bromide. NT, RT-PCR with
no template.

(EPS)
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Rett syndrome (RTT) is a severe neurodevelopmental disorder
characterized by microcephaly, psychomotor regression, seizures and
stereotypical hand movements. Recently, deletions and inactivating
mutations in FOXGI, encoding a brain-specific transcription factor that is
critical for forebrain development, have been found to be associated with
the congenital variant of RTT. Here we report the clinical features and
molecular characteristics of two cases of the congenital variant of RTT.
We conducted mutation screenings of FOXGI in a cohort of 15 Japanese
patients with a clinical diagnosis of atypical RTT but without MECP2 and
CDKL5 mutations. Two unrelated female patients had heterozygous
mutations (¢.256dupC, p.GIn86ProfsX35 and ¢.689G>A, pArg230His).
Both showed neurological symptoms from the neonatal period, including
hypotonia, irritability and severe microcephaly. Further, their psychomotor
development was severely impaired, as indicated by their inability to sit
unaided or acquire speech sounds, and they had a hyperkinetic movement
disorder, because both displayed hand stereotypies and jerky movements
of the upper limbs. Brain magnetic resonance imaging scans revealed
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Rett syndrome (RTT) is a neurodevelopmental dis-
order that is associated with mutations in MECP2,
encoding methyl-CpG-binding protein 2 (1). Patients
with RTT show characteristic clinical features includ-
ing hypotonia, developmental delay, loss of purpose-
ful hand movements, hand stereotypies and decelerated
head growth (2). The clinical severity of RTT varies
widely, ranging from the severe ‘congenital variant’
to the milder ‘forme fruste’ (3). The congenital vari-
ant is characterized by hypotonia and developmental
delay beginning earlier than in the typical RTT. MECP2
mutations are present in 70-90% of the typical RTT
cases, but the mutation rate is low in atypical RTT
cases (4), suggesting that other genes are responsible
for the atypical forms.

delayed myelination with hypoplasia of the corpus callosum and frontal
obe. These cases confirm the involvement of FOXG1 in the molecular
etiology of the congenital variant of RTT and show the characteristic

University, 2-1-1-1
Midorigacka-Higashi, Asahikawa,
Hokkaido 078-8510, Japan.

Tel.: +81 166 68 2483;

fax: +81 166 68 2489;

e-mail: satoruSp@asahikawa-med.ac.jp

Received 6 September 2011, revised
and accepted for publication 28
November 2011

Small de novo interstitial deletions in 14q12 and
a balanced de novo translocation [t(2;14)(p22;q12)]
with an adjacent small inversion in 14ql12 have
been identified in cases with clinical features remi-
niscent of the congenital variant of RTT (5-8). The
common deleted region contains FOXGI, a gene
that encodes a brain-specific transcriptional repressor
FOXG1, which promotes progenitor proliferation and
suppresses premature neurogenesis for proper forebrain
development (9, 10). Both FOXGI homozygous- and
heterozygous-mutant mice exhibit complex forebrain
malformations (9—12). The importance of FOXGI
was reinforced by the identification of FOXGI -null
mutations in two unrelated girls with the congenital
variant (13). These studies suggest that the congenital
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variant of RTT can be caused by point mutations as
well as complete deletions in FOXGI.

At present, 17 point mutations in FOXGI have
been reported in patients with the congenital variant of
RTT (13-20). Here, we report two FOXG! mutations
associated with the congenital variant, which confirms
the involvement of FOXG1 in the pathophysiology of
the congenital variant of RTT and helps to delineate the
clinical features associated with FOXG] mutations.

Materials and methods
Patients

Fifteen Japanese patients (13 females and 2 males)
with a clinical diagnosis of atypical RTT based
on the revised criteria for this disorder (2) were
examined. Eight and seven patients were considered
to have the congenital and early seizure variants,
respectively. Direct sequencing of the entire coding
sequences and exon—intron boundaries did not reveal
MECP2 and CDKL5 mutations in these patients. The
possibility of large rearrangements in these genes
was excluded by using multiplex ligation-dependent
probe amplification (MLPA) method (MRC-Holland,
Amsterdam, The Netherlands).

Molecular analysis

Blood samples were collected from the patients and
their parents after their written informed consent.
Genomic DNA was extracted from peripheral blood
leukocytes and used as the template for polymerase
chain reaction (PCR). Appropriate primers were used to
yield DNA fragments spanning the entire FOXGI cod-
ing region (13). Mutation screenings were performed
by direct sequencing of exonl-derived PCR products.
Large rearrangements of FOXGI DNA were detected
by using the MLPA method according to the manufac-
turer’s instructions (MRC-Holland).

Results
Case report

Patient 1

This female patient, now aged 34 years, is the third
child of healthy and non-consanguineous parents. She
has two healthy brothers. She was born at term by
spontaneous delivery after an uneventful pregnancy.
Her birth weight was 2570 g and she had a small
occipito-frontal circumference (OFC) of 30 cm (third
percentile). During the neonatal period, she showed
sleep disturbance and inconsolable crying. She was
referred to a clinical unit at 7 months of age because of
psychomotor retardation. Physical examination revealed
severe hypotonia, poor eye contact, strabismus and
head growth deceleration. At the age of 1 year, she
displayed hand stereotypies with hand-to-mouth move-
ments, tongue protrusion and intermittent bruxism.
She also had generalized tonic seizures at that age.
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Interictal electroencephalogram (EEG) showed focal
spike discharges over the left parietal area. The seizures
were eventually controlled with sodium valproate and
clobazam. Because of feeding problems resulting from
swallowing difficulties, she was fed predominantly via
a gastrostomy tube. She was never able to sit unaided
and never acquired speech sounds or purposeful hand
skills. At present, she is permanently bedridden and
has severe scoliosis, jerky movements of the upper
limbs, self-abusive behavior such as biting her hands
and microcephaly (OFC of 46 cm). Brain magnetic res-
onance imaging (MRI) scans performed at the age of
33 years showed microcephaly with hypoplasia of the
frontal lobes and corpus callosum (Fig. 1a,b).

Patient 2

This 8-year-old female patient is the second child of
healthy and non-consanguineous parents. She has a
healthy brother. She was born at term by spontaneous
delivery after an uneventful pregnancy. Her birth weight
was 2686 g and she had a relatively small head
circumference (OFC of 31 c¢m; 10th percentile). During
the neonatal period, she had strabismus, poor eye
contact and inconsolable crying. She was referred to a
clinical unit at 2 months of age. Physical examination
revealed severe hypotonia and decelerated head growth.
Microcephaly became more evident with time (OFCs
of 38, 41, 43 and 44 cm at 6 months, 2, 5 and
7 years, respectively, all below the third percentile).
The developmental milestones were severely delayed:
she acquired head control at 7 months and turned over
at 20 months. She displayed prominent hyperkinetic
movement disorders with hand stereotypies, jerky
movements of the upper limbs and frequent and
inappropriate episodes of laughter. At 3 years of age,
she had two episodes of hyperthermia-induced seizures.
Although interictal EEG revealed focal spike discharges
over the right parietal area, the seizures did not recur
even without antiepileptic drug treatment. She remains
incapable of sitting up unaided, as well as acquiring
speech sounds and purposeful hand skills. Brain MRI
scans performed at the age of 8 years showed delayed
myelination in the frontal lobe with hypoplasia of the
corpus callosum and frontal lobe (Fig. 1c,d).

[dentification of FOXGT mutations

We identified heterozygous FOXGI/ mutations in
both patients (Fig.2). Patient 1 showed duplica-
tion of cytosine at nucleotides 256 (c.256dupC,
p.GIn86ProfsX35), resulting in the loss of the three
main functional domains of FOXG1 (Fig. 2a). This
frameshift mutation has also been identified in an unre-
lated patient (20). Patient 2 showed a novel missense
mutation (c.689G>A, p.Arg230His) within the DNA-
binding forkhead domain, which affects a residue highly
conserved in different species (Fig. 2b). Testing of their
parents confirmed that both the mutations were de
novo. We did not find deletions in FOXG! in our
cohort.
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Fig. 1. Brain magnetic resonance imaging (MRI) scans of the two patients with FOXG! mutations. Patient 1 (aged 33 years during MRI) has
hypoplasia of the frontal lobe and corpus callosum (a and b). Patient 2 (aged 8 years during MRI) has delayed myelination in the frontal lobe
(arrows) with hypoplasia of the corpus callosum and frontal lobe (c and d). Both have a low forehead which indicates a hypoplastic frontal lobe.
(a) and (c) T1-weighted sagittal images; (b) and (d) T2-weighted axial images.

Discussion

We identified two heterozygous FOXGI mutations in
two patients with the congenital variant of RTT. These
new cases provide additional support for delineating
the clinical features of the FOXG1-related phenotypes.
Both the patients had hypotonia and irritability in the
neonatal period. Deceleration of head growth, leading to
severe microcephaly, was recognized soon afterwards.
They also had strabismus and poor eye contact.
Their motor development was severely impaired and
voluntary hand use was absent. They were unable to
sit unaided and did not acquire speech sounds. They
showed a prominent hyperkinetic movement disorder,
with hand stereotypies and jerky movements of the
upper limbs. These clinical features are similar to those
previously described in patients with the. congenital
variant of RTT (13-20).

Large-scale molecular screenings of FOXGI have
been conducted mainly in female individuals with
typical and atypical RTT (14-16). The preponderance
of female patients with FOXGI mutations may be
because of this bias. Recent studies have shown point
mutations and deletions in 14q12 in male individuals
with the congenital variant of RTT as well (17, 20).

Given that FOXGI] is an autosomal gene, FOXGI
mutations may be responsible for the clinical features
in female and male individuals with this form of RTT.
The ¢.256dupC mutation has been identified in a male
patient who presented similar clinical features to those
observed in our female patient (20). This recurrent
mutation caused duplication of cytosine after seven
subsequent cytosines in FOXGI, suggesting that this
cytosine stretch may be prone to replication errors and
present a mutation hotspot in FOXGI.

FOXG1 is a DNA-binding transcription factor with
a forkhead domain that represses target genes. It
recruits transcriptional co-repressor proteins via two
protein-binding domains (JARID1B and Groucho-
binding domains). Interaction between FOXG1 and
its co-repressor proteins is critical for early brain
development (21). Missense mutations in the functional
domains of FOXG1 or late truncating mutations possi-
bly cause a milder phenotype, because the resulting pro-
teins may retain some functions (16). However, Patient
2, who had a missense mutation of the DNA-binding
forkhead domain, presented with a severe phenotype
similar to that of Patient 1, who harbored a frameshift
mutation that resulted in the loss of the three main
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(a) Patient 1 ¢.256dupC; p.GIn86ProfsX35

(b) Patient 2 c.689G>A; p.Arg230His

Gin Pro Pro GIn Thr Arg Gly Ala Asn Ser lle Arg His Asn lLeu
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CEARALBCREBEBLBL P
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Fig. 2. The FOXGI mutations in Patients 1 and 2. Automated DNA sequencing with the polymerase chain reaction product from Patient 1 showed
duplication of cytosine at nucleotides 256 (¢.256dupC, numbering according to GenBank accession no. NM_005249.3) in FOXG/ (arrow), which
resulted in a shift of the reading frame and introduction of a premature stop codon (p.Gln86ProfsX35) (a). In Patient 2, we found a guanine-to-
adenine transition at nucleotide 689 (c.689G>A), which resulted in an arginine-to-histidine substitution at amino acid position 230 (p.Arg230His;

arrow) (b).

functional domains of FOXGI1. The missense muta-
tion (p.Arg230His) appeared to affect the affinity of
FOXGI for DNA. Our findings support the idea that
a missense mutation in the forkhead domain impairs
its target recognition and causes mislocalization of the
protein in the nucleus (19). Thus, missense mutations
within the DNA-binding domain, as well as clear loss-
of-function mutations, can have a severe impact on
FOXG1 function. Our data, taken together with pre-
vious findings, indicate that the genotype does not
predict the severity of the phenotype. Indeed, a late
truncating mutation (p.Tyr416X) that affects the C-
terminal part of FOXG1 but maintains the three known
functional domains reportedly causes the most severe
phenotype (14).

FOXG1 plays an important role in forebrain develop-
ment (10). Brain MRI scans of our two patients showed
poor development of the frontal lobe and hypoplasia of
the corpus callosum, which are similar to the findings of
previous FOXGI mutation reports (14, 15, 20). FOXG!
mutant mice are an interesting animal model for inves-
tigating how FOXGI haploinsufficiency affects brain
development and neuronal function. Although FOXGI
homozygous-mutant mice die shortly after birth with
severe brain defects (9), the heterozygous mutants have
less severe brain defects but still exhibit a reduction in
the volume of the neocortex, hippocampus and striatum
and a thin cortex because of reduced thickness of the
superficial cortical layers (12). Furthermore, FOXGI
heterozygous-mutant mice exhibit learning deficits in
fear-condition behavioral tests (11). These animal data
arc consistent with the findings that humans with
FOXGI haploinsufficiency have poor forebrain devel-
opment as well as cognitive and motor defects.

In conclusion, we identified a novel mutation and
a recurrent mutation in FOXGI in two patients with
the congenital variant of RTT. Our data support the
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involvement of FOXG1 in the molecular etiology of
this form of RTT. We suggest that FOXGI mutation
analysis should be performed in female and male
patients with developmental features suggestive of the
congenital variant and brain malformations including
poor frontal lobe development and hypoplasia of the
corpus callosum.
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