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Abstract The MECP2 gene on Xq28 encodes a transcrip-
tional repressor, which binds to and modulates expression
of active genes. Mutations in MECP2 cause classic or
preserved speech variant Rett syndrome and intellectual
disability in females and early demise or marked neuro-
developmental handicap in males. The consequences of a
hypomorphic Mecp2 allele were recently investigated in a
mouse model, which developed obesity, motor, social,
learning, and behavioral deWcits, predicting a human neuro-
behavioral syndrome. Here, we describe mutation analysis
of a nondysmorphic female proband and her father who

presented with primarily neuropsychiatric manifestations
and obesity with relative sparing of intelligence, language,
growth, and gross motor skills. We identiWed and characterized
a novel missense mutation (c.454C>G; p.P152A) in the
critical methyl-binding domain of MeCP2 that disrupts
MeCP2 functional activity. We show that a gradient of
impairment is present when the p.P152A mutation is com-
pared with an allelic p.P152R mutation, which causes clas-
sic Rett syndrome and another Rett syndrome-causing
mutation, such that protein–heterochromatin binding
observed by immunoXuorescence and immunoblotting is
wild-type > P152A > P152R > T158 M, consistent with the
severity of the observed phenotype. Our Wndings provide
evidence for very mild phenotypes in humans associated
with partial reduction of MeCP2 function arising from sub-
tle variation in MECP2.

Introduction

MECP2-related conditions constitute a broad neurodevelop-
mental spectrum and are considered to act as X-linked dom-
inant disorders. In females, the range of phenotypes ascribed
to MECP2 mutations include classic and variant forms of
Rett syndrome (RTT; MIM #312750) as well as rare cases
of isolated learning disabilities, while in males MECP2
mutations generally lead to severe neonatal encephalopathy
(SNE) and marked intellectual disability (ID) (Erlandson
and Hagberg 2005). Classic RTT is generally characterized
by normal early development, regression at 6–18 months of
age, absent or minimal speech, severe cognitive impairment,
and in approximately 40–50% of cases, loss of motor func-
tioning that results in children becoming wheelchair-bound.
Atypical RTT is diagnosed in individuals who fulWll some,
but not all, necessary diagnostic criteria for classic RTT,

A. A. Adegbola and M. L. Gonzales contributed equally to this study.

A. A. Adegbola · A. Chess
Center for Human Genetic Research, Department of Medicine, 
Massachusetts General Hospital, Boston, MA, USA

A. A. Adegbola · A. Chess · G. F. Cox
Harvard Medical School, Boston, MA, USA

A. A. Adegbola · G. F. Cox
Division of Genetics, Department of Medicine, 
Children’s Hospital Boston, Boston, MA, USA

M. L. Gonzales · J. M. LaSalle
Medical Microbiology and Immunology, 
Rowe Program in Human Genetics, School of Medicine, 
University of California, Davis, CA, USA

G. F. Cox
Department of Clinical Research, 
Genzyme Corporation, Cambridge, MA, USA

A. A. Adegbola (&)
Harvard-Partners Center for Genetics and Genomics, 
77 Avenue Louis Pasteur, NRB 250, Boston, MA 02115, USA
e-mail: abidemi.adegbola@childrens.harvard.edu
123



616 Hum Genet (2009) 124:615–623
according to speciWed parameters (Hagberg and Skjeldal
1994). These include ‘forme fruste’ RTT, Zappella variant
(preserved speech variant), and early seizure variants. Males
meeting diagnostic criteria for RTT have been identiWed in
association with a 47,XXY karyotype or with a postzygotic
MECP2 mutation resulting in somatic mosaicism (Clayton-
Smith et al. 2000; Leonard et al. 2001; Topçu et al. 2002).
Males with a normal 46,XY karyotype and a RTT-causing
MECP2 mutation are severely aVected and usually die dur-
ing infancy (Wan et al. 1999). Males with milder missense
MECP2 mutations not found in females with RTT present
with mild to severe ID (Couvert et al. 2001; Dotti et al.
2002; Orrico et al. 2000). Males having a duplication of the
entire MECP2 gene typically present with a severe pheno-
type of absent speech, facial dysmorphies, and recurrent
infections (del Gaudio et al. 2006).

MECP2-related phenotypes are inXuenced by the type and
location of the mutation, the degree of X chromosome inacti-
vation (XCI) in females, and other undetermined factors
(HoVbuhr et al. 2001). Truncating mutations, particularly
early truncating mutations, have been associated with higher
clinical severity scores in some studies, but not invariably so
(Charman et al. 2005; Huppke et al. 2002; Neul et al. 2008;
Weaving et al. 2003; Zappella et al. 2001). Some of these
discrepant Wndings may be attributable to small sample sizes
in a number of studies. A recent large multicenter analysis
established correlations between speciWc common recurring
mutations and individual phenotypic characteristics such as
hand use, ambulation, and language (Bebbington et al. 2008).
Still, patients with identical missense mutations and discor-
dant phenotypes have been described, implicating the pres-
ence of disease modiWers (Amir et al. 2000; Auranen et al.
2001; Huppke et al. 2000; Nielsen et al. 2001). Although
XCI appears to be an important modiWer (Archer et al. 2007;
Villard et al. 2000; Wan et al. 1999; Weaving et al. 2003),
the XCI pattern in peripheral lymphocytes does not always
fully explain the clinical diVerences observed between
patients with identical mutations or correlate with disease
severity (Auranen et al. 2001; Bao et al. 2008; Nielsen et al.
2001; Scala et al. 2007).

MeCP2 binds to methylated DNA and associates pre-
dominantly with nuclear heterochromatin (Nan et al. 1996).
While Wrst described as a transcriptional repressor, more
recent studies have demonstrated that MeCP2 binds to and
modulates expression of active genes (Chahrour et al. 2008;
Yasui et al. 2007). MeCP2 contains multiple functional
domains including a methyl CpG-binding domain (MBD)
essential for heterochromatin association (Nan et al. 1998).
In this report, we have identiWed a novel p.P152A mutation
in the MBD of MeCP2 in a girl and her father who had a
mild neurobehavioral phenotype. We performed cellular
functional assays to determine the likely pathogenicity of
this mutation and demonstrate partially reduced heterochro-

matin association of p.P152A–MeCP2 that is less severe
than RTT-causing MBD mutations, implicating a potential
role for hypomorphic alleles such as this in the etiology of
neuropsychiatric disease.

Materials and methods

Phenotypic characterization

The proband, a 10-year old nondysmorphic female, is the
only child of her parents. After a period of generally normal
development, slowing of motor skills and hypotonia began
at 12 months of age without documented regression. Her
weight and height have tracked along the 98th and 50th per-
centiles, respectively. Her head circumference measure-
ments dropped from the 90th percentile to the 75th
percentile at 18 months of age, increased again, and have
since tracked at the 98th percentile. Current body mass
index is 35.7 (morbidly obese). She has purposeful hand
movements, with occasional hand wringing stereotypies.
She is prone to frequent episodic aggressive outbursts. She
was diagnosed with pervasive developmental disorder-not
otherwise speciWed (PDD-NOS) at age 7 because of her
insistence on sameness, preference for rituals, chronic
inXexibility, inability to sustain conversations, and
poor recognition of verbal and nonverbal cues. Her electro-
encephalogram (EEG) is abnormal with multifocal sharp
and spike wave discharges, but no visualized seizure activ-
ity. She was treated with valproic acid between 4 and
8 years of age for mood stabilization, and since then has
taken aripripazole, an antipsychotic. Her behavior and
socialization have greatly improved over the past 1–2 years,
although she continues to have some adherence to Wxed
routines and inXexibility. Her only other medical problems
are genu valgum (knock-knees) and pes planus (Xat feet).

The proband’s father is 28 years old and is in good
health. His early childhood and midadolescence were char-
acterized by severe episodic behavioral dyscontrol, hyper-
activity, anxiety, and apathy. He had socialization and
cognitive diYculties and received special schooling for the
duration of his education. His various childhood diagnoses
included DSM-III Attention DeWcit Hyperactivity Disorder,
Developmental Articulation Disorder with a residual
chronic stutter in adulthood, Developmental Expressive
Language Disorder, Developmental Coordination Disorder,
and Developmental Reading Disorder. He was treated with
methylphenidate through his childhood and abruptly dis-
continued schooling in the tenth grade. His height is Wfth
percentile, weight is 90–95th percentile, and BMI is 33.7
(obese). He has never had an EEG. His behavioral diYculties
improved in his early teens. He now lives independently and
has a full-time job and full custody of his daughter. He has
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a learning disability. For instance, he is able to write and
read simple sentences, but has diYculty reading and spell-
ing longer words.

The proband’s father has one sibling, a nondysmorphic
brother who is 25 years old. This individual is in good
health and, in fact, has a history of being underweight as a
child. He did not require special education. He completed
college, has a job, and lives independently. His mother is
47 years of age, and has short stature, obesity, and cogni-
tive problems suggestive of executive dysfunction. The lat-
ter two individuals did not consent for testing. The
proband’s mother has a history of substance abuse and is
not involved in her care. The proband has four maternal
half-siblings with no further information available. None of
these maternal relatives were available for evaluation.

Neuromotor, neuropsychological, and neuropsychiatric
assessments were carried out. The proband was adminis-
tered the Bruininks–Oseretsky test of motor proWciency
(BOT-2) at 6 years and 4 months, which revealed a Wne
motor composite score of 20 (less than the Wrst percentile),
consistent with grossly diminished Wne motor abilities. The
Wechsler intelligence scale for children, fourth edition
(WISC-IV) revealed a full-scale intelligence quotient
(FSIQ) in the mild ID range (Table 1). Neuropsychiatric
assessment conWrmed the diagnosis of PDD-NOS.

The father had previously been assessed with the Wechs-
ler intelligence scales, and the Bender–Gestalt test of
visual-motor functioning. Cognitive testing on two occa-
sions during childhood revealed low average intellectual
functioning with a signiWcant verbal learning disability
(Table 2), consistent with current adaptive functioning. The
Bender–Gestalt neuromotor assessment completed at

8 years and 7 months revealed a Koppitz developmental
score of 10 (Wfth percentile), consistent with perceptual-
motor diYculties.

IdentiWcation of a novel missense mutation in MECP2 
and exclusion of other contributing genes

Cytogenetic and molecular analyses were performed to
determine the cause of the neuropsychiatric phenotypes in
the proband and her father. The proband had a normal
46,XX female karyotype in peripheral blood. Fragile X test-
ing by Southern blotting was normal with FMR1 alleles
containing approximately 27 § 3 and 29 § 3 CGG repeats.
Testing for Prader–Willi and Angelman syndromes by chro-
mosome 15q11–13 methylation analysis using MLPA/PCR
was normal (normal maternal and paternal bands). Melano-
cortin-4 receptor (coding regions and Xanking splice sites)
and the PTEN (exons 1–9, Xanking splice sites, and core
promoter) gene sequences were normal. Whole genome
microarray analysis revealed no copy number variants on a
10-kb oligonucleotide-based microarray (Agilent).

Two copies of the MECP2 gene were present by MLPA
analysis. MECP2 gene sequencing (coding regions and
Xanking splice sites) revealed a single heterozygous nucleotide
variant, c.454C>G in exon 4 (Genbank Accession Number
NM_004992.2), resulting in the change of a proline to an
alanine residue, p.P152A. The same sequence variant was
present in the father, who had a 46,XY karyotype in periph-
eral blood. This is a novel missense mutation that has not
been reported in the literature or in the RTT mutation
database (Christodoulou et al. 2003; http://mecp2.chw.
edu.au). Furthermore, it has not been observed in 100

Table 1 Summary of WISC-IV 
scores for proband, ages 6 and 
8 years

Scale Age 6 years 11 months Age 8 years

Composite 
score

Percentile 
rank

Composite 
score

Percentile 
rank

Verbal comprehension 83 13 81 10

Perceptual reasoning 69 2 57 0.2

Working memory 91 27 65 1

Processing speed 56 0.2 59 0.3

Full-scale IQ 70 2 58 0.3WISC-IV Wechsler intelligence 
scale for children, 4th edition

Table 2 Summary of WISC-R and WISC-III scores for father, ages 8 years and 11 years

WISC-R Wechsler intelligence scale for children, revised edition; WISC-III Wechsler intelligence scale for children, 3rd edition

Scale WISC-R (age 8 years 4 months) WISC-III (age 11 years 3 months)

Composite score Percentile rank Composite score Percentile rank

Verbal IQ 75 4.5 74 4

Performance IQ 96 38 103 58

Full-scale IQ 84 14 85 16
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normal individuals tested by the DNA Laboratory at Chil-
dren’s Hospital, Boston. X-inactivation analysis using a
polymorphic marker in the androgen receptor locus
revealed a random X-inactivation pattern (ratio 57:43).

Online computational analysis

The potential eVect of the p.P152A substitution was evalu-
ated using the PolyPhen (Polymorphism Phenotyping) (http://
genetics.bwh.harvard.edu/cgi-bin/pph/polyphen.cgi) and SIFT
(Sorting Intolerant From Tolerant) (http://blocks. fhcrc.org/
sift/SIFT.html) programs (Ng and HenikoV 2001; Ramen-
sky et al. 2002). The PolyPhen program predicts the signiW-
cance of a missense mutation by analysis of protein
sequence homology and mapping of the amino acid substi-
tution to known three-dimensional structures. The p.P152A
change was predicted to be “probably damaging.” P is
invariant at position 152 in seven reference species. The
shift in amino acid properties is measured in the position-
speciWc independent counts (PSIC) score (P score +1.917;
A score ¡0.357; PSIC score diVerence 2.274). By compari-
son, p.P152R, a diVerent amino acid substitution at the
same position that causes classic RTT, also is predicted to
be “probably damaging,” with a PSIC score diVerence of 2.499
(P +1.917, A ¡0.582). The SIFT program predicted that both
the p.P152A and p.P152R changes are not tolerated.

Subcellular and biochemical characterization 
of the p.P152A mutation

To further characterize the potential pathogenic eVects of
this novel amino acid substitution, we compared the subcel-
lular localization patterns of wild-type MeCP2 and MeCP2
containing p.P152A and two mutations that cause classic
RTT, p.P152R and p.T158M. The mutations were gener-
ated in a mammalian expression vector encoding an
MeCP2e1–FLAG fusion protein. Wild-type and mutant
Mecp2 constructs were transiently transfected into cultured
BALB/c 3T3 mouse Wbroblasts, and their nuclear localiza-
tion was examined by immunoXuorescent detection with
the anti-FLAG M2 monoclonal antibody.

Generation of FLAG expression constructs

The open reading frame of mouse Mecp2e1 was subcloned
into the pCMV Tag4 c-terminal FLAG expression vector
(Stratagene). Point mutants were generated by PCR-based
mutagenesis using the following primers:

P152A_fw 5�-CGACACATCCCTGGACGCTAATG
ATTTTGACTTC-3�

P152A_rv 5�-GAAGTCAAAATCATTAGCGTCCA
GGGATGTGTCG-3�

P152R_fw 5�-CGACACATCCCTGGACCGTAA
TGATTTTGACTTCAC-3�

P152R_rv 5�-GTGAAGTCAAAATCATTACGGTCC
AGGGATGTGTCG-3�

T158M_fw 5�-GGACCCTAATGATTTTGACTTC
ATGGTAACTGGGAGAG-3�

T158M_rv 5�-CTCTCCCAGTTACCATGAAGTCA
AAATCATTAGGGTCC-3�

Cell culture and transfection

Mouse BALB/c 3T3 Wbroblasts were obtained from ATCC
and maintained in DMEM with 10% FBS at 37°C in 5%
CO2. Cells were transfected with Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions
and allowed to express the Mecp2e1 cDNA for 24 h before
Wxation.

ImmunoXuorescence

3T3 cells were plated on glass slides and transfected with
MeCP2–FLAG constructs. The slides were washed twice in
1£ PBS, Wxed in Histochoice for 15 min at 25°C, washed
twice in 1£ PBS and then incubated with anti-FLAG M2
(Sigma-Aldrich), detected with Alexa 488-conjugated anti-
mouse antibodies and counterstained with DAPI. Images
were captured using a Sensys CCD camera (Photometrics)
attached to a Zeiss Axioplan 2 Xuorescence microscope.

Nuclear fractionation

3T3 cells transiently transfected with MeCP2–FLAG con-
structs were collected in 1£ PBS + 1.0 mM EDTA and
washed twice with ice cold 1£ PBS. Cells were swollen in
hypotonic buVer and lysed using a Dounce homogenizer.
Nuclei were pelletted at 3300 g at 4°C. PuriWed nuclei were
lysed in RIPA buVer for 20 min on ice and soluble and
insoluble material were separated by centrifugation at
16,000 g for 15 min. 5£ SDS sample buVer was added to
the resulting supernatant, representing the soluble fraction,
to a Wnal concentration of 2£. The pellet, representing the
insoluble fraction, was resuspended in an equal volume of
2£ sample buVer. Samples were boiled, separated by SDS-
PAGE and analyzed by immunoblotting with an anti-FLAG
(M2) antibody (Sigma-Aldrich).

Results

Biochemical Wndings

In mouse cells, endogenous MeCP2 is concentrated in
nuclear heterochromatin characterized by dense (punctate)
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DAPI staining. However, many RTT mutations can disrupt
this organization to varying extents (Kudo et al. 2003).
Wild-type MeCP2–FLAG fusion protein was found exclu-
sively in the nucleus, where it was concentrated in DAPI-
labeled heterochromatic foci (Fig. 1a) in a pattern identical
to endogenous MeCP2. The MeCP2 mutants also showed
some colocalization with DAPI-stained heterochromatin.
However, they also showed varying levels of diVuse
nuclear staining outside of the heterochromatic foci. The
classic RTT mutations, p.P152R and p.T158M, showed the
most pronounced increase in the level of nonheterochro-
matic nuclear staining (Fig. 1a), whereas p.P152A showed
only subtly more diVuse MeCP2 localization than wild-
type. Expression of the MeCP2 mutants had no detectable
eVect on overall nuclear morphology or on formation of
DAPI-stained heterochromatin (Fig. 1a).

Biochemically, heterochromatin exists in an insoluble
form following fractionation of puriWed nuclei. To assess
the biochemical consequences of diVerential heterochroma-
tin association, nuclei were puriWed and fractionated from
3T3 cells expressing wild-type or mutant MeCP2. Wild-
type MeCP2 was primarily associated with the insoluble
fraction (Fig. 1b), conWrming its association with the
insoluble heterochromatin (Fig. 1a). The p.P152A mutation
showed an approximate 40% decrease in its association
with insoluble heterochromatin compared to wild-type. The
classic RTT mutations, p.P152R and p.T158 M, showed an

even larger decrease, 70–80%, in insoluble MeCP2
(Fig. 1b, c).

Discussion

Several lines of evidence point toward the p.P152A mis-
sense mutation in MECP2 as being pathogenic rather than
incidental to this family’s phenotype. First, to the best of
our knowledge, p.P152A has not been previously observed
in the general population, indicating that is not a reported
polymorphism. Second, this proline appears to be critical to
the function of MeCP2, based on its conservation across
seven species and the Wnding that another missense muta-
tion involving the same amino acid, p.P152R, causes clas-
sic RTT (Huppke et al. 2000; Cheadle et al. 2000). The
p.P152A missense mutation is located in a critical MBD of
MeCP2 that associates with heterochromatin. Third, the
PolyPhen and SIFT software programs predict that both
p.P152A and p.P152R are “probably damaging” and not
tolerated. Finally, overexpression of MeCP2–p.P152A
shows approximately 40% reduction in heterochromatin
binding when overexpressed in cultured 3T3 cells. This
partial reduction in heterochromatin binding is less than the
70–80% reduction observed with two classic RTT muta-
tions (p.P152R and T158M) and would be consistent with
the milder phenotype in this family. The apparent diVerence

Fig. 1 MeCP2 P152A has less severely impaired association with
insoluble heterochromatin than RTT MBD mutations. a Subnuclear
localization of MeCP2e1–FLAG wild type and mutants in 3T3 cells
stained with anti-FLAG M2 (green, top) to detect MeCP2–FLAG and
counterstained with DAPI (blue, lower) to visualize heterochromatic
regions. b Immunoblot analysis using anti-FLAG M2 antibody to

detect protein samples isolated from the four transfected cell lines
shown in (a). Comparison of soluble (S) and insoluble (I) fractions are
shown to distinguish diVerences in binding to insoluble heterochroma-
tin. c The ratio of insoluble to soluble MeCP2–FLAG was calculated
for three independent experiments, and the results are shown as the
mean percent decrease from wild-type control + SEM
123
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in clinical severity observed between the two amino acid
substitutions at the same position is probably related to the
less conservative nature of the p.P152R mutation, with R
being basic and A being nonpolar. While nuclear hetero-
chromatin binding is one global measure of MeCP2 func-
tion shown to be aVected by the p.P152R mutation,
additional functional studies of the eVects of this novel
mutation on speciWc MeCP2 target genes would be of
interest.

Many RTT-associated MBD mutations reduce the aYn-
ity of MeCP2 for methylated DNA (Ballestar et al. 2000;
Kumar et al. 2008; Yusufzai and WolVe 2001). Transgenic
mice with a hypomorphic Mecp2 allele that expresses 50%
of the wild-type level of MeCP2 were found to be heavier
than control animals and had social, behavioral, and learn-
ing deWcits (Samaco et al. 2008; Kerr et al. 2008). These
Wndings demonstrate the importance of precise control of
MeCP2 levels and function and predict that human neuro-
developmental disorders may result from a decrease of
MeCP2 levels by as little as 50%. The importance of regu-
latory precision is also consistent with the development of
seizures and premature demise in transgenic mice over-
expressing Mecp2 (Collins et al. 2004). Notably, the deW-
cits associated with partial reduction in MeCP2 expression
were sensitive to modiWer eVects in two diVerent mouse
strains. Samaco et al. predict that this observation is likely
to extend to humans and suggest that the array of pheno-
types associated with subtle reduction in MeCP2 levels is
likely to be broad and that interindividual clinical variability
will be common. Assuming that a 50% reduction in MeCP2
expression in mice is comparable to the reduction in the
level of heterochromatin association observed with the
p.P152A mutation, the mouse phenotype is remarkably
similar to that observed in our family.

Males with milder missense MECP2 mutations not
found in females with RTT present with mild to severe ID.
In this family, p.P152A was associated with intellectual
dysfunction ranging from learning disabilities on a back-
ground of normal, although low average IQ (father) to mild
ID (daughter). Both individuals had large diVerences
between verbal and performance function of 20 points or
greater, although the areas of relative strength and weak-
ness were diVerent. The proband’s verbal abilities were
superior to those of her father, while this Wnding was
reversed for the performance measures. The highest full-
scale IQ reported in a male with a MBD mutation is 60
(WAIS-R, age 9 years) (Gendrot et al. 1999; Couvert et al.
2001) with moderate to severe ID being the rule in the
majority of cases. Neuropsychiatric manifestations have
been reported in the context of severe neuromotor disease,
primarily psychosis, pyramidal signs, and macro-orchidism
(PPMX) in one family (Klauck et al. 2002). Both of our
cases had intermittent explosive mood dysregulation, subtle

Wne motor dysfunction, and obesity. In both cases, behav-
ioral and adaptive functioning improved over time. The
father has not had Xorid aggressive outbursts since his mid-
teens, lives independently, holds down a regular job, and
maintains full custody and oversight of his daughter. After
a period of apparently worsening function, the proband has
shown recent behavioral progress in the last year. There-
fore, the p.P152A phenotype observed in this family
appears to be more attenuated than the Zappella variant of
RTT (Renieri et al. 2008; Zappella et al. 2001). As with
some Zappella RTT-variant girls, she is overweight. She is
also macrocephalic with a mild kyphosis and substantially
improving pervasive developmental features. A comparison
of the patient to typical Zappella variant patients is
described in Table 3, using an ordering of the criteria sug-
gested by the Zappella group (Renieri et al. 2008). There
are distinct diVerences that emerge, such as the absence of
regression, that distinguish the proband from individuals
with RTT, the Zappella variant inclusive. Notably, the pro-
band would not fulWll the consensus criteria for variant
RTT (Hagberg et al. 2002).

We have excluded mutations in several other known
genes that could have contributed to the proband’s pheno-
type. Our analysis also showed that intrinsic methylation
abnormalities at the SNRPN locus were not responsible for
the obesity observed in our family. However, given the pre-
vious description of obesity in some Zappella variant RTT
cases and the strong binding of MeCP2 to the SNRPN ICR
and other 15q11–13 genes (Yasui et al., 2007), further stud-
ies to investigate potential 15q11–13 dysregulation may be
informative. Given the proband’s random XCI pattern in
blood, it is not clear why heterozygosity for a MECP2
mutation in the daughter is associated with a more severe
phenotype than in her hemizygous father. Testing of the
father’s blood showed no evidence of mosaicism for the
MECP2 mutation or a 47,XXY karyotype, but somatic
mosaicism in brain cannot be excluded as a potential expla-
nation for the milder phenotype of the father. It is possible
that behavioral problems associated with the proband’s
diagnosis of PDD-NOS prevented valid IQ testing, though
adaptive behaviors as reported by teachers and parents are
consistent with mild ID. The lower adaptive functioning
found in patients with autism spectrum disorders may pos-
sibly increase the severity of her clinical presentation to a
greater degree than in the absence of a non-PDD back-
ground. Other possible explanations include inheritance of
maternal deleterious risk genes, or environmental eVects
such as in utero exposure to nicotine or substance abuse.
Another environmental factor could be the long-term treat-
ment of the proband with divalproex sodium (valproate), a
histone deacetylase (HDAC) inhibitor, for mood stabiliza-
tion. Given that MeCP2 is thought to recruit HDAC to the
heterochromatin, it is possible that the addition of the
123
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HDAC inhibitor may have exacerbated the MeCP2 eVect,
aVecting phenotypic severity. No controlled studies of the
long-term eVects of valproate on longitudinal severity
scores in RTT have been performed, although the potential
interaction has been noted. Hints to this interaction include
the diminished eYcacy of valproic acid in controlling RTT-
associated seizures relative to other antiepileptic drugs
(Huppke et al. 2007) and observed alterations in MeCP2
mRNA and Class I HDAC isoforms (HDAC 1, 2, and 3) in
response to clinically signiWcant levels of valproic acid
(Kim et al. 2008).

In conclusion, we have identiWed a milder phenotype
relative to RTT-spectrum phenotypes, characterized by
learning and cognitive disabilities, obesity and behavioral
dyscontrol, in association with a novel mutation in the
MBD of MeCP2. This MECP2 mutation is predicted to
cause a partial (40%) reduction in heterochromatin binding.
Therefore, it would appear that subtle variation, which
causes limited functional impairment in MeCP2 may pres-
ent with attenuated neurological manifestations such as, in
this family, primarily neuropsychiatric debility. Because
the threshold for phenotypic manifestations appears to lie
on a gradient of functional impairment, the presence of a
nucleotide change in a male with normal intelligence does
not necessarily determine that the change is benign. In
addition, MECP2 may escape consideration because the
pedigree may not appear X-linked and the somatic and
motor phenotype is dissimilar to that of classic RTT. Indi-
viduals with neurobehavioral debility and the peculiar
somatic phenotype of macrocephaly and obesity observed
in some patients with preserved speech variant RTT, and in
our described cases, may prove to be the most initial appro-
priate candidates for mutation screening in a broader popu-
lation. More population-based research concerning the role

of hypomorphic MECP2 point mutations in the etiology of
intellectual disability needs to be undertaken.
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