
ARTICLE

Haploinsufficiency of MBD5 associated with a
syndrome involving microcephaly, intellectual
disabilities, severe speech impairment, and seizures

Stephen R Williams1, Sureni V Mullegama1, Jill A Rosenfeld2, Aditi I Dagli3, Eli Hatchwell4, William P Allen5,
Charles A Williams3 and Sarah H Elsea*,1,6

Microdeletion of chromosome 2q23.1 results in a novel syndrome previously reported in five individuals. Many of the

del(2)(q23.1) cases were thought to have other syndromes such as Angelman, Prader–Willi, or Smith–Magenis because of

certain overlapping clinical features. We report two new cases of the 2q23.1 microdeletion syndrome, describe the syndrome

phenotype, define the minimal critical region, and analyze the expression of critical region genes toward identification of the

causative gene(s) for the disorder. Individuals with del(2)(q23.1) have severe developmental and cognitive delays, minimal

speech, seizures, microcephaly, mild craniofacial dysmorphism, behavioral disorders, and short stature. The deletions

encompassing 2q23.1 range from 44Mb to o200 kb, as identified by oligonucleotide and BAC whole-genome array

comparative hybridization. The minimal critical region includes a single gene, MBD5, deleted in all cases, whereas all but one

case also include deletion of EPC2. Quantitative real-time PCR of patient lymphoblasts/lymphocytes showed an B50% reduced

expression of MBD5 and EPC2 compared with controls. With similar phenotypes among the 2q23.1 deletion patients, the idea

of one or more common genes causing the pathological defect seen in these patients becomes evident. As all five previous cases

and the two cases in this report share one common gene, MBD5, we strongly suspect that haploinsufficiency of MBD5 causes

most of the features observed in this syndrome.
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INTRODUCTION

Owing to the phenotypic complexity of many genomic disorders and
the fact that most of these disorders result in developmental delays and
behavioral problems, overlapping physical and behavioral features
between syndromes are commonly observed.1 Although there are
clear phenotypic differences between most syndromes, Smith–Magenis,
Down, and Prader–Willi syndromes have many major features in
common, including craniofacial features, obesity, and hypotonia,
whereas Angelman and Rett syndromes feature seizures and severe
developmental delays. Correct identification and diagnosis of a specific
syndrome are more difficult because of these phenotypic similarities.
Ultimately, when comparative genomic hybridization (CGH) data are
considered and new syndromic regions of the genome are identified,
sorting these cases by phenotype alone may be even more difficult.

Microdeletion of chromosome 2q23.1 results in a novel syndrome
previously reported in five individuals.2–6 In this study, we report two
new cases with overlapping 2q23.1 deletions and draw attention to
possible candidate genes that could be causative for the characteristic
phenotype observed in our cases and in the other five patients reported
in literature. A comparison of phenotypes to the other five known
cases revealed similar features and confirmed a consistent phenotypic
pattern associated with 2q23.1 microdeletion. Although this new

microdeletion syndrome has certain phenotypic similarities to various
known disorders such as Angelman, Smith–Magenis, and Rett
syndromes, it is not a classic phenocopy for any of these conditions.
On the basis of our evaluation of the spectrum of clinical features in
our cases and in previously reported ones, we have further delineated
the clinical characterization of this new microdeletion syndrome. On
the basis of the similar features observed, we established a clinical
characterization of the novel microdeletion syndrome. Furthermore,
an analysis of all reported cases involving a deletion of 2q23.1 revealed
a minimal critical region consisting of a single gene, MBD5, as the only
deleted gene in one case, and MBD5 and EPC2 deleted in all other
cases. In this study, we report two new cases of the 2q23.1 deletion
syndrome, describe the syndrome phenotype, define the minimal
critical region, and analyze the expression of critical region genes
toward identification of the causative gene(s) for the disorder.

METHODS

Patient ascertainment
Subjects were referred for molecular evaluation of the Smith–Magenis syn-

drome (SMS185) and the Prader–Willi syndrome (SMS361). The Institutional

Review Boards at Virginia Commonwealth University and Michigan State

University approved this study.
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Cell lines
Lymphoblastoid cell lines (Epstein–Barr virus-transformed human lympho-

cytes) from SMS185, her mother (SMS184), her father (SMS183), and from

an unaffected control were cultured in RPMI-1640 with 2 mM L-glutamine

and 25 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethane-sulfonic acid)

(Invitrogen, Carlsbad, CA USA), 10% fetal bovine serum, and 1% penicillin/

streptomycin antibiotic-antimycotic solution (Invitrogen) at 37 1C in a humi-

dified 5% CO2 chamber. Cells were grown at the same time period for a span of

3 weeks and supplemented with fresh media every 2–3 days as needed. Cells

were monitored for growth using bright field microscopy and were counted

using Trypan blue exclusion with a hemocytometer. After a 3-week growth

period, the cells were counted, pelleted, and used immediately for RNA

extraction or stored at �80 1C for RNA extraction at a later date.

RNA extraction
RNA was extracted from either 5–10�106 lymphoblast cells using the standard

TRIzol protocol (Invitrogen) or from 4 ml whole blood, as described here. The

whole blood was mixed with 46 ml Puregene RBC lysis solution, mixed, and let

to stand at room temperature for 15 min. White blood cells were pelleted at

600 g for 10 min at 4 1C. The pellet was resuspended in 1 ml RBC lysis solution

and incubated at room temperature for 5 min. Cells were pelleted at 3000 r.p.m.

at 4 1C for 2 min resuspended in 1 ml cold PBS, and further pelleted at 3000 r.p.m.

at 4 1C for 2 min. RNA was then isolated using the standard TRIzol pro-

tocol (Invitrogen). The concentration and purity of RNA were measured at an

absorbance of 260 and 280 nm. RNA was stored at �80 1C until ready for use.

Real-time qRT-PCR
First-strand cDNA synthesis using SuperScript II RT (Invitrogen) was prepared

with 3mg of total RNA using Olgio(dT)12�18, and optional RNase OUT

treatment, followed by RNA degradation with 2.5 units RNase H (Applied

Biosystems Inc., Foster City, CA, USA). For quantitative real-time PCR, pre-

designed assays on Demand Gene Expression Products (Fermentus, Glen

Burnie, MD USA) Taqman MGB probes for MBD5, EPC2, KIF5C, and GAPDH

were used (Applied Biosystems Inc.). GAPDH was used as the endogenous

control. All samples of cDNA were run in triplicate in 10ml reaction volumes.

Taqman Universal PCR Master Mix (Applied Biosystems Inc.), the probe, and

deionized water were mixed together in a fixed ratio, and 8ml was added to

each well. Diluted cDNA (1:5) was then added to each well. PCR conditions

were the Standard 7500 Run mode of the ABI Prism 7900 HT Sequence

Detection System (Applied Biosystems Inc.). The cycle threshold (CT) was

determined during the geometric phase of the PCR amplification plots, as

recommended by the manufacturer. Relative differences in transcript levels

were quantified using the DDCt method. Acquired data were analyzed using

7500 Fast System SDS Software (Applied Biosystems Inc.).

RAI1 sequencing
RAI1 sequencing was performed as previously described7 for SMS185. A novel

familial polymorphism was found, but no pathogenic mutations were identi-

fied in this case.

DNA extraction
Peripheral blood was collected, from which DNA was prepared immediately or

from cell lines established previously. DNA was extracted following standard

phenol chloroform methods.

Whole-genome array comparative genomic hybridization
BAC aCGH was performed as previously described.8,9

Oligonucleotide array CGH
Oligonucleotide-based microarray analysis was performed for SMS361 using a

105K-feature whole-genome microarray (SignatureChip Oligo Solution made

for Signature Genomic Laboratories by Agilent Technologies, Santa Clara, CA,

USA) as previously described.10

Oligonucleotide-based microarray analyses were performed using a 244K-

feature whole-genome microarray made for Signature Genomic Laboratories by

Agilent Technologies to characterize the extent of the abnormalities in SMS185

and SMS361. Genomic DNA labeling was performed as described for BAC

arrays, whereas array hybridization and washing were performed as specified by

the manufacturer (Agilent Technologies). Arrays were scanned using an Axon

4000B scanner (Molecular Devices, Sunnyvale, CA, USA) and analyzed using

Agilent Feature Extraction software v9.5.1 and Agilent CGH Analytics software

v3.5.14. Results were then displayed using custom oligonucleotide array CGH

analysis software (Oligoglyphix, Signature Genomic Laboratories, Spokane,

WA, USA).

Fluorescence in situ hybridization (FISH) analysis
Metaphase FISH was performed using bacterial artificial chromosome (BAC)

clone RP11–951G8 from the 2q deleted region as previously described.11 FISH

data are shown in Supplementary Figure 1.

RESULTS

Case reports
Case 1 (SMS185). SMS185 is a 13-year-old Caucasian girl first seen
for a clinical genetic evaluation when she was 4 years old because of
concerns regarding developmental delays, short stature, and micro-
cephaly (Table 1, Figure 1, Supplementary Figure 2). She was the first
child of phenotypically normal and nonconsanguineous parents
(mother 25 years and father 19 years). No remarkable detail of
pregnancy was mentioned. Birth weight was 3.0 kg and length was
48.26 cm (both between the 25th and 50th percentile) with no
perinatal problems. As an infant, she had significant feeding difficul-
ties due to hypotonia. An atrial septal defect was identified at 1 year of
age, with spontaneous closure by 3 years of age. By 16 months of age,
microcephaly, global developmental delays, and short stature were
evident. A pediatric developmental evaluation was pursued by 3 years
for sleep difficulties and hyperactivity.

The initial physical examination at age 4 5
12 years revealed a weight

of 16.1 kg (50th percentile), a height of 92.25 cm (just below the
third percentile), and a head circumference of 46 cm (Bthree SD
below the mean). She was quite active, with a hoarse voice and no
understandable words. Craniofacial examination revealed midface
hypoplasia, an upturned nose, apparently widely spaced eyes,
and a tented upper lip (Figure 1, Table 1, Supplementary Figure 2).
Skeletal examination revealed short, thick, and tapered fingers,
which measured 9.5, 5.5, and 4 cm for total hand, palm, and
middle finger lengths, respectively (all below the third percentiles).
X-rays of the hands revealed shortened and widened metacarpals and
phalanges in a symmetric manner, with no evidence of focally
shortened bones.

Follow-up exam at 9 3
12 years revealed a history of the onset of

complex-partial seizures at 8 years associated with an abnormal EEG
with ‘mild, diffuse encephalopathy’ changes noted, but no areas of
focal changes or seizure activity. Her brain MRI scan was normal, and
after beginning Trileptal, there was no recurrence of seizure activity. A
further evaluation at 10 9

12 years noted behavioral difficulties related
to significant hyperactivity, minimal expressive speech, a weight of
33.1 kg (30th percentile), a height of 123.2 cm (approximately three
SD below the mean), and a head circumference of 50 cm (just below
the third percentile). Her physical features were unchanged from the
initial examination.

Results of karyotype and FISH analyses to detect a Smith–Magenis
syndrome deletion were normal at 4 years of age. Sequencing of the
RAI1 gene did not reveal any pathogenic mutations (data not shown).
DNA methylation for the Angelman syndrome was normal at 9 years.

Case 2 (SMS361). SMS361 is a 10-year-old Hispanic girl who was
first seen at 26 months of age for developmental delay (Figure 1). She
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Table 1 Clinical features of cases with 2q23.1 microdeletion syndrome

Case 1, this

study (SMS185)

Case 2, this

study (SMS361)

Wagenstaller et al6

(patient 29195)

Jaillard et al3

(subject 1)

Jaillard et al3

(subject 2)

Vissers et al5

Koolen et al4

(patient 2)

De Vries et al2

(patient 2)

Phenotype

Sex F F M M M F F

Ages of evaluation 4 and 13 years 3 and 9 years 1.5 years 2 and 10 years 3 and 10 years 2, 12, and 14 years N/A

Mental retardation + + + + + + +

Motor delay + + + + + + +

Language impairment Severe 50 words + o6 words Severe Severe N/A

Behavioral problems + Hyperactivity + Social contact

seeking behavior

Hyperactivity

Impulsiveness

+ Limited social

interactions

+ Inappropriate

laughter

+ Inappropriate

laughter

Autistic component

Self-biting of hands/

forearms

Decreased sensitivity

to pain

Stereotypies

N/A + Picking of the

eyes

Hyperpnea

Full hands into

mouth

Short attention span + + N/A + N/A N/A N/A

Sleeping difficulties + � N/A � + N/A N/A

Postnatal growth

retardation

+ � N/A + + + +

Short stature + + N/A � � + +

Seizures + + + + + + +

Ataxia � + N/A + + N/A N/A

Feeding difficulties + + N/A + + N/A N/A

Infantile hypotonia + + N/A + + N/A N/A

Constipation + + N/A + + N/A N/A

Craniofacial

manifestations

+ + + + + +

Microcephaly + 15% N/A + + + +

Brachycephaly � � N/A � + � �
Midface hypoplasia + + N/A � + � �
Hypertelorism ±Apparently widely

spaced eyes

� N/A + � N/A N/A

Flat nose � � + + � Small nose N/A

Wide mouth + + + + + N/A +

Tented upper lip + + N/A + + N/A N/A

Open mouth + + + + + N/A N/A

Small chin � + N/A + + � �
Dental anomalies + + N/A � + + N/A

Macroglossia � � N/A � + � �
Eye findings Optic nerve

hypoplasia

Mild myopia

30% right

intermittent

esotropia

Hypermetropia

Astigmatism

Hand/foot abnormalties + + + + + + +

Fifth finger clinodactyly � + N/A � + + +

Brachydactyly � Small hands and

feet

� Small hands and

feet

N/A � + N/A N/A

Other Lumbar lordosis

Toes bulbous at tips

Bitemporal narrowing

Relative obesity

Hypoactive

Sandal gap

Micropenis

Scoliosis

Valgus feet

Recurrent ear

infections

Calm baby

Hypogenitalism

Pseudoarthrosis of

the clavicle

Sandal gap

Large ears

+, Feature present; �, feature absent; N/A, unknown.
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was born to an 18-year-old gravida 1 mother. She was thought to have
Down syndrome at birth, but chromosome testing was negative by
report. Her family history was unremarkable.

She had a generalized tonic-clonic seizure at 8 months of age, but
her EEG and CT scans were normal. She was treated with valproic acid
and has had only 1–2 seizures/year. At 4 years of age, a repeat EEG
showed spike and wave epileptiform discharges from the frontal lobes.
This pattern has been observed on and off during successive EEGs,
with the latest EEG at 7 years of age demonstrating a left-sided spike
and wave pattern from the left frontal lobe. Several brain MRIs were
normal.

She walked after 2 years of age. Her speech was delayed, but
she did learn new words. At the age of 2 years and 11 months,
she knew about a total of 50 words in English and Spanish. She did
not start putting two words together until after 9 years of age. Her
speech was unclear, although she continues to add words to her
vocabulary. She can follow simple commands, but her attention span
is limited.

A physical examination at 9 years of age showed truncal obesity,
with a height of 122 cm (Bfifth percentile), weight of 41.0 kg (90th
percentile), and an occipitofrontal circumference of 50.5 cm (15th
percentile). She was hyperactive, impulsive, and had a short attention
span, moving from object to object in the examination room
(Table 1). She had social contact-seeking behavior, maintained good
eye contact, and had a happy demeanor. She had an unusual facial
appearance with a tented upper lip and bitemporal narrowing. She
had light-colored irides. Her hands were small (total hand length of
13 cm, less than third percentile) and showed clinodactyly of the fifth

digits (although her hand X-ray showed no shortened fourth meta-
carpal). Her total foot length was 17.5 cm (less than third percentile)
and the toes were bulbous at the tips (Figure 1). Ophthalmologic
examination revealed mild optic nerve hypoplasia, mild myopia, and a
30% right intermittent esotropia. Her caretaker reports a healthy
appetite but no food seeking was described.

Molecular analyses
Array comparative genomic hybridization. SMS185 was evaluated by
whole-genome array comparative hybridization (aCGH BAC array),12

revealing a B700-kb deletion of 2q23.1 and confirmed by a clinical
BAC array (data not shown). To further refine the break points of this
deletion, a high-resolution oligo array (Agilent 244K) was performed,
defining the deletion region to be B930 kb at chr2:148 447 496–
149 377 297 (hg18 coordinates, Figure 2), encompassing four known
genes, ORC4L, MBD5, EPC2, and KIF5C.

SMS361 was evaluated by both 105K and 244K oligo arrays
(Figure 2), as described in the Methods section. Array data revealed
a 3.51-Mb deletion of chromosome 2q22.3–q23.3 (chr2:146 798 229–
150 310 317, hg18 coordinates) encompassing nine known or pre-
dicted genes, PABPCP2, ACVR2A, ORC4L, MBD5, EPC2, KIF5C,
LYPD6B, LYPD6, and MMADHC.

Metaphase FISH with RP11–951G8 confirmed a deletion in five out
of five cells examined for both SMS185 and SMS361 (Supplementary
Figure 1). Array data indicate a common, overlapping region between
these two cases that includes ORC4L, MBD5, EPC2, and KIF5C
(Figure 2).

Figure 1 Clinical features of the 2q23.1 deletion syndrome. (a) Case 1, SMS185 aged 4 years. Note tented upper lip, open mouth, and microcephaly. (b)

SMS185, 13 years of age, note tented upper lip and prominent incisors. (c) Hands of SMS185, 13 years of age; note brachydactyly. (d) Case 2, SMS361

aged 8 years. Note tented upper lip with prominent upper incisors and open mouth. (e) Hand of SMS361. Note small hand. (f) Foot of SMS361, note small

foot and short toes with bulbous tips.

Haploinsufficiency of MBD5 associated with a syndrome
SR Williams et al

439

European Journal of Human Genetics



Quantitative real-time PCR. Loss of genes or gene function
due to chromosomal deletion does not necessarily correlate to
a reduction in gene expression; however, haploinsufficiency of one
or more genes is typically the pathological defect in microdeletion
syndromes. To determine the genes that have a reduced expression
in the overlapping 2q23.1 region, both subjects were assessed for
MBD5, EPC2, and KIF5C mRNA levels in white blood cells.
Correlating directly to the confirmed deletions, both SMS185 and
SMS361 have an B50% reduced expression of MBD5 and
EPC2 mRNA compared with normal controls (Figure 3).
Apparently normal levels of expression were observed for KIF5C;
however, KIF5C has a very low expression in peripheral blood, and
thus, levels may not be reflective of the expression in the brain
(data not shown). KIF5C expression may be affected in both the
larger and smaller deletion cases, as the smaller deletion includes
the 5¢-region of the KIF5C gene, which may alter gene expression.
The reduction in expression of MBD5 and EPC2 supports
the potential role of each of these genes in the pathophysiology of
this disorder.

Figure 2 Array analysis of individuals with microdeletions of 2q23.1. (a, b) Oligonucleotide microarray profiles for (a) a single-copy loss of 930 kb at

chr(2)(q23.1); (chr2: 148 447496–149377 297) in SMS185 and (b) a single-copy loss of 3.51 Mb at chr(2)(q22.3-q23.3); (chr2: 146 798229–

150 310 317) in SMS361. For microarray plots, probes are ordered on the x axis according to physical mapping positions, with distal 2p to the left and

distal 2q to the right. (c) Summary of the deletion sizes in individuals with microdeletions encompassing 2q23.1. Green bars indicate the minimum deletion

sizes in individuals in this study and those in the literature, and black lines extend to show maximum deletion sizes. Genes in the region are indicated by

blue boxes. Coding exons for MBD5 are included in the solid blue box, whereas 5¢ noncoding exons described by Wagensteller et al9 are within the dashed

blue box. The color reproduction of this figure is available on the html full text version of the manuscript.

Figure 3 Quantitative real-time PCR expression analysis of MBD5 and EPC2

in patient cells. MBD5 and EPC2 relative gene expressions in SMS185

(EBV-derived lymphoblastoid cell line) and SMS361 (fresh white blood cells)

are shown. Gene expression is shown relative to GAPDH expression and

control cells, with relative expression values based on the DDCt value with

normal control set to 1. Control cells were cultured or isolated at the same

time and with the same methods as test cells. All experiments were

performed in triplicate and average values for all combined experiments are

shown (n¼2–5).

Haploinsufficiency of MBD5 associated with a syndrome
SR Williams et al

440

European Journal of Human Genetics



DISCUSSION

In this study, we present two subjects, SMS185 and SMS361, with a
del(2)(q23.1). These individuals have a distinct clinical phenotype that
includes severe cognitive impairment, seizures, relative obesity, small
hands and feet, and mild craniofacial dysmorphism, including one
child with microcephaly.

A recent report described two patients with overlapping deletions
of this region on chromosome 2 exhibiting a ‘pseudo-Angelman’
phenotype.3 Both the subjects in this study tested negative for an
abnormal SNRPN DNA methylation patterning of the 15q11.2 region,
which rules out a diagnosis of Angelman syndrome. However, they do
have features consistent with the ‘pseudo-Angelman’ phenotype
described by Jaillard et al (2008).3

In addition to the report by Jaillard et al (2008)3, three other cases
of 2q23.1 deletion have been described2,4,5 (Figure 2). The common
phenotypes observed in these subjects are severe mental retardation,
motor delay, severe language impairment (sometimes accompanied by
hoarse voice), behavioral abnormalities (including hyperactivity
and inappropriate laughter), postnatal growth retardation,
relative obesity, and seizures (Table 1). In addition, a distinctive
craniofacial phenotype is also apparent that includes small head
size, wide and open mouth, a tented upper lip, and prominent incisors
(Figure 1). Skeletal abnormalities include generalized brachydactyly
(Figure 1, Table 1).

The more variable phenotypes between the cases reported here
and those in previous studies include craniofacial abnormalities such
as brachycephaly and relative hypertelorism (likely associated with
microcephaly), as well as eye findings and genital abnormalities.
Overall, these individuals with varying overlapping deletions of
2q23.1 present with a very similar global phenotype, which leads us
to believe that a common gene(s) might be involved.

It is worthwhile to mention that reported duplications of the 2q23
region are rare and tend to be much larger in size than the deletions
described in this and previous reports.13–15 The reported duplication
2q23 cases presented with craniofacial abnormalities, low set ears,
and heart, kidney, genital, skeletal, and neurological abnormalities,
resulting in death in early infancy.16 The phenotype observed in
dup(2)(q23) further supports a gene dosage as a mechanism and
the importance of the genes in this region.

When considering all of the reported deletions involving 2q23.1
(Figure 2), a critical region emerges that includes a single gene, MBD5.
MBD5 (methyl-CpG binding domain protein 5) is expressed neuron-
ally and likely functions in the regulation of gene expression.17,18

MBD5 contains a methyl-binding domain, sharing sequence homo-
logy to MECP2, which when mutated or deleted, results in Rett
syndrome. We have shown in this study that MBD5, in addition
to EPC2, is haploinsufficient in patient white blood cells and lympho-
blastoid cells (Figure 3), providing further evidence of its role in this
syndrome and the need for proper gene dosage for normal development
and behavior. We do not, however, rule out the possibility that KIF5C
and/or EPC2 may contribute to variability or severity of the syndrome.
These data, taken together with the previous report of a small deletion

within MBD5,3,6 indicate that haploinsufficiency of MBD5 is the likely
common pathological defect for most features of this syndrome.
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