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Figure 1
(red dotted line).

are provided in figure 3. Behaviour problems were reported in
two patients (7 and 9). Three patients (3, 5 and 7) underwent
a complete skeletal radiography examination, which showed
common features: abnormal modelling of distal phalanges
(hands and feet), coxa valga with enlargement of the proximal
femoral metaphyses and small epiphyses. Cerebral imagery was
abnormal in eight individuals, and demonstrated cerebral
hypoplasia with ventricular dilatation in five individuals and
cerebellar anomalies in three individuals.

DISCUSSION

We report on nine unrelated patients who display a common
phenotype comprised of pronounced developmental delay or
severe mental retardation and absence of speech, muscular
hypotonia, severe growth restriction, distinctive facial features
and variable brain anomalies. The common constellation of
features is associated with a de novo interstitial deletion
including region 4q21. The overlapping region of these nine
deletions is 1.37 Mb long and included five RefSeq genes:
PRKG2, RASGEF1B, HNRNPD, HNRPDL and ENOPH1 (figure 2
and table 4). Interstitial deletions including chromosomal region
4q21 have already been described. Although the deleted regions
among patients were different, most of them showed growth
and developmental retardation. Notably, with few exceptions,
most of the deletions have been characterised only at the cyto-
genetic level, which hampers a precise genotype—phenotype
correlation in this region. The exact size of the deletion was
determined for only five cases (table 5). Harada et al® reported
a girl with del(4)(q21.1q22.2) and severe postnatal short stature
(—7.4SD at 6.6years of age), delayed bone age and severe
psychomotor retardation including an absence of speech ability.
Other abnormalities included a dolichocephaly, hypertelorism,
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long philtrum, small mouth, defect of the bilateral lower inci-
sors, pathological attrition of all teeth, bilateral sensorial deaf-
ness with ear canal stenosis and muscle hypotonia. Karyotype
and FISH analysis using BAC clones revealed a 4q21.1q22.2 de
novo deletion extending from 81 to 95.8 Mb. This deletion
includes the five RefSeq genes commonly deleted in our reported
cases. Friedman er al* studied 100 children with idiopathic
mental retardation and identified a 4q21.21g22.1 de novo dele-
tion extending from 82.1 to 93.2 Mb in an 18-year-old girl with
extremely short stature, small hands and feet, severe hypotonia,
mild scoliosis and severe cognitive impairment. The face showed
deep-set eyes with narrow palpebral fissures, low-set and
straight eyebrows, narrow nasal root, columella below alae nasi,
and short philtrum. This deletion includes also the five RefSeq
genes.

Two DECIPHER-reported cases overlap with our cases:
patients 1571 and 4539 (data from Drs Emilia Bijlsma (Leiden
University Medical Center, Leiden, The Netherlands) and Marie-
Claude Addor (Centre Hospitalier Universitaire Vaudois,
Lausanne, Switzerland). These two patients all present with
developmental and postnatal growth delay (table 5). The dele-
tion of case 1571 (figure 3) was detected with a 1 Mb clone array.
The telomeric boundary is between positions 82332981 and
83182488 bp. Thus, this deletion can reduce the critical region:
the maximal region includes PRKG2 and RASGEF1B, and the
minimal region only includes the PRKG2 gene. It is possible that
other genes in these large deletions are contributing to the
variability of congenital defects seen in these individuals.
Regarding the critical region, we focused on the RASGEF1B and
PRKG2 genes.

RASGEF1B is a highly conserved guanine nucleotide exchange
factor for Ras family proteins. Ras superfamily proteins function
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Figure 2 Map of the deleted region (National Center for Biotechnology Information March 2006 genome build). (A) Region 4q13.2g22.3. (B) Zoomed
view showing the 4q21.21921.22 region.
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Figure 3 Front and lateral views of seven patients with microdeletion encompassing the 4q21 region. (A and B) Patient 1; (C and D) patient 2; (E and
F) patient 3; (G and H) patient 4; (I and J) patient 5; (K and L) patient 7; (M) patient 9. Parental informed consent was obtained for the publication of

this figure.

as molecular switches in fundamental events such as signal
transduction, cytoskeleton dynamics and intracellular traf-
ficking. RASGEF1B shows a high level of central nervous system
expression (Genecards) and is, therefore, a good candidate for the
central nervous system phenotype. A growing number of genes
that are related to mental retardation have been involved in
Rho-GTPase signalling pathways.” Among them, ARHGEF6 and
FGD1 encode guanine nucleotide exchange factors and regulate
Rac and Cdc42, two members of the Rho family of small
GTPases, which are considered as key regulators of actin and
microtubule dynamics during both dendrite and spine structural
plasticity.®

PRKG2 encodes cGMP-dependent protein kinase type II
(cGKII). cGKII is a membrane-bound kinase, which is activated
by intracellular cGMP, and is known to be expressed abundantly
in the intestinal mucosa, kidney, lung, brain and cartilage. Pfeifer
et al” generated mice carrying a null mutation of the cGKII gene
(cGKII—/— mice); these mice developed postnatal dwarfism
that was caused by a severe defect in endochondral ossification
at the growth plates and impaired chondrocyte hypertrophy.
Chikuda e al® described the Komeda miniature rat Ishikawa.
This rat is a naturally occurring mutant caused by an autosomal
recessive mutation mri. They identified the mri mutation as
a deletion in cGKIl. The Komeda miniature rat Ishikawa
exhibited longitudinal growth retardation and showed expanded
growth plates.

Kugimiya et al’ and then Kawasaki et a/'® investigated the
mechanism of cGKII-mediated chondrocyte hypertrophy. cGKII
phosphorylates glycogen synthase kinase-3p (GSK-3B). Phos-
phorylation inactivates GSK-3B. GSK-3P is a negative regulator
of P-catenin through its phosphorylation and degradation.
When GSK-3f is phosphorylated and inactivated, -catenin level

Table 4 List of genes within the common deleted region

increases and P-catenin can go into the nucleus to enhance
chondrocyte hypertrophy. cGKII also phosphorylates Sox9, an
inhibitor of chondrocyte hypertrophy, and suppresses its nuclear
entry, leading to enhancement of chondrocyte hypertrophy.
Chondrocyte hypertrophy in the growth plates is a rate-limiting
step for longitudinal skeletal growth. In cGKII™/~ mice, chon-
drocyte hypertrophy and elongation of growth plates are
impaired, resulting in postnatal dwarfism. These experimental
data provide support to the hypothesis that haploinsufficiency
of PRKG2 could explain severe growth delay observed in the
reported patients. Additionally, Ulher'' showed that cGKII
transcript is abundant in brain. Serulle er a/*? ' also showed that
cGKII and GluR1 form a complex in brain; more specifically in
this complex, cGKII can phosphorylate GluR1, leading to
increased GluR1 surface levels and to the surface expression of
AMPA receptors at extrasynaptic sites. This mechanism plays an
important role in long-term potentiation in the hippocampal
neurons, a critical step involved in learning and memory. GluR1
accumulation in the plasma membrane also plays a pivotal role
in synaptic plasticity. Therefore, PRKG2 haploinsufficiency
could also participate to the severe cognitive developmental
delay reported in patients with 4q21 microdeletion.

In summary, we have characterised a novel microdeletion
syndrome at chromosome 4q21 with a recognisable clinical
phenotype including severe mental retardation, absent speech,
distinctive facial features and severe growth delay. In the
minimal critical region, we identified PRKG2 and RASGEF1B as
major determinants of the 4q21 deletion phenotype. Further
detailed clinical examination of additional patients with
a similar microdeletion is needed to get more insight into the
phenotype and to establish guidelines for anticipatory health-
care management across the lifespan.

Start Stop Symbol Model evidence Cyto Description

82228861 82345239 PRKG2 Best RefSeq 4¢13.1921.1 Protein kinase, cGMP-dependent, type II

82567243 82612085 RASGEF1B Best RefSeq 4g21.21921.22 RasGEF domain family, member 1B

83493491 83514173 HNRPD Best RefSeq 4921.1921.2 Heterogeneous nuclear ribonucleoprotein D (AU-rich
element RNA binding protein 1.37 kDa)

83563371 83570402 HNRPDL Best RefSeq 413921 Heterogeneous nuclear ribonucleoprotein D-like

83570787 83601264 ENOPH1 Best RefSeq 4q21.22 Enolase—phosphatase 1

Data are from http://www.ncbi.nlm.nih.gov/mapview/maps.cgi?0RG=hum, build 36.3.
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Table 5 Clinical features of individuals with overlapping microdeletion
previously reported in the literature

Patient 10 Patient 11 Patient 12 Patient 13

DECIPHER DECIPHER Friedman Harada

1571 4539 etal® et al®
Deletion 4913.2921.21 4q921.21921.23 4¢21.21922.1 4q21.1922.2
Size (Mb) 15 3.2 1 14.8
Distinctive facial ND + ND +
dysmorphism

(a) Frontal bossing, _
broad forehead

(b) Hypertelorism +
(c) Short philtrum + -
Developmental ND + + +
delay/severe mental

retardation

(a) Severely delayed + + ND +
speech

(b) Neonatal ND + + +
hypotonia

Measurement + + + +
abnormalities

(a) IUGR ND - ND -
(b) Postnatal growth  + + + +
delay —7.48D
(c) Conserved head ND + ND ND
circumference

(d) Small hands and + +

small feet

(e) Brachydactyly

Cerebral imagery ND ND ND ND

+, Feature present; —, feature absent; ND, no data available.
IUGR (intrauterine growth retardation).

» NCBI Map Viewer: http://www.ncbi.nlm.nih.gov/mapview/
maps.cgi?0RG=hum

» UCSC: Santa Cruz Human Genome Browser: http://www.
genome.ucsc.edu

» DGV: Database of Genomic Variants: http://projects.tcag.ca/
variation/

» DECIPHER: DatabaskE of Chromosomal Imbalance and Pheno-
type in Humans using Ensembl Resources: https://decipher.
sanger.ac.uk/

» GENECARDS: http://www.genecards.org/
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