Smith-Magenis Syndrome (SMS) is a complex,
pediatric, neurobehavioral, contiguous gene syn-
drome ascribed to interstitial microdeletion of
chromosome 17, band 11.2. The syndrome is char-
acterized by distinctive behavioral, neurocogni-
tive, and neuropsychiatric abnormalities. This ge-
netically mediated disorder of mental retardation
prompts behavioral researchers to examine the
links between genes, brain, and behavior in order
to solve the gene-behavior puzzle and the geno-
type[phenotype correlation. In this article, the au-
thors review literature on behavioral profile and
its associated psychopathologies, cognitive profiles,
multisystem abnormalities, and genetic correlates
that highlight the complexities of the disorder.

(The Journal of Neuropsychiatry and Clinical
Neurosciences 2005; 17:91-97)
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mith-Magenis Syndrome (SMS) is a complex neu-

ropediatric-neurobehavioral syndrome associated
with an interstitial microdeletion aberration at chro-
mosome 17p11.2. It was in 1982 when the first original
description was reported by the genetic counselor Ann
C. M. Smith and her colleagues, including geneticist El-
len Magenis.! Since then, more than 100 cases have been
described in the literature.

Smith-Magenis syndrome is a distinctly characterized
genetically driven disorder exemplified by multiple con-
genital anomalies and mental retardation, distinct cra-
niofacial dysmorphic phenotype, abnormalities of sleep-
wake circadian rhythm, severe cognitive and behavioral
profiles, and other psychopathologies. With the advent
of powerful cytogenetic and molecular laboratory tools,
it has been possible to recognize the distinctive genetic
underpinnings of various neurobehavioral disorders.

In 1986, Smith et al.? described nine individuals with
chromosomal deletion at 17p11.2, which was subse-
quently confirmed in 27 SMS patients by the multidis-
ciplinary clinical and cytogenetic study of Greenberg et
al.? in 1991. The birth prevalence of SMS is believed to
be as high as 1 in 25,000. The clinical phenotype has been
well described and includes minor craniofacial anoma-
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lies such as: brachycephaly; a prominent forehead; a flat
midface; a down-turned mouth with cupid’s bow; syn-
ophrys; epicanthal folds; a broad nasal bridge; atypical
ears; and prognathism. Other abnormalities include a
hoarse, deep voice; a short stature; broad hands with
brachydactyly; and self-injurious behaviors such as
head banging, wrist-biting, onychotillomania, and po-
lyembolokoilamania.® Sleep disturbances; self-hugging
(auto-amplexation) stereotypy; signs of peripheral neu-
ropathy (decreased deep tendon reflexes, decreased sen-
sitivity to pain, bony markers of pes cavus or planus);
delayed speech and motor development; and variable
levels of mental subnormalities are also common.

The seminal multidisciplinary studies of Greenberg et
al.* conducted on 27 SMS patients demonstrated the oto-
laryngologic abnormalities in 94%, eye abnormalities in
85%, rapid eye movement (REM) sleep abnormalities in
75%, hearing impairment in 68% (65% conductive and
35% sensorineural); cardiac abnormalities in 37%); sco-
liosis in 65%; brain abnormalities such as ventriculom-
egaly in 52%; renal anomalies in 35%; low thyroxine lev-
els in 29%; low immunoglobulin levels in 23%); forearm
abnormalities in 16%; and other minor abnormalities
such as seizures and genital abnormalities. Mental re-
tardation was scored as falling in the moderate range,
varying between an intelligence quotient (IQ) of 40 and
54. It is evident from the frequency of these many ab-
normalities in SMS that the patients needed mandatory
periodic thorough evaluations both at the time of diag-
nosis and at least on an annual basis thereafter.

Neuropsychiatry and Behavioral Profile

Several investigators®'® have further elucidated the pe-
culiar clinical and peculiar behavioral phenotype of
SMS patients. A characteristic pattern of stereotypic and
self-injurious behavior distinguishes SMS from many of
the other genetic syndromes of mental retardation.'' In
their study of 29 children and adults with SMS, Finu-
cane et al. '* examined 11 specific types of self-injurious
behavior from the prevalence and severity (self-injuri-
ous behavior severity ratings) perspective (Table 1). Self-
injurious behavior was almost universally present
(96.6%) in these patients and may be labeled as “hall-
marks” of the SMS. These “genetically driven” behav-
iors, in addition to their erratic sleep patterns and mal-
adaptive behavior, pose severe management problems
and inflict a very stressful burden on the parents who
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want to protect them from harm. It was also suggested
that, with increasing age and ability levels, people with
SMS add to their repertoire of self-injurious behavior
(self-pinching /scratching, picking skin around the fin-
gernails), which may be due to an operant control of
behavior. Alternatively, this could reflect age-dependent
gene expression.

The behavioral findings of maladaptive vulnerabili-
ties included attention seeking, hostility, impulsiveness,
temper tantrums, aggression, anxiety, sleep problems,
overactivity, destruction, overdependency, and a curi-
ous set of unusual motor behaviors. Finucane et al.'?
have described this unusual motor behavioral pheno-
type in 11 SMS patients. These included self-hugging
behaviors: crossing both arms tightly across the chest;
pulling the chin downward and spasmodically tensing
the upper body for a few seconds at a time; clasping the
hands at chest level or under the chin with fingers in-
terlocked, while squeezing the arms tightly against the
sides. These movements would last for a few seconds,
and patients would experience sudden “bouts” of sev-
eral spasms per episode. Finucane et al. described the
“spasmodic upper-body squeeze” (self-hug) as “tic-
like,” and it was exacerbated by happiness, excitement,
or overstimulation, accompanied by facial grimacing
and occasional grunting. This behavior is a major clini-
cal clue to the diagnosis, which should prompt chro-
mosomal analysis. Most affected individuals are affec-
tionate and have a positive, affective mood that can be
regarded as one of the more benign and appealing as-
pects of their behavioral phenotype. Among children
with SMS, there have been single cases reported on

TABLE 1. Types and Prevalence of Self-Injurious Behavior in 29
Children and Adults With SMS

Subjects With SMS Who

Behavior Exhibited Behavior (%)
Hand /wrist biting 93.1
Head banging 55.2
Skin picking 51.7
Hair pulling 34.5
Slapping self 62.1
Onychotillomania

Fingernails 48.3

Toenails 34.5
Polyembolokoilamania

Ears 31.0

Nose 17.2

Rectum 35

Vagina 21.1
Total 96.6

SMS = Smith-Magenis Syndrome
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those who fulfill the diagnostic criteria for autism.>"
Many cases have been reported on those with autistic-
type behaviors.'*

Cognitive Profile

The behavioral and cognitive functioning profiles were
systematically studied in 10 patients with SMS, using
various neurobehavioral and neuropsychological as-
sessments conducted by Dykens et al.'”® The cognitive
abnormalities described included problems in sequen-
tial processing (Kaufman Assessment Battery for chil-
dren) and problems in learning and retention. It was
uncertain whether these deficits were attributed to the
associated inattention, overactivity and impulsivity.

To our knowledge, the largest cohort of SMS patients
studied was comprised of 29 children and 21 adults and
was examined in relation to intellectual, cognitive, adap-
tive behavior, and learning domains by Udwin et al.'®
All patients had mild to severe learning disabilities, and
levels of attainment and of adaptive behavior were strik-
ingly low. Children with an IQ of 50 or below consti-
tuted 75%. In contrast, the adult sample obtained higher
IQs but they were more dependent on caretakers, with
little independence in daily living skills. Occupational
attainment was also low, which was explained on the
basis of the high rates of severe behavioral disturbances
(aggression and self-injury), poor concentration, impul-
sivity, attention seeking behaviors, and autistic behav-
iors that are the typical comorbid psychopathologies of
this syndrome.

Dysmorphic Craniofacial Profile

Allanson et al."” studied the craniofacial patterns of SMS
using various facial anthropometric measurements and
facial “gestalt” and noted the distinctive facial pheno-
type. The summary of the craniofacial pattern abnor-
malities is shown as Table 2. It was also emphasized that
these characteristic facial dysmorphic phenotypic fea-
tures evolve over time and are more subtle in early
childhood. Age also enhances the somewhat coarse ap-
pearance of the face with development of a hoarse, deep
voice and causes an increased mandibular growth that
exceeds that of the maxilla, which leads to increased jaw
width and protrusion and marked midface hypoplasia.
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Circadian Sleep Disturbances and Behavior

Sleep pattern disturbances are common in children with
mental retardation and neurodevelopmental disabili-
ties."® The specific sleep disturbances in SMS include
disrupted sleep-wake cycle, early sleep onset, frequent
awakenings, early sleep offset, advanced sleep phase
and defects in REM sleep. These sleep disturbances have
a major impact on patients with SMS and their families.
It has been hypothesized that the behavioral problems,
hyperactivity, and attention deficits could be related to
sleep deprivation and inappropriate diurnal melatonin
release in SMS. The use of melatonin at the end of the
day has been recently suggested for the treatment of
chronic sleep disorders in neurologically disabled chil-
dren.

DeLeersnyder et al.”” studied another major problem
of severe sleep abnormalities in 20 children with SMS
and suggested that the behavioral abnormalities could
be aggravated by inversion of the circadian rhythm of
melatonin secretion. Potocki et al.?° had earlier reported
alterations in circadian rhythms causing severe sleep
disturbance and advanced sleep phase in SMS by ob-
serving the abnormal rhythm of 6 sulfatoxymelatonin,
the main urinary melatonin metabolite. DeLeersnyder
et al."? studied the circadian variation of plasma mela-
tonin in children and a comparison group and corre-
lated tantrums with melatonin rise. They hypothesized
that at least part of the hyperactivity and attention def-
icit and behavioral problems occurred because the pa-
tients struggled against sleep, when the melatonin rose
during the day. Since a number of clock genes control
circadian patterns in the suprachiasmatic nuclei, a hap-
loinsufficiency for a clock gene; an alteration of the out-
put/input signaling pathway or an abnormal transmis-

1.19

TABLE 2. Summary of Craniofacial Phenotype in 27 Subjects

With SMS
Subjects With SMS Who Had
Characteristic Characteristic (%)
Brachycephaly 95.00
Midface hypoplasia 95.00
Broad face 90.00
Broad nasal bridge 80.00
Down-turned corners of 60.00
mouth
Frontal bossing 60.00
Prognathism 60.00
Telecanthus 60.00
Upward slanting 45.00

SMS = Smith-Magenis Syndrome
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sion from suprachiasmatic nuclei to an output signaling
pathway of postganglionic fibers ascending to pineal
gland could account for the sleep disturbances in SMS.

DeLeersnyder et al.?! examined the effects of beta-1
adrenergic blockers (acebutolol 10 mg/kg as single
morning dose) in nine SMS children. They noted a sig-
nificant improvement of inappropriate behavior with in-
creased concentration, delayed sleep onset, increased
hours of sleep, and delayed waking. Melatonin admin-
istration is not warranted because the amount of hor-
mone is largely normal but its kinetics are erratic. The
study showed that a single morning dose of acebutolol
was well tolerated and suppressed the inappropriate di-
urnal secretion of melatonin which helped to manage
hyperactivity, enhance cognitive performance, and re-
duce sleep disorders in SMS. The abnormal circadian
rhythm of melatonin in SMS and its relationship with
chromosome 17 deletion remain unclear.

Ongoing trials are underway using various beta-ad-
renergic antagonists, with different half life kinetics,
combined with evening melatonin administration to re-
store the physiological circadian rhythm of melatonin in
SMS.

Multisystem Involvement

Several investigators***2® have reported various fea-
tures of multisystem involvement in SMS. These clinical
findings are summarized as Table 3. It is crucial that
every SMS patient should have annual evaluations for
thyroid function, scoliosis, and ocular problems. Newly
diagnosed patients should be screened for the various
anomalies by renal ultrasonography, audiologic evalu-
ation, echocardiogram, assessment for velopharyngeal
incompetence, and quantitative immunoglobulins. This
would facilitate further appropriate clinical evaluation
and early intervention.

Neurological Involvement

Other neurological abnormalities reported in SMS pa-
tients include peripheral neuropathy with wasting of
the distal musculature with delayed nerve conduction
velocities and nerve biopsy showing segmental demy-
elination and remyelination.>*” Clinical signs of periph-
eral neuropathy have been found in approximately 75%
of SMS patients.* Seizures (30%) have been reported, but
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encephalogram (EEG) epileptiform abnormalities with-
out a clinical history of seizures (21%) have also been
described.* Several adults aged in their 60s and 70s have
been described in literature,* suggesting that life expec-
tancy may be normal.

Genetic Implications—Cytogenetic and Molecular
Studies

At a period of growing excitement in the fields of both
molecular genetics and mental retardation, there have
been several papers trying to unravel the cytogenetic
and molecular aspects of the 17p11.2 deletion in SMS.
Smith-Magenis Syndrome is ascribed to interstitial mi-
crodeletion involving the band p11.2 of chromosome 17
and is hypothesized to be a “contiguous deletion syn-
drome.” This is localized to a cluster of closely linked

TABLE 3. Multisystem Manifestations in SMS

Manifestation

Otolaryngologic

Conductive deafness
Sensorineural deafness
Chronic deafness
Velopharyngeal incompetence
Hypernasal speech
Ophthalmological

Myopia

Iris dysplasia/coloboma
Macular degeneration

Ptosis

Telecanthus

Strabismus

Cataracts

Optic nerve hypoplasia
Retinal detachment/anomalies
Skeletal

Scoliosis-midthoracic
Radio-ulnar synostosis

Bowed /short ulnae

Renal

Duplication of collecting system
Unilateral renal agenesis
Ectopic kidney

Cardiac

Tricuspid /mitral regurgitation
Subvalvular aortic stenosis
Ventricular septal defect
Supravalvular pulmonic stenosis
Atrial septal defect

Brain imaging
Ventriculomegaly

Enlarged cisterna magna
Endocrine

Hypothyroidism
Hypogammaglobulinemia

SMS = Smith-Magenis Syndrome
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genes that is simultaneous deleted leading to a complex
phenotype that reflects contributions of multiple genes.
The phenotype arises from the haploinsufficiency of
multiple, functionally unrelated genes in close proxim-
ity depending on the extent of the deletion. The human
genome contains “sites of instability” or “hot spots” for
crossing over, breakage, and rearrangement, and these
regions are shown to be vulnerable for deletions.?® The
presence of such hot spots in 17p11.2 could explain the
relatively high frequency of SMS as a de novo chromo-
somal deletion.

Studies are targeted towards the molecular definition
of the “critical deletion interval” in the chromosomal
band 17p11.2 and to identify “candidate genes” and
“proximal/distal breakpoints” in this interval respon-
sible for the phenotypic expression of SMS. This genetic
locus at chromosome 17p near to the regions (chromo-
some band 17p12) is associated with the peripheral neu-
ropathies, hereditary neuropathy with liability to pres-
sure palsies® and Charcot-Marie-Tooth disease Type 1A
(CMT 1A).***! The SMS common deletion interval is es-
timated to contain 4-5 Mb of deoxyribonucleic acid
(DNA) or approximately 100 genes based on an average
gene size of approximately 50 kb.** The SMS “critical
interval” defined as “the smallest deletion necessary to
give the full SMS phenotype” is approximately 1.5-2 Mb
(Figure 1).

Juyal et al.** conducted a molecular genetic study us-
ing a multifaceted approach, which combined the use of
somatic cell hybrid analysis, genotyping of microsatel-
lite markers, restriction fragment length polymorphism
analysis, and fluorescence in situ hybridization to de-
termine the molecular definition of the interval defining
this microdeletion syndrome at various loci in 62 unre-
lated SMS patients in conjunction with 70 available un-
affected parents. The results confirmed the microsatel-
lite markers that mapped the proximal and distal
deletion breakpoint. A small deletion size (<2 Mb) may
go undetected as it may be at the limits of the resolution
of routine cytogenetic analysis and will be detected by
high-resolution karyotype and fluorescence in situ hy-
bridization. There has been a broad range of clinical
manifestations that has wide variability in both the type
of clinical manifestations as well as the extent of clinical
severity. The phenotypic variability and severity in SMS
may correspond to the degree of deletion, as larger de-
letions involve more genes.

Zori et al” described an infant with deletion
17(p11.2p12) whose deleted chromosome was transmit-
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ted from a mosaic mother. The phenotypic findings in
the mother were mild enough and would not have been
tested. Therefore it is standard cytogenetic procedure
that when apparent terminal deletion is identified, pa-
rental chromosomes need to be studied in order to in-
vestigate whether the abnormal chromosome is derived
from a balanced parental rearrangement.
Recombination between repeated sequences at vari-
ous loci of the human genome are known to give rise to
DNA rearrangements associated with many genetic dis-
orders. Low-copy repeats have been implicated as the
cause of DNA rearrangement and the presence of re-
petitive sequences can hypothetically facilitate homol-
ogous recombination and lead to chromosomal dele-
tions. Chromosomal deletions in humans resulting in

FIGURE 1. Full SMS Phenotype
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loss of megabases of DNA in specific regions of the hu-
man genome may be explained by three mechanisms: 1)
interchromosomal rearrangement, 2) intrachromosomal
rearrangement, and 3) fragile site associated with an ex-
panded trinucleotide repeat. Chen et al.** in their work
suggested that homologous recombination between
flanking repeat gene cluster as a molecular mechanism
that leads to the SMS microdeletion syndrome. Three
copies of a low-copy-number repeat have been located
within and flanking the SMS common deletion region.
These chromosome-specific repetitive structures are pre-
disposed to frequent microdeletions or microduplica-
tions that cause gross change to the genomic DNA. Po-
tocki et al.*® reported seven unrelated patients of SMS
with de novo 17p11.2 duplication that arises from un-
equal crossing over due to homologous recombination
between flanking repeat gene clusters. Seranski et al.*®
studied the genomic sequencing of the candidate dele-
tion interval and identified one of the genes named RAI
1, which has the polymorphic CAG repeat coding for a
polyglutamine stretch in the amino terminal of the pro-
tein. Bi et al.*” and Lucas et al.*® have studied the ge-
nomic organization of the 1.5-Mb SMS critical interval
in order to identify possible candidate genes and de-
scribed a detailed review of six promising candidate
genes that map to the SMS critical region. These six
genes are summarized as Table 4. Functional genomics
studies many of these brain-expressed genes and their
functional gene products that are of critical importance
to the understanding of the complex gene-brain-behav-
ior interrelationship.

TABLE 4. Summary of Promising SMS Candidate Genes

Gene Tissue Expressed Function

FLI1 Muscle Actin cytoskeletal protein
LLGL1 Brain, kidney, muscle Cytoskeletal protein
DRG2 Embryonic GTP binding protein
RAIl Brain Neuronal differentiation
RASD1 Brain, heart G protein signaling
NT5M Brain, heart, muscle Mitochondrial enzyme

SMS = Smith-Magenis Syndrome

Molecular genetic techniques in the diagnosis of SMS
are becoming important tools for the prenatal diagnosis
by amniocentesis and fetal anomaly ultrasound scan-
ning.*

Conclusion

There are almost 750 known genetic disorders associ-
ated with mental retardation. Behavioral researchers
must play a pivotal role in syndromic research in order
to solve the behavioral half of the gene-behavior puzzle.
As a part of the gene-brain-behavior axis, it is impera-
tive to note that the advances in molecular genetics can
only be interpreted in the context of a thorough and
accurate behavioral examination. A multidisciplinary
collaboration between behavioral researchers and ge-
neticists is needed to appreciate the challenges in con-
ducting behavioral phenotypic research to examine the
links between genes, brain, and behavior and to derive
at genotype-phenotype correlations.

Future research should continue to aim toward im-
proving the quality of life for persons with SMS and
their families. Therapeutic intervention should be di-
rected toward drug treatment to modify aberrant be-
havior and improve attention span with carbamazepine
therapy, speech therapy, and amelioration of sleep dis-
turbances, all of which may contribute to cognitive and
behavioral improvement. It is mandatory that every
SMS patient be subjected to annual evaluation for
screening multisystem abnormalities and to plan for ap-
propriate intervention if any of these studies are abnor-
mal. Teachers, special educators, psychologists and care-
givers should be informed about all the behavioral and
emotional aspects of this complex genetic syndrome,
which will often make life for the child, family and
teacher much easier to cope with.

Dr. Shelley is a Research Fellow at the Raymond Way Neu-
ropsychiatry Research Group, Institute of Neurology, Queen
Square, London.
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