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Abstract

Often in the history of medicine, as the field progresses from descriptive to
etiologic diagnosis, great strides can be made in the treatment of disease.
The current chapter will discuss the 22ql1.2 Deletion Syndrome
(22q11DS), and argue that knowledge of the syndrome that has emerged
in the past several decades, together with rapid progress in applications of
genomic analysis to diagnosis of complex neurobehavioral syndromes, is
creating the basis for a new understanding of many developmental dis-
abilities. To provide context, it is useful to begin with a historical example,
in part abstracted from Pearce’s fascinating account, which illustrates how
progressing from description to causation led ultimately to what was argu-

ably one of
psychopharmacology.

Introduction

In 1822, Antoine Laurent Jessé Bayle (1799-
1858) published his medical thesis “Recherches
Sur I’ Arachnitis Chronique” [1, 2]. In that work
he reported the results of autopsies of patients
who had died of a progressive dementing psycho-
sis associated with motor paralysis, an invariably
fatal condition that became known in nineteenth-
century medicine as general paralysis of the
insane (GPI). Bayle concluded that GPI resulted
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great revolutions in  twentieth-century

from inflammation of the meninges. This revolu-
tionary concept, that insanity resulted from a
physical problem in cerebral tissue, remained
controversial for decades. Indeed, at the time,
many “alienist” (psychiatric) authorities attrib-
uted GPI to weak character- an assertion remark-
ably reminiscent of the more recent past, when
refrigerator mothers were said by some psychiat-
ric experts to cause their children’s autism.

In 1857 Esmarch and Jessen [3] suggested
that GPI resulted from syphilis. Although many
observers, including Bayle, had noted that GPI
patients frequently had histories of syphilis, the
causal link between GPI and infection with trepo-
nema pallidum was not definitely established
until 1913 when Naguchi and Moore [4] cultured
the spirochete from the autopsied brains of
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patients. Fleming’s observation that mold that
had contaminated a culture plate destroyed
nearby Staphylococcus colonies [5], followed by
Florey and Chain’s successful large-scale pro-
duction of the active principle of the “mold
juice,” penicillin [6], led to a highly effective
treatment for syphilitic infections. GPI, which
once accounted for some 15 % of male psychiat-
ric inpatients and was the leading cause of death
in chronic psychiatric hospitals, became so rare
that most modern psychiatrists (including the
present author) have never treated a single case.

The Emerging Genetics
of Neurodevelopmental Disorders

The history of GPI seems relevant to the story of
22q11DS because the latter syndrome is the most
common of a newly emerging class of develop-
mental disorders in which a major etiologic con-
tribution can be identified: disorders arising from
genomic copy number variants (CNVs). Defined
as a segment of DNA at least 1 kilobase in length
present in a number differing from that in a refer-
ence genome [7], CNVs can occur throughout the
human genome. Recurrent CNVs are those that
tend to occur de novo in identical or nearly
identical form in specific regions of the genome
that harbor segmental duplications (or low-copy
repeats, LCRs). LCRs are runs of identical DNA
sequence of ~10 kilobases or more that reside
near each other in the same orientation. These
structures pre-dispose to misalignment of sister
chromatids during meiosis, leading to duplica-
tion of the intervening sequence on one allele,
and its duplication on the other, a process known
as non-allelic homologous recombination
(NAHR) [8]. NAHR in regions containing LCRs
generates the de novo production of recurrent
CNV in the human population with each new
generation. The fact that new recurrent CNVs,
some of which clearly associate with low-
fecundity neurodevelopmental disorders such as
autism spectrum disorders (ASD) and schizo-
phrenia at least partially addresses a question that
has dogged evolutionary thought about such dis-
orders for decades. Namely, how do disorders
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such as ASD and schizophrenia remain so com-
mon in the population, when they are highly heri-
table and clearly reduce reproductive fitness? In
the absence of new mutation, evolutionary theory
predicts that genes predisposing to lower repro-
ductive fitness should be rapidly removed from
populations by purifying selection. However, it is
now clear that NAHR in regions of the genome
rich in LCRs generates new deleterious muta-
tions that predispose to neurodevelopmental dis-
orders with each generation.

Potential for Treatment

In addition to explaining, at least in part, an evo-
lutionary puzzle, the discovery that CNV-
associated disorders are common, accounting for
more than 10 % of cases of ASD, multiple con-
genital anomalies and intellectual disability, has
resulted in incorporation of genome-wide testing
for CNVs, using an approach called array-based
comparative genomic hybridization (aCGH), into
the standard of care for evaluation of such disor-
ders [9]. An exciting prospect is that establishing
molecular diagnoses can point to specific inter-
ventions for specific patients. For example, iden-
tification of a 15q13.3 deletion in a patient with
intellectual disability, epilepsy and psychosis led
the author to alter medication management in an
attempt to address the patient’s haploinsuffi-
ciency of the CHRNA7 locus, encoding the o7
nicotinic cholinergic receptor, with good clinical
effect [10]. An even more exciting example of
such personalized medicine was recently dis-
cussed on T. Insel’s National Institute of Mental
Health Director’s blog (http://www.nimh.nih.
gov/about/director/2014/celebrating-science.
shtml). In that example, DL Levy and colleagues
analyzed the genomes of several members of a
family in which some had a schizophrenia-
spectrum psychotic illness. The team identified a
rare CNV that produced multiple copies of the
gene encoding the enzyme glycine dehydroge-
nase (GLDC), which metabolizes glycine, an
essential amino acid that also functions as a mod-
ulator of the N-methyl-D-aspartate (NMDA)
receptor. For so-called dosage-responsive genes
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(often, enzyme genes fall into this category),
increasing the number of copies of the gene will
increase the level of gene product. Thus, the
investigators reasoned that the psychosis-affected
persons, who all carried greater than two copies
of GLDC, might have elevated enzyme activity,
leading to a deficiency in glycine that influenced
the expression of illness. They performed a
double-blind trial of glycine administration in the
affected family members. Insel described the
patients’ response to the intervention as follows:
“...the response was like giving insulin to a per-
son with diabetes—their psychiatric symptoms
largely resolved. When the drug was stopped,
their symptoms returned. When they received
glycine again under non-blind conditions, the
same improvements were observed.”

As illustrated by the foregoing examples,
expanding knowledge of CNVs and other
genomic variants, and applying this knowledge
in the clinic with individual patients, promises to
revolutionize treatment of neuro-developmental
disorders, at least in some cases. A variety of
recurrent CNVs are now well established to asso-
ciate with neuro-developmental disorders [11,
12].

22q11DS: A Molecular Diagnosis
Unifying Several Clinical Syndromes

The remainder of this chapter will focus on
22q11DS because it is common, with an esti-
mated prevalence of 1 per 4,000 live births [13],
and by far the most deeply studied and well-
characterized CNV disorder to date. First, we
will review the history of the discovery of
22q11DS, and then summarize some important
clinical considerations.

In 1967, Di George and colleagues [14, 15]
reported an autopsy series of four infants, all of
whom had complete agenesis of the thymus.
They noted several other anomalies in these
patients, including right-sided aortic arch and
dysgenesis of the parathyroids, suggesting abnor-
mal development of derivatives of the third and
fourth branchial arches. The infants had exhib-
ited tetany (from hypocalcemia) and severe
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immune deficiency, and succumbed to infection
soon after birth. Several years later, Kinouchi and
colleagues [16] published a case series of
Japanese children with cardiac outflow malfor-
mations (particularly tetralogy of Fallot), a char-
acteristic facial appearance, and hypernasal
speech, calling the syndrome conotruncal anom-
aly face syndrome (CTAF). Although they noted
a similarity to the Di George syndrome (DGS),
based on thymic involution in some cases, CTAF
stood as a distinct diagnosis. Shprintzen and col-
leagues [17] then reported “a new syndrome,”
characterized by cleft palette, ventricular septal
defects of the heart, learning disabilities, and
typical facies characterized by broad nasal
bridge, flattened malar region and elongated face.
These authors coined the term velo-cardio-facial
syndrome (VCFS), and did not relate the diagno-
sis to DGS or CTAF.

The first clues to a molecular-genetic etiology
for DGS came from the observation of de la
Chapelle et al [18] that an affected member of a
family segregating DGS carried an unbalanced
translocation resulting in partial monosomy of
chromosome 22, followed by similar observa-
tions by Greenberg and colleagues [19] of a dis-
tinct unbalanced translocation also affecting
chromosome 22. Following accumulation of
additional reports of microscopically detectable
cytogenetic abnormalities involving chromo-
some 22 in patients with DGS, and studies of
molecular markers on chromosome 22 associated
with DGS, definitive evidence emerged when
Scambler’s group [20] and Driscoll et al. [21]
independently reported submicroscopic deletions
in the 22ql1 region, detected by fluorescent in
situ hybridization (FISH), in samples from both
familial and sporadic DGS patients. FISH results
from CTAF and VCFS patients soon confirmed
22q11 deletions as occurring in virtually all cases
examined [22-24].

Deletions resulting in 22q11DS can vary in
size. Approximately 80 % are some 3 megabases
in size, encompassing approximately 40 genes,
another 15 % are approximately 1.5 Mb in size,
and the remainder are smaller. The variability in
size of the deletion arises from the presence of
four LCRs in the region, with the largest dele-
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tions resulting from NAHR involving the two
outermost LCRs [25], and the others from other
combinations of LCRs [8].

Although the terms DGS, CTAF and VCFS
continue to be used, the etiologic unity of these
syndromes suggests that 22q11DS is the most
appropriate term. As substantial clinical and
research experience has accumulated with
22q11DS, it is clear that its phenotypic presenta-
tion is extremely variable, and the syndrome is
best conceptualized as a multi-system condition.
Severity of disability can range from cases
affected by multiple life-threatening challenges,
intellectual disability and severe neurobehavioral
disorders including autism spectrum disorder and
schizophrenia to manifestations so mild that a
person carrying the deletion only comes to clini-
cal attention after parental “back-testing” reveals
he or she is a transmitting parent of a more
severely affected child.

The 22ql1DS is a multi-system disorder.
Once the diagnosis is established, multi-
disciplinary evaluation is indicated. The role of
the primary-care physician can become challeng-
ing, as he or she often must coordinate evaluation
and treatment recommendations from multiple
specialties. Bassett and colleagues [26] recently
published consensus guidelines for evaluation
and management of 22q11DS, compiled by a
multi-disciplinary group of clinicians and
researchers. Table 61.1 is reproduced from that
review. It summarizes the wide range of possible
medical and behavioral challenges patients with
22q11DS face.

22q11DS: Neurodevelopmental
and Neurobehavioral Disorders

Behavioral manifestations in 22ql11DS vary
widely [27], but are common in children and
adults. By the mid-1980s, behavioral difficulties
in children with VCFS had been described [28],
and psychosis in adolescents with the disorder
was reported in 1992 [29]. Pulver and colleagues
confirmed that schizophrenia was common in
patients with 22q11DS [30] and Karayorgou and
colleagues found several previously undiagnosed
cases of 22q11DS in a series of patients with
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idiopathic schizophrenia [31]. The latter study
was a landmark because it was the first indication
that a small but clinically and epidemiologically
significant proportion of the schizophrenia
patient population carry 22ql1 deletions. It is
now clear that the syndrome occurs at a low but
non-trival rate in clinically diagnosed schizo-
phrenia patients (~0.5 to 0.75 %, or 30-fold more
frequently than in the population at large [32]).
Selecting specific phenotypic characteristics
prior to molecular testing (e.g., facial dysmor-
phology, conotruncal heart defects, high arched
palate or cleft palate, ID) can substantially
increase the diagnostic yield for the deletion in
cohorts of patients with SSD [33].

22qg11DS: A Diagnostic Odyssey

The medical and anatomic manifestations associ-
ated with 22q11DS are manifold. The most com-
mon include T-cell related immune disorders,
which can associate with frequent infections
(e.g., recurrent otitis media). Another common
challenge includes velo-palatal malformations,
leading to early difficulties with suckling and
feeding, including nasal regurgitation of milk or
formula. Hypernasal speech (or in infants, cry-
ing), with inability to form certain phonemes
requiring the build-up of intra-oral pressure (e.g.,
the sound of the letter, “p”), can be a clue indicat-
ing 22q11DS. Perhaps the most dramatic presen-
tation of 22ql1DS consist of a variety of
cono-truncal heart malformations, including
tetralogy of Fallot, transposition of the great ves-
sels, and ventricular-septal defects. Such anoma-
lies often require neonatal surgical intervention.
Ruling out 22q11DS by molecular testing (usu-
ally with FISH, but increasingly with aCGH) is
strongly indicated prior to any neonatal heart
repair surgery, because an important clinical
decision rests on the presence or absence of the
diagnosis. Thus, the risk-benefit balance favors
irradiating blood prior to transfusion in the pres-
ence of 22q11DS (due to the immune compro-
mise that occurs in the majority of patients), but
weighs against it in its absence (due to the degra-
dation of erythrocyte quality inherent in
irradiation).
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Table 61.1 Medical and behaviorall challenges
Felevant age groups. ‘Managemeont Specialties commonty
—_— Ivaived (in addition 1o
family medicine,
pediatics, general
Infant i internal medicine,
Common leatures* child Selected mrer festures’ Standard'  Special consideraions or aliention radidogy)
(Genaml genstics - » Fetal loes or infant death 4 » Geneic counseling = Medical genetics
= Dysmorphic featuses (>30% of cass)’ » Medical management » Obstetrics and gynecology
» Multipie congenital anomalies = Gynecological and contraceplive
» Leaming ay (907%) services
» Poly-hydramnios (16%)
Caiovasular onoinsncal/other) - » Vamular ing - . ram » Camiowscular surgery
= Any congenital defect nchuding mingg 50%-75%) » Diated aortc mot » raciinted blood products ko » Camdiology
» Requiing sumery (30%-40%) = Ashyitmias intant sumeries
o Calcium level
Palatal and related (75%) - o Laryngesd weh - « Speech tergy » Speech pathaiogy
= Hypernasal speech (criing) and/or rasal reguitation (> 50'%) » Tracheo-emphageal fistula  Palatal sugery » Pladtic surgery/Cleft patate team
= Velopharyngeal inaufficiency + submucous cleft palate jovert cleft = Esophageal stresia = Dorhinolarymgology
palrieicieft ip i less common) = Praudiculsr tagsfpls™ » Audlogy
= Cheonic andlor secretory offtis media = Micmtia'anctia™
= Sensoinewral andior conductive
hearing hoss (30%- 50%)
Immane-reiated - » Immunogiobulin A deficency - » Influenza vaccnaSions » Immunology
= Recurment infections (35%-40%) » Severe immunodeficiency (0L5%-1%) » Special protocol » Aeurmaiology
« T-colls low and'or impaimd Anction for infarts » Oanymgelogy
= Autommune dissases » llergy
= Resprology
Endocsine - « Growth hormone deficiency - « Wiamin D and caicium » Endocrinology
» Hypocakemia and'or hypopaaSvyridism (>-60%) = Type 2 disbetes ‘supplemantabon » Dietician
» Hypothymidam E0%), hyperthymidism &%) » Growth hormone:
= Dbesity (35%, adulls) » Distary/emercise coumsling
logical - » Aspiration - » Tube feeding » Gastroentemiogy
» Gastm-ssophugenl reflu = Imperiorate anie » Gastrostomy Nissen) » General sumery
» Dysmotiityidysphagia (35%) * Intesting makrotation » Feading team
« Comstipation » Hirschepnang's » Respirology
= Choleithizss (20%) » Duphagmasc hemia
= Umbilcalinguinal hemia
GenRourirary e = Echogenichypoplastic kidneys - = Ubrmsound = Urhogy
* Structural urinary ract somaly (31%) » Dupiex kidney » Trarsplant « Neghmilogy
= Dysunctional voiding (11%) * Hygmnmhmss = Gmocology
» Uniateral renal agenesis (10%) » Hypospadas » Radiology
» Mulscystic dysplastic kidneys (W0%) « Cryplorchidsm
= Absent utens
« Nephmcakinosis
Ophitaimoogy 4 » Sclemcome - » Eye cam » Dphthaimalogy
= Strabismus (15%) = Colcboma
« Retrciory emors - Pisis
« Posterior embymioxon, loruus retinal vessels™®
Sueietnl - » Cervical cond comgression - « Radiographs » Orthopedics
» Scoliosis (45%; B% requirng surgery) . as » Ortfotics » Neurosurgery
= Cenvical spine anomaliesthorcic bulterfty vertebrae: » Uppérliower extresmity pre and post oisl polydactly » Radiology
» Idiopathic leg pains in childhood « General sumery
« Sacral sims « Hand surgery
« Physiotherpy
Hematology! Incology - = Wiopathic Srombocylopenia - = Survellance:
« Thrombocylopenia (3%} = Bernard-Soulier
= Splencmegaly (10%) « Acioimmune nevtmpenia
= Leuksmia, lymphoma, hepatobiasioma
Neumiogic - » Polymicrogyria - » Calchsm, magnesium levels » Newsmiogy
» Recurrent ofen hypocaicemic) seirums (0%, aduls) » Cersbela sbrormaltes » Bectoen: ephaiogram
» Unprovoked epilepsy (5%) » Newal ube defects » Magnetic resonance imaging
» Abdominal migraines.
Growth and deveopment - - o Eatly nterertion « Deveiopmental pediatrics
« Falure o B * Sign language * Speech language pathaiogy
* Motor andior speech detays (>90%) « Educational spports » Ocopationalphysical thergy
» Learing dsbiiSes (>90%); mental retandation (~35%) « Vocationl courseling « Newopsychalogy
= Shot statume 20%) » Eduational paychology
Neumpsy hatic disorders - - » Survellance = Poychiairy
« Poychiatéc disarders (B0%, aduls) « Standard treatments « Devebogmental prdiatics
« Childhood disorders feg, atention-defict, ausism spectrum disorders)
» Amdety and depressive deoniers
« Schirophmia and other peychotc dsomders (> 20%)
Omer - - » Respimiogy Pulmenary/Ansihesia
» Non-infectios respiratony dissass (10-20%) » Dematniogy
= Seborhed of dermatitls (35%); severe acne (25%) » Rheumatology
« Patelar dalocaton {10%) » Orthopedics
« Dental protiems—enamel hypoplsiachmnic cries « Dentistry
= Varicose veins (10%) = Vasculsr surgery

Reprinted with permission from Elsevier [26]

TA selected (and to some extent arbitrary) set of rarer features of note in 22q11DS, emphasizing patients needing active

treatment

TiStandard surveillance, investigations, and management according to involved condition(s)
§ Characteristic facial features include long narrow face, malar flatness, hooded eyelids, tubular nose with bulbous tip,
hypoplastic alae nasae, nasal dimple or crease, small mouth, small protuberant ears with thick overfolded/crumpled

helices, and asymmetric crying facies

YInfants only: minimize infectious exposures; initially withhold live vaccines; cytomegalovirus-negative irradiated
blood products; influenza vaccinations; respiratory syncytial virus prophylaxis
A1l patients should have vitamin D supplementation; patients with documented hypocalcemia, relative or absolute
hypoparathyroidism, or both may have to have prescribed hormonal forms (eg, calcitriol) supervised by

endocrinologist

*Rates are estimates only of life time prevalence of features for 22q11DS and will vary depending on how cases are
ascertained and age of the patient features included have prevalence > 1 % in 22q11DS and significantly higher than

general population estimates

**May be important for diagnostic purposes
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The 22q11DS can be diagnosed at any age,
including well into adulthood (the author has
some patients initially diagnosed in their 30s).
Many families with 22q11DS report years or
even decades of “diagnostic odyssey,” as the fam-
ily and patient seek help from various specialities
related to the myriad manifestations of the syn-
drome. In the author’s clinical experience, diag-
noses tend to be established most frequently at
one of several ages. First, patients presenting at
birth with cardiac anomalies (classic VCFS or
CTAF presentation) or severe immune deficien-
cies or athymia, or tetany and seizures suggestive
of hypocalcemia (i.e., the classic DGS presenta-
tion) come to clinical attention very early. In later
infancy and early childhood, problems with feed-
ing, suckling or swallowing, and then with speech
will prompt the alert clinician to consider the
diagnosis. In the early school-aged years, behav-
ioral difficulties including learning disabilities,
extreme shyness, attention deficits, or poor
impulse control, especially in children with facial
dysmorphology or other common medical com-
plications, will come to testing. Finally, children,
adolescents or adults can present with
schizophrenia-spectrum psychotic symptoms.
Again, the presence of associated features such
as facial dysmorphology, seizure disorder, learn-
ing disabilities or ID, a history of heart anomalies,
etc., should prompt consideration of testing in the
psychiatric setting. The importance of establish-
ing a diagnosis of 22q11DS when present in psy-
chiatric patients can be appreciated when
considering, for example, that hypocalcemia is a
frequent intermittent difficulty encountered by
patients with the syndrome. Low calcium levels
lead to reduced seizure thresholds, which can
synergize with the epileptogenic effects of anti-
psychotic medications to produce seizures. If
hypocalcemia is not suspected, such an outcome
can lead to discontinuation of the anti-psychotic
medication, leading to deleterious mismanage-
ment. The foregoing scenario has been docu-
mented with a patient on clozapine [34], which
remains the most effective known anti-psychotic
medication. Thus, a proper diagnosis, with fol-
low-up testing of ionized calcium levels and
treatment with vitamin D and calcium can allow
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a patient with schizophrenia to continue treat-
ment with an antipschotic medication that other-
wise might have been discontinued.

Conclusions

As just summarized, 22q11DS is a diagnostic
term that has evolved from a set of syndromes
described with emphasis on subsets of features
that varied across the patients. Authors described
the syndromes from differing points of view cen-
tering on overlapping but varying clinical con-
cerns (e.g., immune dysfunction; velo-palatal
dysfunction; heart defects; facial dysmorphol-
ogy). This evolution appears likely to occur in
other CNV disorders, since many of them associ-
ate with multiple diagnostic categories that are
the focus of various specialties. As advances con-
tinue in the field of molecular genetics, it should
become possible to re-think behaviorally defined
syndromes such as autism and schizophrenia, and
re-classify at least some groups of patients with
these disorders according to molecular etiology.
Although still a research tool, whole-genome
sequencing is revolutionizing the analysis of
developmental disabilities. In a truly astounding
recent study, Jiang, Scherer and colleagues [35]
recently reported performing whole genome
sequencing on 32 patients with autism spectrum
disorders and their parents. They identified de
novo deleterious sequence variants in six (19 %)
patients, and transmitted mutations likely to be
deleterious in 10 (31 %) families. Although the
causal roles of many of the variants in that study
require further study and supportive evidence, the
results emphasize the enormous heterogeneity of
genetic contributions to neurodevelopmental dis-
orders. Indeed, the autDB database (http://autism.
mindspec.org/autdb/Welcome.do), a curated
public database of genes potentially relevant to
autism, currently lists 573 genes.

A major challenge with regard to applying
sequencing to clinical evaluation is the shear
enormity and complexity of the information gen-
erated by sequencing technologies. However, as
improved computational approaches are devel-
oped, “digesting” genome-scale sequence data
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should become more practical. A greater chal-
lenge will be to train physicians to use such data
to optimal advantage for patients.
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