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Abstract: Deletions of chromosome 1p36 affect approximately 1 in 5,000 newborns and are the
most common terminal deletions in humans. Medical problems commonly caused by terminal
deletions of 1p36 include developmental delay, intellectual disability, seizures, vision problems,
hearing loss, short stature, distinctive facial features, brain anomalies, orofacial clefting, con-
genital heart defects, cardiomyopathy, and renal anomalies. Although 1p36 deletion syndrome
is considered clinically recognizable, there is significant phenotypic variation among affected
individuals. This variation is due, at least in part, to the genetic heterogeneity seen in 1p36 dele-
tions which include terminal and interstitial deletions of varying lengths located throughout the
30 Mb of DNA that comprise chromosome 1p36. Array-based copy number variant analysis
can easily identify genomic regions of 1p36 that are deleted in an affected individual. However,
predicting the phenotype of an individual based solely on the location and extent of their 1p36
deletion remains a challenge since most of the genes that contribute to 1p36-related phenotypes
have yet to be identified. In addition, haploinsufficiency of more than one gene may contribute
to some phenotypes. In this article, we review recent successes in the effort to map and identify
the genes and genomic regions that contribute to specific 1p36-related phenotypes. In particular,
we highlight evidence implicating MMP23B, GABRD, SKI, PRDM 16, KCNAB2, RERE, UBE4B,
CASZ1, PDPN, SPEN, ECE1, HSPG2, and LUZP] in various 1p36 deletion phenotypes.
Keywords: chromosome 1p36, chromosome deletion, 1p36 deletion syndrome, monosomy
1p36

Introduction

Deletions of chromosome 1p36 affect approximately 1 in 5,000 newborns and consti-
tute the most common terminal chromosomal deletion in humans.!? The first reports
of individuals with partial monosomy of chromosome 1p36 were published in the
early 1980s, starting with a report by Hain et al.> Many of the individuals described
in these reports had unbalanced translocations in which their 1p36 deletions were
accompanied by a gain of material from a nonhomologous chromosome.* While the
addition of chromosomal material to the long arm of chromosome 1 made it easier to
identify these 1p36 deletions, it also made it more difficult to delineate with certainty
the clinical effects of monosomy 1p36.

In 1987, Magenis et al® published the first report of an individual with a de novo
isolated 1p36 deletion. With the publication of additional case reports, and the clinical
descriptions of large cohorts of individuals with 1p36 deletions, a pattern of characteris-
tic functional deficits, congenital anomalies, and physical features associated with 1p36
deletions emerged.®® This pattern included developmental delay, intellectual disability,
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seizures, vision problems, hearing loss, short stature, brain
anomalies, orofacial clefting, congenital heart defects, car-
diomyopathy, renal anomalies, and distinctive facial features
— straight eyebrows, deeply set eyes, midface retrusion, wide
and depressed nasal bridge, long philtrum, pointed chin,
large, late-closing anterior fontanel, microbrachycephaly,
epicanthal folds, and posteriorly rotated, low-set, abnormal
ears (Figures 1 and 2).” Defining this pattern made the 1p36
deletion syndrome a clinically recognizable entity. At the
same time, these reports also highlighted the significant
phenotypic variability seen between patients.

At first, it was suggested that the variable phenotypic
expression of 1p36 deletions might be caused by a parent-of-
origin effect in which deletions of the paternally-derived copy
of 1p36 were not equivalent to deletions of the maternally-
derived copy due to differences in imprinting. However,
Shapira et al* used DNA polymorphism analysis to show that
there was no obvious parent-of-origin effect. Instead, they con-
cluded that phenotypic variability was more likely to be caused
by differences in the location and extent of the 1p36 deletions,
which varied significantly in the patients they studied.

At the time Shapira et al* came to this conclusion,
1p36 deletions were typically identified using G-banded
chromosome analyses or telomere fluorescence in
situ hybridization (FISH). As a result, most of the 1p36
deletion patients described in the literature had telomeric

deletions. With the widespread clinical use of array-based
copy number detection assays, an increasing number of
small interstitial deletions are being identified throughout
the 30 Mb of DNA that comprise chromosome 1p36.>'° In
many cases, the phenotypes of these individuals are distinct
from those with terminal deletions since they are caused by
haploinsufficiency of a discrete set of genes.’

The clinical and genetic heterogeneity seen among indi-
viduals with 1p36 deletions present a significant challenge
to physicians who are called upon to provide prognostic
information to families and to generate individualized care
plans for their patients that include appropriate diagnostic and
surveillance testing. This challenge arises, in part, because
the genes that contribute to most 1p36-related phenotypes
have yet to be identified, and many 1p36-related phenotypes
may arise from haploinsufficiency for more than one gene
within a particular genomic region.

In this article, we review recent successes in the effort to
map and identify the genes and genomic regions that contribute
to specific 1p36-related phenotypes. In particular, we high-
light evidence implicating haploinsufficiency of MMP23B,
GABRD, SKI, PRDM16, KCNAB2, RERE, UBE4B, CASZ1,
PDPN, SPEN, ECE1, HSPG2, and LUZP1 in the development
of various 1p36 deletion phenotypes. All of the coordinates

referenced in the text and figures are based on human genome
build GRCh37/hg19.

Figure | Facial features of a girl with a terminal 1p36 deletion (chrl:1-3,047,838; GRCh37/hg!9).
Notes: Photos were taken at (A) | year 8 months, (B) 2 years 3 months, (C) 4 years, (D) 7 years, (E) 7 years | | months, and (F) 10 years 3 months of age. These photos
demonstrate several facial features that are typical of children with terminal 1p36 deletions, including straight eyebrows, a wide nasal bridge, and a pointed chin.
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Figure 2 Facial features of a woman with a large interstitial 1p36 deletion (chrl:3,313,081-12,530,129; GRCh37/hgl9).

Notes: Photos were taken at (A) birth, (B) 16 months, (C) 5 years, (D) 7 years, (E) 9 years, (F) 14 years, (G) 25 years, (H) 31 years, and (I) 32 years of age. Her deletion
partially overlaps the distal critical region and includes the entire proximal critical region of chromosome |p36. Characteristic facial features that are evident in these photos
include straight eyebrows, deeply set eyes and epicanthal folds. Other features that are not readily apparent in these photos include brachycephaly, small, low set ears, and

facial hirsutism.

Identification of distal and proximal

I p36 critical regions

After the characteristic features of 1p36 deletion syndrome
were described, efforts were made to determine the smallest
terminal deletion that was required to cause individual 1p36
phenotypes. In a study of 30 individuals with 1p36 deletions,
Wu et al!! determined that most genes contributing to the
phenotypic features of 1p36 deletion syndrome were located
distal to marker D1S2870 (chr1:6,289,764—6,289,973). This
region was subsequently referred to as the distal or classical
critical region (Figure 3).

Using array comparative genomic hybridization, Kang
et al’ identified interstitial deletions affecting 1p36.23—
1p36.11 in five individuals. This cohort included a 5-year-old
male with a 2.97 Mb deletion (chr1:8,395,179-11,362,893)
that did not overlap the distal critical region. Some of the

facial features of this individual were distinct from those
typically seen in 1p36 deletions and included frontal and
parietal bossing, low-set, posteriorly rotated ears, epican-
thal folds, anteverted nares, broad eyebrows, and hirsutism.
However, this individual had many of the functional deficits
and congenital anomalies commonly associated with deletion
of the distal 1p36 critical region including developmental
delay, speech delay, failure to thrive, hypotonia, congeni-
tal heart defects (a ventricular septal defect and an atrial
septal defect), and dilated cardiomyopathy (CMD). Similar
features were seen in other members of this cohort who had
larger overlapping deletions.

Kang et al’ concluded that the features seen in these
children might constitute a distinct proximal 1p36 deletion
syndrome. Alternatively, they reasoned that the region could
be considered a second contiguous gene deletion segment
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| GABRD 1,950,768-1,962,192
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1 UBE4B 10,093,041-10,241,297

Figure 3 Ciritical regions and selected genes on chromosome |p36.

Notes: Chromosome |p36 spans approximately 30 Mb. Red bars represent the approximate locations of the distal and proximal critical regions. Orange bars represent
the approximate locations of critical regions defined for various |p36-related phenotypes. Green bars represent the approximate locations of selected genes whose
haploinsufficiency is likely to contribute to phenotypes associated with 1p36 deletions. Coordinates are based on human genome build GRCh37/hgl9.

for 1p36 deletion syndrome. In either case, this data demon-
strated that haploinsufficiency of two or more genes on 1p36
could affect somatic growth and the development and func-
tion of the brain and heart. These observations also helped
to explain why large terminal deletions of 1p36 — which in
some cases affected both critical regions — were associated
with increased penetrance for individual phenotypes and a
more severe clinical presentation.'!2

The identification of distal and proximal 1p36 critical
regions also had important implications for future mapping
studies. Since deletion of two or more 1p36-related genes or
genomic regions could result in similar phenotypes, it would
be unwise to automatically assume that the gene responsible
for a specific phenotype must reside within the minimum
region of overlap between two large deletions. Similarly, the
incomplete penetrance seen for most, if not all, 1p36-related
phenotypes suggested that the absence of a phenotype asso-
ciated with a particular 1p36 deletion should not be used to
conclude that the genes located within that region do not
contribute to a specific phenotype.®’

Mapping individual 1p36

deletion phenotypes

After publication of the distal 1p36 critical region, the critical
regions for several individual phenotypes associated with ter-
minal 1p36 deletions were refined further. Using large insert
clones as markers, Heilstedt et al® demonstrated that terminal
deletions, including RP3-395M20 (chr1:2,424,876-2,425,918)
were sufficient to cause large, late-closing anterior fontanels,
while those including RP1-37J18 (chr1:4,631,608—4,643,481)
could cause hypothyroidism, which is present in 15%—-20%

of individuals with 1p36 deletions.” A critical region for cleft
palate was defined by Shimida et al'® based on an individual
with a terminal 1p36 deletion (chrl:1-2,186,829). Small,
partially overlapping deletions that were sufficient to cause
seizures were reported by Shimada et al'® (chr1:834,101—
1,770,699), Rosenfeld et al'* (chrl:1,747,967-2,181,297),
and Zhu et al'"® (chr1:2,045,453-2,622,423). A critical region
for sensorineural hearing loss was defined by Gajecka et al'®
in two siblings, both of whom carried a 1.51 Mb interstitial
deletion (chrl:1,916,589-3,429,762).

Rather than focusing on the distal critical region,
Zaveri et al'® defined five critical regions for congenital
heart defects along the entire length of chromosome 1p36
using a combination of published and previously unpublished
individuals (chr1:1-2,418,935; chr1:8,395,179-11,362,893;
chrl:12,726,755-20,540,759; chr1:20,555,776-23,438,888;
chr1:27,803,719-31,404,471). The most distal of
these critical regions overlaps partially with the deletion
reported by Zhu et al'® (chrl:2,045,453-2,622,423), which
was carried by an individual who had an atrial septal defect.

In contrast to the relatively large numbers of 1p36 criti-
cal regions for congenital heart defects identified by Zaveri
et al,' only two nonoverlapping critical regions for car-
diomyopathy were identified by the same group. The first is
the distal critical region for left ventricular noncompaction
defined by Gajecka et al'® (chr1:1,916,589-3,429,762). The
second is a proximally located critical region defined by the
same deletion that was used by Kang et al’ to define the proxi-
mal critical region for 1p36 (chrl:8,395,179-11,362,893).
This individual had CMD that appeared to be independent
of his congenital heart defects.
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Genes that may contribute to 1p36
deletion phenotypes

As critical regions for various phenotypes have been delin-
eated, positional candidate genes that may contribute to
these phenotypes have also been proposed based on their
expression pattern, putative function, or the phenotypes seen
in animal models and/or individuals who carry deleterious
mutations in these genes. Some of the most strongly impli-
cated 1p36 genes include MMP23B, GABRD, SKI, PRDM16,
KCNAB2, RERE, UBE4B, CASZ1, PDPN, SPEN, ECEI,
HSPG2,and LUZPI. The data supporting their potential role
in 1p36-deletion phenotypes are summarized briefly in the
following sections and in Table 1.

MMP23B

The matrix metallopeptidase 23B gene (MMP23B,;
chrl:1,567,560-1,570,030; OMIM# 603321) is located in
the critical region for large, late-closing anterior fontanel,
delineated by Heilstedt et al,® and encodes a metallopep-
tidase that is involved in bone matrix resorption and bone
remodeling.!” Gajecka et al'® noted that individuals with
deletions involving MMP23B had large, late-closing anterior
fontanels, while individuals with duplications involving
MMP23B developed craniosynostosis. After demonstrating
that MMP23B is expressed in the cranial sutures, they con-
cluded that haploinsufficiency of MMP23B was responsible
for the large, late-closing anterior fontanels seen in children
with 1p36 deletions.

GABRD

Haploinsufficiency of the gamma-aminobutyric acid (GABA)
A receptor, delta gene (GABRD; chr1:1,950,768-1,962,192;
OMIM# 137163) has been suggested as a possible contributor
to the neurodevelopmental abnormalities, neuropsychiatric
problems, and seizures seen in children with 1p36 deletions. !’
GABRD encodes a subunit of a pentameric ligand-gated chlo-
ride channel that is activated by GABA,?’ the major inhibitory
neurotransmitter in the mammalian brain, and is located in
the critical region for seizures defined by Rosenfeld et al.'
Gabrd-null mice exhibited depression-like and anxiety-like
behaviors during the postpartum period. However, their
learning and memory were normal when assessed using fear
conditioning.*'*?

By screening 72 unrelated patients with idiopathic
generalized epilepsy, 65 patients with generalized epilepsy
with febrile seizures plus (GEFS+), and 66 patients with
febrile seizures for mutations in the GABRD gene, Dibbens
et al® identified two sequence variants in GABRD that lead

to a significant reduction in maximal GABAA receptor
current amplitude. The first of these heterozygous changes
(c.530A>C, p.Glul77Ala [p.E177A]) was found in a small
family with GEFS+. Since the unaffected mother also carried
the mutation, it was thought that this change might represent
a susceptibility allele.

The second change (¢.659G> A, p.Arg220His [p.R220H])
was carried at similar frequencies in individuals with idio-
pathic generalized epilepsy (8.3%), GEFS+ (3.1%), febrile
seizures (4.5%), juvenile myoclonic epilepsy (3.7%), and in
controls (4.2%). Despite the fact that the carrier rates among
the various epilepsy cohorts and controls were not statisti-
cally different, Dibbens et al* suggested that this functional
variant contributes to idiopathic generalized epilepsy and
possibly other polygenic epilepsies. At the same time, they
conceded that larger sample sizes would be required in order
to explore the possibility of statistical associations. Lenzen
et al,** in a larger cohort of 562 German patients and 664
controls, found no association between the p.R220H change
and idiopathic generalized epilepsy or juvenile myoclonic
epilepsy.

SKI

The SKI proto-oncogene (SKI7; chrl:2,160,134-2,241,652;
OMIM# 164780) encodes a protein that acts as a transcrip-
tional coregulator.?*¢ Haploinsufficiency of SK7 is thought to
contribute to the developmental delay, intellectual disability,
seizures, orofacial clefting, and congenital heart defects
associated with distal/terminal 1p36 deletions. SKT is located
within the critical region for seizures defined by Rosenfeld
etal*and Zhu et al,'s the critical region for cleft palate defined
by Shimada et al,'* and the critical region for congenital heart
defects defined by Zaveri et al'® and Zhu et al."®

Colmenares et al?’ demonstrated that Ski-null mice
have neural tube defects, abnormal forebrain morphology,
midline facial clefting, and reduced skeletal muscle mass.
Subsequently, Doyle et al*® showed that knockdown of the
two paralogs of mammalian SKI in zebrafish (skia and skib)
results in marked craniofacial cartilage deficits and severe
cardiac anomalies.

Point mutations and small in-frame deletions of SK/
have been shown to cause Shprintzen—Goldberg syndrome
(OMIM# 182212).2%2° While some features of Shprintzen—
Goldberg syndrome are similar to those seen with 1p36
deletions involving SK7 — such as developmental delay,
intellectual disability, and a high, narrow palate — other
features of this disorder are unique, including craniosynos-
tosis, a marfanoid habitus, mitral valve prolapse, aortic
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root dilatation, and distinct facial features.**3! One possible
explanation for these differences is that the SK7 mutations
seen in Shprintzen—Goldberg syndrome patients do not create
typical loss-of-function alleles.

PRDM 16

The PR domain containing 16 gene (PRDM16; chr1:2,985,742—
3,355,185; OMIM# 605557) encodes a zinc finger tran-
scription factor.3? Several lines of evidence suggest that
haploinsufficiency of PRDM 16 contributes to left vertricular
noncompaction and CMD. PRDM 16 is located in the critical
region for cardiomyopathy defined by Gajecka et al,'® and
PRDM16 protein is expressed in the nuclei of murine and
human cardiomyocytes throughout development and into
adulthood.** Arndt et al** resequenced PRDM16 in 75 non-
syndromic individuals with left vertricular noncompaction
and in a series of 131 cardiac biopsies from individuals with
CMD. Eight of these samples were found to carry putatively
deleterious sequence changes in PRDM16.

To confirm the role of PRDM16 in cardiomyopathy,
Arndt et al* performed knockdown of the zebrafish ortholog
of PRDM16 using translation-blocking morpholinos.
They observed dose-dependent bradycardia and reduced
cardiac output in these morphant fish, which was rescued
by wild-type human PRDM16 in a dose-dependent fashion.
They also observed a decrease in total cardiomyocyte number
in morphant fish compared to wild-type controls. This was
associated with a decrease in cardiomyocyte proliferation.
PRDM16 knockdown also caused partial uncoupling of car-
diomyocytes with significant reductions in impulse propaga-
tion velocities seen in morphant hearts when compared with
those of wild-type controls.

PRDM16 has been shown to interact physically with SKI
to inhibit transforming growth factor-f signaling.>* Because
most of the 1p36 deletions associated with cardiomyopathy
include both PRDM16 and SKI — or include the proximal
cardiomyopathy critical region defined by Kang et al’ —
Arndt et al*® hypothesized that these genes may function
together in the development of cardiomyopathy. By injecting
subthreshold doses of morpholinos against PRDM16 and
SKI independently and in combination, they demonstrated
a synergistic genetic interaction between these genes in the
development of decreased cardiac output in zebrafish.* This
suggests that depletion of SKI could have a modifying effect
on the PRDM 16 haploinsufficiency phenotype in cardiomyo-
cytes and, potentially, in other tissues.

Studies in mice suggest that haploinsufficiency of
PRDM 16 may also play a role in the development of other

1p36-deletion phenotypes. Bjork et al*® showed that hearts
of PRDM16-deficient mice exhibit ventricular hypoplasia
and abnormal ventricular morphology with a cleft between
ventricles. These mice also develop cleft palate as a result
of micrognathia and failed palate shelf elevation due to
physical obstruction by the tongue.’> However, PRDM16 is
located outside of the currently reported critical regions for
congenital heart defects and cleft palate defined by Zaveri
et al'’ and by Shimada et al,'* respectively.

KCNAB2
The potassium channel, voltage-gated subfamily A regulatory
beta subunit 2 gene (KCNAB2; chrl:6,052,358-6,161,253;
OMIM# 601142) encodes an auxiliary protein that alters
the properties of functional potassium voltage-gated alpha
subunits.* Haploinsufficiency of this gene has been sug-
gested to contribute to developmental delay, intellectual
disability, and seizures.’” KCNAB?2 is located within the distal
1p36 critical region defined by Wu et al,'" but not within
the critical regions for seizures defined by Shimada et al,"
Rosenfeld et al,'* and Zhu et al.®

Individuals bearing deleterious mutations in KCNAB2
have not been reported. However, mice that are homozygous
for a null mutation in Kcnab?2 exhibit impaired associative
learning and memory, sporadic seizures, and cold swim-
induced tremors.?"-#

RERE

The arginine-glutamic acid dipeptide (RE) repeats gene
(RERE; chrl:8,412,464-8,877,699; OMIM# 605226) is
located in the proximal 1p36 critical region and encodes a
widely expressed nuclear receptor coregulator.® Individuals
carrying deleterious sequence changes in RERE have not been
reported. However, mouse and zebrafish studies of RERE
suggest that it may play a role in several 1p36 deletion-related
phenotypes, including short stature, developmental delay,
intellectual disability, brain anomalies, vision problems,
hearing loss, renal anomalies, congenital heart defects, and
cardiomyopathy.

Kim et al*® demonstrated that compound heterozygous
mice carrying a null and a hypomorphic allele of Rere have
postnatal growth retardation and reduced brain size and weight
independent of somatic growth. Further studies revealed other
abnormalities in brain development, including decreased
numbers of NeuN-positive hippocampal neurons, cerebellar
foliation defects, and delayed Purkinje cell maturation and
migration.***! These mice also have microphthalmia, hearing
loss, renal agenesis, and a variety of congenital heart defects,
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including aortic arch anomalies, double outlet right ventricle,
transposition of the great arteries, and ventricular septal
defects. On a different background, RERE-deficient mice of
the same genotype did not have congenital heart defects. How-
ever, these mice spontaneously developed cardiac fibrosis.

Eye- and hearing loss-related phenotypes have also been
documented in zebrafish carrying homozygous mutations in
rerea (the zebrafish homologue of RERE). Specifically, these
fish have microphthalmia, inconsistent startle response, and
decreased microphonic potentials.***

UBE4B

The ubiquitination factor E4B gene (UBE4B; chr1:10,093,041—
10,241,297; OMIM# 613565) encodes a ubiquitination factor
that is involved in multiubiquitin chain assembly.** UBE4B
is located in the cardiomyopathy critical region defined by
Kang et al.” Kaneko-Oshikawa et al*> demonstrated that the
hearts of Ube4b-null mice have reduced trabeculation and
an undeveloped and compact myocardial layer. They also
demonstrated high levels of cardiac-restricted apoptosis and
defective assembly of myosin in cardiomyocytes.

The same authors then studied the effects of Ube4b hap-
loinsufficiency on the brain.* They found evidence of axonal
dystrophy in the nucleus gracilis, as well as degeneration
of Purkinje cells in adult Ube4b*~ mice. These mice also
developed hind limb gait abnormalities and impaired per-
formance in the rotarod test when compared to age-matched
wild-type mice.®

These results suggest that haploinsufficiency of UBE4B
may contribute to both cardiomyopathy and neurodevelop-
mental abnormalities.

CASZI

The castor zinc finger 1 gene (CASZ1; chrl:10,696,666—
10,856,733; OMIM# 609895) encodes a zinc finger transcrip-
tion factor that is highly expressed in the heart.*® Although
mutations in CASZ! have not been reported in humans, this
gene is located in one of the congenital heart defect critical
regions defined by Zaveri et al'” and in the proximal cardio-
myopathy critical region defined by Kang et al.’

Liu et al*’ demonstrated that CASZ1-deficient mice
had abnormal heart morphology with abnormally shaped
ventricular apices and ventricular septal defects. The com-
pact myocardium of their right and left ventricles was also
found to be hypoplastic. Further investigations suggested
that this was due to decreased cardiomyocyte proliferation.
Abnormalities in cell alignment and fiber orientation were
also observed in both ventricles. Thus, they concluded that

haploinsufficiency of CASZ/ might contribute to the con-
genital heart defects and cardiomyopathy seen in individuals
with 1p36 deletions.*’

PDPN

The podoplanin gene (PDPN; chr1:13,910,252—-13,944,452;
OMIM# 608863) encodes an integral membrane glyco-
protein, which is preferentially expressed in the vascular
endothelium.*® PDPN is located inside one of the congenital
heart defect critical regions defined by Zaveri et al,'* but out-
side those presently described for cardiomyopathy. Although
no PDPN mutations have been described in humans, haplo-
insufficiency of this gene has been suggested as a possible
contributor to 1p36 deletion-related cardiac phenotypes based
on mouse studies.

Mahtab et al* showed that Pdpn-null mice have high
rates of in utero and perinatal death that may be attributable
to cardiac-related abnormalities. Structural heart defects
identified in these mice include atrioventricular valve
anomalies and abnormal coronary artery morphology.
Pdpn-null embryos were also found to have hypoplasia of
the sinoatrial node, primary atrial septum, and dorsal atrial
wall.*® The myocardium lining the wall of the cardinal and
pulmonary veins of these mice was also found to be thin
and perforated.

SPEN

The spen family transcriptional repressor gene (SPEN;
chr1:16,174,359-16,266,950; OMIM# 613484) is located
in one of the congenital heart defect critical regions defined
by Zaveri et al,' but outside of the currently defined criti-
cal regions for cardiomyopathy. SPEN is a transcriptional
repressor that may function as a nuclear matrix platform that
organizes and integrates transcriptional responses.’' Kuroda
et al* reported that Spen-null embryos die in utero and have
defective formation of the cardiac septum and muscle. These
embryos also had perturbed differentiation of pancreatic exo-
crine and endocrine cells, hypoplastic livers, and abnormal
B-cell differentiation.

To analyze the function of SPEN in postnatal mice, Yabe
et al** developed Spen-conditional knockout mice. They sub-
sequently ablated Spen throughout the nervous system using a
transgenic nestin-Cre. Although the resulting mice were born
at expected numbers and were morphologically indistinguish-
able from their littermates, they exhibited postnatal growth
retardation. Their brain weight was reduced and histological
analyses revealed severe reductions in cerebral cortex thick-
ness and hippocampus size accompanied by enlargement of
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the lateral ventricles. Disruption of Spen in forebrain neu-
rons using a transgenic CaMKIIo-Cre also resulted in brain
hypoplasia. Thus, they concluded that Spen is required for
survival of neurons in the postnatal mouse brain.

Taken together, these findings suggest that haploinsuf-
ficiency of SPEN may contribute to the congenital heart
defects, cardiomyopathy, short stature, and neurodevelop-
mental phenotypes associated with 1p36 deletions.

ECEI

Haploinsufficiency of the endothelin-converting enzyme 1
gene (ECE1; chrl:21,543,740-21,672,034; OMIM# 600423)
has been suggested as a possible contributor to congenital
heart defects and is located in one of the congenital heart
defect critical regions defined by Zaveri et al.'> ECE1 is a
metalloprotease that is involved in the proteolytic processing
of endothelin precursors to biologically active peptides.™
Hofstra et al®® identified a heterozygous missense muta-
tion in the ECE] gene of an individual with patent ductus
arteriosus, a ventricular septal defect, an atrial septal defect,
Hirschsprung disease, and autonomic dysfunction. This
mutation is located in the vicinity of the ECEI active site
and severely compromises ECE1 activity.

Yanagisawa et al*® have shown that Ece/-null mice have a
similar phenotype that includes cardiac defects — interrupted
aortic arch, absent right subclavian artery, double outlet right
ventricle, truncus arteriosus, double aortic arch, overriding
aorta, and ventricular septal defects — and absence of the
enteric neurons of the distal gut. These mice also display a
variety of craniofacial anomalies, defects of the outer and
middle ear, and absence of epidermal melanocytes.

HSPG2

The heparan sulfate proteoglycan 2 gene (HSPG2;
chr1:22,148,737-22,263,750; OMIM# 142461) encodes
perlecan, a large multidomain heparan sulfate proteoglycan
of the extracellular matrix that binds to various basement
membrane proteins.’”8 Recessive mutations in HSPG2 have
been shown to underlie two skeletal dysplasia syndromes;
dyssegmental dysplasia Silverman-Handmaker type (OMIM#
224410) and the less severe Schwartz—Jampel syndrome,
type 1 (OMIM# 255800).%% Cleft palate can be seen in
both of these syndromes.®® Similarly, Hspg2-null embryos
also have skeletal abnormalities and cleft palates.®! Although
congenital heart defects are not typical features associated
with dyssegmental dysplasia Silverman-Handmaker type or
Schwartz—Jampel syndrome, type 1, Hspg2-null embryos
have cardiac anomalies, including transposition of the great

arteries and malformations of the semilunar valves.®? HSPG2
is also located in one of the congenital heart defect critical
regions defined by Zaveri et al.!° These findings suggest that
haploinsufficiency of HSPG2 may contribute to the develop-
ment of both cleft palate and congenital heart defects.

LUZPI

The leucine zipper protein 1 gene (LUZP1; chr1:23,410,516—
23,495,351; OMIM# 601422) is located in one of the
congenital heart defect critical regions defined by Zaveri
et al.'" Although the phenotypic consequences of mutations
in LUZPI have not been described in humans, Hsu et al®
demonstrated that Luzp/-null mice have congenital heart
defects, including double outlet right ventricle, transposition
of the great arteries, and ventricular septal defects. Other
features seen in these mice include cleft palate and abnormal
brain development.®® This suggests that haploinsufficiency
of LUZP1I may contribute to defects in cardiac, palatal, and
brain development/function.

Ip36 copy number gains

In contrast to the large numbers of 1p36 deletions that have
been reported in the literature, relatively few cases of isolated
1p36 copy number gains have been published. Giannikou
et al® reported two individuals with relatively small, de novo,
isolated terminal 1p36 duplications (chrl:1-1,565,789 and
chrl:1-1,565,607): a 6-month-old male with hypotonia and
severe psychomotor delay and a 17-year-old male with growth
hormone deficiency, short stature, psychomotor delay, and left
ventricular hypertrophy. Subsequently, Xu et al®® reported an
8-year-old female who carried four copies of approximately
5.28 Mb of the terminal region of 1p36. Her phenotypes
included feeding difficulties in infancy, developmental delay,
seizures, microcephaly, strabismus, hypertelorism, a low
hairline, ear malformations, a broad nasal bridge, wide mouth,
thick lips, and prominent incisors. Parental FISH was normal,
suggesting that this tetrasomy was de novo.

Recently, Weaver et al® reported the identification
of 1p36.22p36.21 duplications and triplications in three
individuals with focal facial dermal dysplasia 3, Setleis
type (OMIM# 227260). This disorder is characterized by
congenital bitemporal or preauricular atrophic skin lesions
with variable facial findings, which may include thin and
puckered periorbital skin, redundant facial skin, upslanting
palpebral fissures, distichiasis and/or absent eyelashes, a
flat nasal bridge with a broad nasal tip and large lips.®” The
minimum overlapping region in these patients extended from
nucleotides 11,696,993 to 12,920,040.
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The majority of genes that contribute to the phenotypes
associated with copy number gains on chromosome 1p36
have yet to be determined. One exception that we have pre-
viously mentioned is the matrix metallopeptidase 23B gene
(MMP23B; chrl:1,567,560-1,570,030; OMIM # 603321)
whose deletion contributes to large, late-closing anterior
fontanels and whose duplication is associated with the devel-
opment craniosynostosis.'®

Conclusion

Most of the genes currently implicated in the development
of 1p36 deletion-related phenotypes have been identified
through a combination of molecular cytogenetic mapping,
resequencing of positional candidate genes in humans, and/or
the development of animal models. It is likely that the expand-
ing use of array-based copy number variant detection assays
will speed the identification of individuals with small 1p36
deletions that can be used to refine the 1p36 critical regions
that have already been delineated and to identify new critical
regions. At the same time, exome and genome sequencing
efforts will help identify genes whose haploinsufficiency
contributes significantly to an increased risk of developing
specific 1p36-related phenotypes. Cellular and animal models
will continue to provide important supportive evidence for the
contribution of these genes and may also provide the initial
evidence that a gene is involved in a particular phenotype. As
a comprehensive deletion/phenotype map of the 1p36 region
emerges from these efforts, physicians will find it easier
to provide the prognostic information desired by families
affected by 1p36 deletions and to generate individualized
care plans for their patients who carry these deletions.
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