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ABSTRACT

A maternally inherited 828 kb microdeletion of 2q37.3 manifested in a 3-week-old premature boy as left juxta-
position of the atrial appendages associated with tricuspid atresia, double outlet infundibulum, subvalvar pulmon-
ary atresia, large secundum atrial septal defect, and right aortic arch with mirror-image branching, consistent with
developmental arrest early in heart looping. To the best of our knowledge, no previous 2q37 deletion syndrome has
been reported with such a severe cardiac dysmorphology. Hence, this case adds to the cardiac phenotypes iden-
tified in 2¢37 deletion syndrome.
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1 Introduction

Despite being a rare finding, a clear association has been found between the 2q37 deletion syndrome and
cardiac malformations. Cardiac malformation occurs in up to 20% of 2¢37 deletion syndrome, also known as
brachydactyly-mental retardation syndrome or Albright hereditary osteodystrophy-like syndrome. The
congenital heart defects identified in this genetic condition are mostly in the form of atrial and ventricular
septal defects and aortic coarctation with only one case reported to exhibit a complex anatomy. In this
paper, we describe a complex cardiac phenotype in a fetus with 2¢37 deletion syndrome that suggests
interruption in early ventricular looping. This case adds to the known cardiac phenotypes identified in
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2q37 deletion syndrome, and offers insight into the potential role of deleted genes in cardiac development.
Awareness of the spectrum of cardiac phenotypes that may be encountered in 2¢g37 deletion syndrome may
inform the diagnostic approach and management of patients with this rare genetic condition.

2 Case Presentation

The patient was a 3-week-old premature boy born to a healthy 42-year-old gravida 5 para 3 mother with
three healthy living children. The mother was referred for urgent Cesarean section at 35-weeks’ gestation due to
increased fetal head circumference. The mother denied alcohol and drug exposure, but admitted tobacco use
during the pregnancy. Multiple congenital anomalies were noted on the 20-week fetal ultrasound including
severe hydrocephalus, spina bifida, and complex cardiac defects. Amniocentesis identified a maternally
inherited 828 kb deletion of 2q37.3. At birth, the neonate was hypotonic with poor respiratory effort, an
Apgar score of 3, and required supportive care in the neonatal intensive care unit. Subsequently, he was
intubated, and prostaglandins were administered. Neurologic anomalies included severe congenital
hydrocephalus with thin cortical mantle, hindbrain herniation, and a lumbosacral spina bifida. The initial
echocardiographic diagnosis was tricuspid atresia, double outlet right ventricle (DORV) with pulmonary
atresia, transposition of the great arteries (TGA), patent ductus arteriosus (PDA), large secundum atrial
septal defect (ASD), large outlet ventricular septal defect (VSD), and possible single left coronary artery. At
13 days of life, the patient underwent right-sided ventriculoperitoneal shunt, balloon pulmonary
valvuloplasty, and ductus arteriosus stenting with no complications. However, he acutely deteriorated after a
feeding episode due to interstitial fluid accumulation in the lungs and diffuse atelectasis requiring
reintubation and ventilatory support. Eventually, he was extubated but developed mottling, hypoperfusion,
hypotension, and hyperventilation, considered to be most consistent with sepsis/shock. Despite maximal
supportive efforts, after 90 min of unsuccessful cardiopulmonary resuscitation, he expired.

At autopsy, dysmorphic cranio facial features included macrocephaly and low-set ears. The liver was
midline with a grossly dysmorphic appearing spleen and a centrally positioned heart with multiple
structural anomalies (Figs. 1 and 2). The right-sided structures were underdeveloped with tricuspid
atresia, subvalvar pulmonary atresia and a bicuspid and stenotic pulmonary valve, status post balloon
pulmonary valvuloplasty. A well-formed left-sided left ventricle with a well-developed mitral valve was
identified connecting to a small right-sided infundibular outflow chamber via a large primary foramen.
The small trabecular portion, apical and inferior to the outflow, could represent a small amount of right
ventricular myocardium. The great arteries arose from this infundibular outflow chamber (double outlet
infundibulum), with the aorta anterior and to the right of the pulmonary artery. The aortic valve and
outflow tract were unobstructed. The stent was appropriately placed within a right-sided ductus arteriosus
and was patent. The right atrial appendage was juxtaposed and superior to the left atrial appendage while
the right atrium was abnormally located posterior and leftward of the great arteries with a large secundum
ASD (12 mm). The aortic arch was right- sided with mirror-image branching. The right coronary artery
(ostium: <1 mm) arose from the posterior right facing sinus and the left coronary artery (ostium: 1.5 mm)
from the posterior left facing sinus. Histology showed patchy cardiomyocyte hypertrophy with mild
endocardial fibroelastosis involving the left ventricle and infundibular outflow chamber.
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A Developing Human Heart B  Patient’s Heart
at Day 26

C Developing Human Heart D 3D Reconstruction of
at Day 26 the Patient’s Heart

Figure 1: Comparison of Carnegie Stage (CS) 11 human embryo (~day 26) (A, C) with our patient’s heart (B, D)

(A) A 3D reconstruction of a CS 11 human embryo from the Digitally Reproduced Embryonic Morphology
collection (Carnegie embryo # 6344) (http://virtualhumanembryo.lsuhsc.edu/default.htm) created using 3D Slicer
software (www.slicer.org). During this early looping stage, the outflow is far to the right and the primitive ventricle
(PV) has descended below the inflow from which the presumptive right atrium (PRA) and presumptive left atrium
(PLA) are beginning to develop. (B) A photograph of the anterior view of our patient’s heart. Note the juxtaposed
right (RAA) and left (LAA) atrial appendages. The left ventricle is oddly shaped and communicates with the
infundibulum. The aorta is anterior and aligned with the infundibulum. (C) The same image as A with the
myocardium made transparent to show the blood pool. The PRA has no connection with a ventricle but drains
across the primary interatrial foramen into the PLA, which is connected to the PV by the atrioventricular canal
(AVC). This resembles the formed heart with tricuspid atresia. The PV is connected to the outflow by the
primitive foramen (PF) and the right ventricle has not yet developed. (D) A 3D reconstruction of a micro-CT
scan of our patient’s heart after dissection created using 3D Slicer. The myocardium has been made
transparent to show the blood pool, as in C. The RAA as well as the body of the right atrium are positioned
to the left of the outflow. The right atrium has no connection with the left ventricle (LV). The left atrium is
connected to the LV by a mitral valve and the LV communicates with the infundibulum (INF) by the PF or
outflow foramen. The small trabeculated area inferior and rightward of the INF could be a rudimentary right
ventricle (RV). The anterior aorta is aligned with the infundibulum.
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Figure 2: Views of the great arteries and infundibular outflow in our patient

(A) External view of the great arteries from the right side. The aorta (Ao) is anterior and rightward and
the pulmonary trunk (PT) posterior and leftward. The superior vena cava (SVC) and right atrium are posterior
and leftward of the vascular pedicle. The stented ductus (PDA) is superior. (B) Interior view of the
infundibulum. The aortic valve (AoV) is anterior and unobstructed. The atretic pulmonary outflow (*) is
posterior to the infundibular septum (IS). (C) A 3D reconstruction of the micro-CT with the myocardium
transparent showing the blood pool of the vessels shown in A. The narrowing and atresia of the
subpulmonary infundibulum is seen (*).

3 Discussion

The 2¢37 deletion syndrome, also known as brachydactyly-mental retardation syndrome or Albright
hereditary osteodystrophy-like syndrome, is a rare condition reported in just over 100 patients since
1989 when the first case was described [1]. The deletion syndrome can involve more or less of the last
cytogenetic band of chromosome 2 consisting of three sub-bands: 2q37.1, 2q37.2 and 2q37.3 and at least
194 genes. Only 11 of these genes have been associated so far with the 2¢37-deletion phenotype; with
the most common deletion or haploinsufficiency involving the HDAC4 gene which encodes the histone
deacetylase 4 protein that acts as a transcription repressor essential for brain, muscle, and bone
development and function [2]. Clinically, the syndrome has a broad phenotypic spectrum due to
variability in the size and gene content of the deletions, with the most commonly associated features
being brachydactyly type E (BDE) affecting the metacarpals (in about 50% of the patients), short stature,
hypotonia, dysmorphic facial appearance, mild to severe intellectual impairment, developmental delay,
and behavioral abnormalities [2]. In our patient, a 828,385 kb maternally inherited deletion of 2q37.3
(Arr[GRCh37](239404273-240232658)x1) was detected, including the entire 7TWIST2? gene, a
transcription factor that maintains cells in a preosteoblast phenotype, and the majority of the HDAC4
gene. This interval was within the much larger region associated with the 2¢37 contiguous gene deletion
syndrome. HDAC4 has been postulated to have a major role in 2¢37 microdeletion syndrome [3].
However, a patient with a 2¢37 deletion, which spared the HDAC4 gene, had similar phenotype
consistent with the 2¢g37 deletion syndrome, indicating other potential contributors to this deletion
syndrome [4]. A familial and maternally inherited 2q37.3 deletion involving TWIST2 and HDAC4 genes
has previously been reported in a girl and her affected mother and grandmother, all with variable severity
of psychomotor and behavioral abnormalities in combination with specific facial dysmorphism but
without BDE or any congenital malformations [5].
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Congenital cardiac malformations occur in up to 20% of patients with 2¢37 deletion syndrome with
breakpoints at any sub-band [1]. These predominantly consist of ASD, VSD, and aortic coarctation
associated with terminal deletions of approximately 4500 kb [6]. Only one case with a complete terminal
2q37 deletion had more complex cardiac malformations consisting of DORV, pulmonary stenosis, PDA,
VSD, and patent foramen ovale [7], somewhat similar to our patient’s cardiac phenotype. Generally,
patients with microdeletions are less likely to have major congenital anomalies compared to patients with
cytogenetically visible deletions [1]. However, the present case demonstrates a more severe phenotype
with only an 828,385 kb microdeletion of 2q37.3.

Our patient had the complex heart defects described above including left juxtaposition of the atrial
appendages; a rare congenital malformation in which the right appendage is to the left of the vascular
pedicle and superior to the left appendage, with both appendages maintaining their morphological
features [8]. Left juxtaposition is more frequent than right juxtaposition by a ratio of about 6:1 and is
usually associated with other more severe congenital heart disease, as seen in the present case, such as
cardiac malposition, tricuspid valve atresia or stenosis with hypoplasia of the right ventricle, and
subaortic or bilateral infundibulum with TGA or other malposition of the great arteries [8,9].

Left juxtaposition is postulated to be caused by a developmental arrest early in the looping process [10].
During the mid 4™ week, Carnegie Stage 11, as the heart tube elongates, the outflow extends far to the right as
the primitive ventricle descends below the inflow where the atria are starting to develop. The entire inflow is
leftward of the outflow at this stage. Normally, continued elongation of the heart tube is associated with
leftward movement of the outflow so that the right side of the developing common atrium comes to lie to
the right of the outflow [11]. As the atrial appendages balloon out of the inflow portion of the heart tube,
the right appendage is rightward, and the left appendage is leftward of the outflow. Our patient’s heart
strongly resembles the embryonic heart at Carnegie Stage 11 (Figs. 1 and 2), suggesting an arrest in
development at about this stage. Failure of elongation of the outflow, with a rudimentary or absent right
ventricle, suggest defective addition of second heart field cells to the heart tube [12]. It also closely
resembles the hearts in a chick model of left juxtaposition produced by exposure to the teratogen suramin
[10]. The abnormal location of the body of the right atrium behind the outflow and the conotruncal
anomaly consisting of DORV, more closely resemble the chick model than the more frequently observed
human phenotype with a normally positioned right atrium and TGA [§].

Most of the genes in the deleted region in this patient are not thought to be associated with heart development.
The HDAC4 gene, however, is known to be involved in repression of cardiac myocyte enhancement factor 2
(MEF2c) expression. MEF2c is necessary for addition of 2™ heart field cells to the developing outflow. Mice
null for this gene fail to develop a right ventricle and have very incomplete looping [13]. However,
inactivation of HDAC4 should, if anything, result in enhanced expression of MEF2c. Either another gene in
the deleted region is involved in cardiac development or perhaps the partial deletion of HDAC4 in this patient
resulted in a gain-of-function mutation specific for its role in regulating MEF2c expression. To date, this is the
most complex and primitive phenotype associated with this particular syndrome.

4 Conclusion

In conclusion, due to the considerable frequency of heart defects, infants and children with a 2q37
deletion should undergo screening for cardiac defects at the time of diagnosis as the list of anomalies
could range from simple to extremely complex as in this case.
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